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Synthaesis ‘and Reactivity of Compounds Containing Ruthenlum-Carbon,

-Nitrogen, and -Cxygen Bonds
Jahn F. Hartwig

Abstract

Chapters 1-3. The praducts and mechanisms of the thermal reactions of several
complexes of the general structure {PMea)aRu(X)(Y) and (DMPM)2Ru(X)(Y) where X and Y are
hydride, ary!, and benzyl groups, have been investigated. The mechanism of decomposition
depends critically on the structure of the complex and the medium in which the thermolysis is
carried out. The alkyl hydride complexes are do not react with alkane solvent, but undergo C-

H activation processes with aromatic solvenis by sevesal different mechanisms. Them;olysis
of (PMe3)4Ru(Ph){Me) or {"Me3)4Ru(Ph)2 leads fo the ruthenium benzyne complex
(PMe3)4Ru(n2-CgHa) (1) by 2 mechanism which invalves initial reversible dissociatian of
phosphine. In many ways its chemistry is analogous to that ot early rather than fate organo
transition meta! complexes.

Chapters 4-7. The synthesis, struclure, variable temperature NMR spectroscopy and
reactivity of ruthenium complexes containing aryloxide or arylamide ligands are reported. These
camplexes uncergo cleavage of a P-C bond in coordinated trimethylphasphine, insertion of CO
and CO2 and hydrogenolysis. Mechanistic studies on these reactions are described.

Chapters 8 and 9. The generation of a series of reactive ruthenium complexes of the
general formula (PMeg)4Ru(R)(enolate) is reported. Most of these enolates have been shown ta
bind 1o the ruthenium center through the oxygen atom. Two of the enclate complexes 8 and 9
exist in equilisrium between the O- and C-bound forms. The reactions of these compounds are
reported, including reactions o form oxygen-containing metallacycles. The structure and
reactivity of these ruthenium metaitacycles is reported, including their thermal chemistry and

reactivity loward protic acids, electrophiles, carbon monoxide, hydrogen and trimethy!silane.
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Chapter 1

inter- and Intramolecular C-H Bond Forming and Cleavage Reactlvity ‘of Two

Diftarent Types of Poly(trimethylphosphing)ruthenium lntermediates



Introductian

Reductive elimination from alkyl{hydrido} metal complexes lo form C-H bonds has been
shown to be an important step in several catalytic processes.’ Careful studies of this reaction
have revealed ditferent mechariisms for the process.23 For example, studies with metals in the
platinum triad have shown that reductive elimination ¢an be induced by ligand dissociation as well
as by ligand association. A saturated lrlll system with labile ligands was shown to undergo a
reductive elimination reaction induced bath thermaily 2k and photochemicaily2d by ligand
dissociation.

The microscopic reverse of this reaction, oxidative addition of C-H bonds, has also been
laoked at extensively in recent years in the hope of designing a system which will catalytically
functionalize saturated hydrccan;ons.‘ One approach to this problem involves oxidative addition
of an alkane by the transition metal center followed by coordination of an unsaturated organic
molecule, migratory insertion, and reductive elimination of the functionalized alkane. In tact,
homogeneous catalytic systems that functionalize arenes (alteit with low turnover numbers) have
been achieved both thermally and photochemically by this route.5

Severai electron rich @ transition metal systems are now known which undergo d -> d6
oxidative addition of hydrocarbon C-H bonds, leading to alkyl hydride complexes.2%-%48 Many of
these metal systems contain ancillary ligands that do not dissociate easily, and this has liriiited the
ability of these complexes to open a cocrdination site and undergo insertion reactions into the
alky! or hydride ligand. Most recently, dihydride and alky: hydride complexes that activate
hydrocarbons and contain potentially labile pnosphines as the other ligands have been
identitied.55-9. i In these complexes, phosphine dissociation potentially pravides a site of
unsaturation for potential modification of the alky! substituent. Examples include (DMPE)Fe(H)2
{DMPE=s dimethylphospinoethane), which oxidatively adds alkanes upon photcchemical loss of
Ha 8d angd (DMPE}Ru(aryl)(H) which has been shown to undergo exchange of the aryl group with
arene soivent.5i However, acommon problem with polyphosphine systems has been the

observation of intra- rather than intermolecular C-H oxidative addition reactions.20-.6a.7



Moreover, systems with chelating phosphines do not provide an open site as readily as a
monooentate phosphines, and they make mechanistic studies difficult because the dissociation
of one end of the phosphorus ligand is difficult to detect kinetically. The (PMe3)4Os{R){H) system
{which possesses monodentate phosphine ligands) has been shown to cleanly insert into the C-
H bond of benzene, but intramolecular insertion into the C-H bond of the phosphine is
competitive with insertion into the C-H bond of methane.2b

We have studied the analogous ruthenium system (PMeg)4Ru(R)(H} in order to improve
the understanding of factors that control inter- and imtramolecular oxidative addition reactions in
systems containing labile phosphirie ligands. Kinetic and iabelling studies provide evidence for
the generation of two types of intermediates, one of which shows entirely intramolecular oxidative
addition and the cther exclusively intermolecular reactivity. Moreover, these studies indicate that
reductive elimination of alkane from the alkyl hydride complexes proceeds by a simple one step
mechanism, unusual for most d€ and d® metal systems possessing labile ligands.

Results

Synthesls of tatrakis{trimethylphosphine)ruthenium alky! hydride and
deuteride complexes. The benzyl hydride complex (PMea)4Ru(CHaPh}(H) (1) was

synthesized as shown in equation 1. The known methyl chioride complex 28 was exposedto 3

Hy {3 atm)
cs{PMed RuMe)(Ch  ————= ois{PMe) RufH)CH +CH, (1)
2 &0 3
PhCH,MgCI
cis{PMe3)Ru(H)(CHzPh)
B0 1

atm hydrogen in ether to yield hydrido chloride 39 as the only compound observed by 31P{H}
NMRA spectrometry. Attempts to isolate the hydrido chloride gave low yields; an insoluble light
yellow precipitate was obtained upon removal of the ether solvent under vacuum, Therefore, 3
was used i silu. Treatment with 1.1 equivalents of benzyl magnesium chiaride, followed by
crystallization from pentane gave 1in 67 % yield. The TH NMR spectrum of the benzyl hydride

complex displayed a doublet of doublet of Iriplets in the hydride region of the 1H NMR spectrum



and an AzBC pattern in the 31P{'H} spectrum indicating a cis octahedral geometry. The benzyl
deuteride was prepared in comparable yield by an analogous route, using 3 atm of deuterium in
the first step. Neither the El nor FAB mass spectroscopy provided a malecular ion for the benzyl
hydrida complex, 50 the isotopic purity of the phenyl deuteride could not be determined by this
methad. However, a minimum isotopic purity could be determined by TH and 2H NMR
spectroscopy. The 2H NMR spectrum of a 0.043 mmol benzene solution of 1-d showed onlya
signal comesponding to the deuteride resonance, and the TH NMR spectrum of a 0.029 mmol
solution of 1-d1 showed no signal for the hydride resonance. A 0.0014 mmol solution of 1-dg did
show a detectable hydride resonance by 14 NMA sper.l.roscopy. providing a tower limit ot 95% for
the isotopic purity for 1-dq.

The phenyl hydride complex (PMea)qRu(Ph)(H) (5) was most conveniently prepared by
room lemperature addition of one equivalent of isopropanol to a pentane solution of the recently

reported’® benzyne complex, (PMe3)4Ru(n2-CgHa) (4) (equation 2). Concentration of the

HOCHMG: /Ph
2
(PMeg.Hu@ ——i [(PMeJ).Hu\OCHMez] [t]

4

———— cis{PMe3)RU(H){Ph} + Me;CO
H

solution and cooling to -40 *C gave S in 48 % yield. The phenyl deuteride complex was
synthesized by the addition of methanol-d3 10 a benzene solution of the benzyne complex, and
was crystailized from pentane to give 5-dq in 43 % yield. Only a signal corresponding to the
deuterida resonance was observed in the 2H NMR spectrum, and no signal for the hydride
resonance was observed in the TH NMR spectrum, again indicating »95% isotopic purity. The
resonances in the phenyl region of the *H and 13¢{H} NMR spectra cf § at room temperature
were broad, but sharpened upon cooling to -40 °C, at which point otation of the phenyl ring was
slow on the 'H and 13C{'H} NMA time scales. The hydride resonance in the 'H NMR spectrum

again appears as a doublet of doublet of triplets pattern, and the rocm temperature 31P{1H) NMR



spectrum displayed an AzBC pattem indicating a cis geomelry as was observed for the banzyl
hydride complex 1.

Thermolysis and Isotope Exchange RAeactions. Thermclysis of the benzy!
hydride complex in CgDg solvent ar 85 *C for 5 h yielded toiuens and the cvzlometailated complex
Ru(CHzPMe2)(PMe3)a(H) (8) in 97 % yield ("H NMR spectroscopy) rasuiting ::um oxidative

addition of the ligand C-H bond to the metal center (equation 3). This compound was reported by

PMe,
85°C, 4F /N
Gis{PMEs)RURICHFN) = LRT—CH; (97%) = é % @
o

H
1 [}

Wemer as the product af the reduction of Ru{PMes)4(Chz with NasHg.™® The 31P{TH} and TH
AMR spectra of the product obtained from (he'thermarysi.f of 1 were identical to those of an
independently prepared sampla of 6 prepared in 22% yield by the method of Weinter. Tha
31P{H} NMA spectrum of the product showed an ABCD pattern and a characteristic high field
resonance at -23 ppm for the phasphine in tha metallated ring. No evidence for addition of
salvent C-H borids was observed it the thermolysis of 1.

Thenmolysis of the benzyl deuieride complex 1-d in ¢yclohexane yivided 6 in 97% yield,
and exclusively toluene-d1, as detemmined by comparison to an authentic sample prepared by the
addition of D20 to a solution of PACHz2MgBr. The 2H NMR spectrum of the reactien mixture
showed no hydride signal, and GC/MS analysis of the volatile materials showed that the toluene
cansisted of only toluene-dy. The reaction was cunin cyclohéxanu $0 that the the aromatic and
methyl regions of the toluene could be integratad in the 2H NMR spectrum of the final reaction
solution. The ratio ! the signal for the methyl group on the product toluene-dy to the signal for
the ortho position was 11:1, This small degree of decvteration in the ary! ..ng presumably occurred
by reversible oxidative addition of the aryl C-H bord ta the metal center, consistent with other
ortho-metallation reactions in this system?9.11 ard others.12

Thermalysis of the phenyl hydride camgiex § in cyclohexane-di 2 at 135 °C for 8 h again

yielded the cyclometallated ccmplex 6 in 94 % vieid by 1H NMR spectrascopy (equation 4).



FMe,

140°C, 8h by
cis{PMeg)4RU(H)(Ph) ————— L;Ru—CH; (34%) + @ 97%) (4)
s CeDiz e

However, thermolysis of 5 in CgDg at 140 °C for 8 h yielded the cyclometallated deuteride
complex Ru{CH2PMe2)(PMeg)a(D) 6-d1 in S0 % yield by *H NMR spectrescopy with deuterium

incorparated into the hydrice positian {equation §). When this reactionwas wn in C5Dg and

. FMe,
135°C.4h VRN
cePMe)RUH)(PY)  ————— L;Hu\—CHz + cs{PMelAuD)Phas  (5)
5 Cehe . 0 P

monitored after 4 h at 135 °C, the 'H NMHA spectrum showed an absence of both the aromatic
signals and the hydride signal of the residual starting material and an increase in the salvént
benzene peak (equation 5). The 31P[1H) NMP, spectrum of the residual starting material exhibited
the A2BC part of an AZBCX pattem, wherg X=0. The 2H NMR spectrum contained resonances
corresponding to the aromatic and hydride hydrogens of § in a ratio of 5:1, conaictent with
complete exchange of Ceulerated benzene into 5. These data indicate that the rate of exchange
between § and solvent benzene-dg is greater than the rate of reductive elimination to form 6.
Deuterium incorparation was also observed in the phosphine ligands by 24 NMR spectroscopy;
the ratio of deuterium in the phosphine region to deuterium in the hydride position was roughly
1:1.

Thermolysis ot phenyl deuteride complex 5 was conducted in toluene at 140° C,
monitoring the reaction by 2H NMR spectrometry over the course of 4 h, followed by
determination of the istogic distribution in the benzene product by GC/MS of the volatile materials,
and determination of the conversion of phenyl hydride te tolyl hydride by addition of acid to the
organometallic products. Monitoring the reaction by 2H NMR spectra showed a decrease in the

hydride (deuteride) signal, an increase in the benzene resonance, and the appearance of signais



for ithe phosphine region. However, the ratio of deuterium in the phosphine region to deuterium
in the benzene product was small, between 1:4 and 1:5 throughout the thermalysis. The amoun.t
of benzene-do was found to be significantly greater than these values. The thermolysis was
conducted twice, and the ratio of benzene»do'to benzene-dq was found to be 1:0.86 and 1:0.67
by GC/MS.

The extent of conversion from phenyl deuteride to telyl hydride could nat be simply
determined by 'H or J1P({TH} NMR spectroscapy because of the similar NMR spectra of the
starting camplex 5 and the ring exchange products. {nstead. the conversion was determined by
treating a portion of the non-voia;ile praducts with methanesulfonic acid in ether and determining
the ratio of benzene to toluene by GC analysis. The ratio of pheny! to tolyl groups was found to
be1:2.85 and 1:2.05 by this method for the two experiments. To confirm that all of the solvent
toluene had been removed, a postion of the non-volatile materials which were fiot treated with ?cid

“was analyzed by "H NMR spectroscapy in CgDg. The spectrum contained no toluene .
resanances, bul did contain a resonance at §2.40 and 82.37 corresponding to the methyl groups
of the metal-bound 1olyl groups, presumably meta- and para- substituted. .

Thermolysis of the known Ru(PMe3)a{H)2 in benzene-dg at 135 °C for 9.5 h yielded

Ru(PMe3)4{D)2 quantitatively by 1H and 2H NMR spectroscopy (equatian §), The hydride

135°C, 4h
cis{PMea)Ru(H)2 ‘——D;-" cis{PMezaRu(Djz (8}
Q -

resonance was absent in the TH NMR spectrum of tha reaction mixture after the thermolysis
indicating at least 95% deuterium incorporation, and the deuteride signal was tha only resanance
cbserved in the 2H NMR spectrum after the solvent was replaced with CgHg. The El mass
spectrum of the reaction product shewed only a parent ion for Ru(PMe3)4{D)2. No peak for
Ru{PMe3)4{H)2 or Ru{PMe3)4(D})(H) was observed, indicating complgte deuteration of the
hydride position. Neither Hz nar cyclometallated hydride, known to be stable at this temperature,

was observed by TH NMR spectrometry. In fact, the dihydride compiex remained unzhanged in



alkane solvent up to 180 °C. Thermolysis of the dihydride in n-pentane-d12 did not yield a
decrease in the hydride signal or an increase in the residual pentane resonances of the 'H NMR
spectrum. In addition, no deuteride resonances were observed in the 2NMR spectrum of the
thermolysis reaction when the deuterated solvent was removed under vacuum and replaced with
undeuterated n-pentane.

Kinetlc studles. The thermolysis of 1 in benzene-dg was conducted at 80 °C in NMR
tubes sealed under vacuum. The course of the reaction was manitored by remeving the tubes,
cooling them quickly and then obtaining 1H NMR spectra at ambient temperature. The growth of
the methy! group resonance of the toluene product and the disappearance of the methylene
resanance of the starting ruthenium complex ware integrated against a ferrocene internal
standard and provided identical rates. For one set of experiments, the reaction was nun in 0.0410
M - 0.246 M soiutions of trimethylphosphine in benzene-dg with a constant concentration of
0.0410 M ruthenium complex. Linear first order piots were obtained for greater than three halt
lives at all concentrations. No intermediates were detected. To confirm the first order behavior of
the reductive elimination, the reaction was also run with an initial metal concentration of 0.0121 M.
Within experimental error, the rate constants for all concentrations of phosphine and starting
ruthenium complex were identical (Table 1).

To check for rapid dissociation of phosphine ligand, compound 1 was heated to 60 °C in
the presence of 4.0 equivalents of PMes-dg in benzene-dg for 12 h. The initial selution showed
only PMe3-dg in the free phosphine region of the 3’P(‘H) NMR spectrum (the isotope shift of
0.26 ppm for each deuterium is large enough that all possibie isotopes of PMe3-dg to PMes-dg
can be observed by ER P{H} NMR spectrometry). Lessthan 10 % conversion of 1 to 6 and
toluerie was observed after the 12 h of thermolysis. However, the 31P{'H} NMR spectrum
showed a 0.86:1.0 mixture of free PMeg-dg and PMeg-dg. Although quantitative rate studies
were not carried out on this substitution reaction, these observations make it clear that the rate of

phosphine dissociation is much faster than the rate of reductive elimination.



Table 1. Rate constants for the thermolysis of 1
in the presence of added phosphine.

Kobs x 10+% (sec 1) [I0)
1.26 £ 0.19 0.0410
1.35 £ 0.20 0.123 -
1.2240.18 0.246
1.59 £ 0.24 0.492
1.14 £ 037 no added phosphine

[1]=0.0412 M

1.38 £ 0.21 no added phasphine,

1] = 0.0121 M

Table 2. Rate constants for the thermolysis of §

inthe presence of added phosphine.
__Koha X 1079 (sec ) [L] {mM)
293 3044 4.10
226£034 8.38
3.06 £ 0.46 13.1
2733041 279
287 £0.43 86.8



A quantitative study of the rate of reductive elimination of benzene from phenyl hydride 5 at 135
°C demonstrated that the rate was independent of phosphine concentration, as was the case for
the reductive elimination of toluene from 1 at 80 °C. The thermolysis of 5 was conducted in
cyclohexane-dj2, a solvent which does not react with 5. The raie of ihe reaction was measuredat
135° C by removing the samples and monitoring the disappearance of a phosphine rasonance of
starting material 5 by ambient temperature 1H NMR spectroscopy. The samples contained -
0.00820 M 5 and between 0.00410 N{ and 0.0869 M added phosphine. All reactions were
monitored for at least three half-lives and provided first order plots wiii correlation coefficients
greater than 0.988. The rate constants were identical within exp simental error at all phosphine
concentrations, as shown in Table 2.

Qbtaining quantitative rate data'in benzene solvent was complicated by the two
competing processes, ring exchange forming 5-dg and reductive alimination forming 6. We did,
however, obtain the foilowing qualitative information which is consistent with a phosphine
independent rate for the reductive elimination process to form 6, and a phosphine dependent
rate for the ring exchange process to form S-dg.

Thermolysis of the pheny! hydride compiex 5 in benzene-dg was conducted at 135 °C for
12 hin two NMR tues, side by side, one containing no additional phosphine and one containing
2 equivalents of PMes {0.234 M solution). The amount of conversion of § to 6 after 12 h of
theimolysis at 135 °C was nearly identical for the two samples: the one containing no added
phosphine showed 55 % ¢onversion, while the one containing 0.234 M PMe3 showed 56 %
conversion by 31P(1H)} NMR spactroscopy. In contrast to the formation of 6 in either cyclohexane
or benzene, the rate of ring exchange was strongly dependent on phosphine concentration. No
signal in the hydride or phenyl region was observed in the TH NMR spectrum of the sample
containing no added phesphine, indicating that complete exchange had occurred with solvent
benzene. However, resonances in both regions were observed for the sample containing 0.234

M phosphine.

10



In an attempt to assure ourselves that phosphine inhibition was due to shifting the
preequilibrium involving phosphine dissaciation, rather than scavenging of some unknown trace
catalyst by the added ligand, we attempted to run the thermolysis of phenyl hydride § in benzene-
ds inthe presence of a phasphine which waould could trap such a specigs, but which would not be
incorporated into 5. Unfortunately, even addition of the larger tri-n~butylphosphine (4 equiv) led
to substantial subistitution for trimethylphosphine. Simitarly, addition of the poorer.electron donor
triphenylphosphine 1éd to free trimethylphosphine and a different (as yet unidentitied) material,
perhaps formed by erthometallation of the ligand aryl substituents. These results cleardy coatirm
that PMe1 dissociation occurs rapidly, and though we have not demonstrated absoiutely that this
step is required for the ring exchange process, our results remain strongly suggestive.

Like the rate of H/D exchange of pheny! hydride complex 5 with benzene, the rate of H/D
exchange of the dihydride complex with benzene-dg appeared to depend of the concentration of
phosphine. The exchange with benzene-dg was run at 135 °C for 8.5 h in two NMR tubes, side by
side, one with no added phosphine and ong with 10 equivalents PMes (0.386 M). (As noted
above, the dihydride is stable at these temperatures.) Again, a marked decrease in the rate of
exchange was observed lar the tube containing added phosphine. The TH NMR spectrum of the
sample with no added phesphine containad no hydride resonances, while the sample with added
phosphine did contain a hydride resonance.

Discussion

Mechanism of (PMej)sRu(CHzPh)(H) thermolysis. Three possible
mechanisms for reactions inducad by thermolysis of the benzyl hydride complex (illustrated for
the corresponding deuteride 1-d4) are shown in Scheme 1. Pathway a involves reductive
elimination directly from the coardinatively saturated 18-electron starting material. Both pathway b
and pathway ¢ are initiated by a rapid phosphine-disscciation preequilibrium. In the pathway b
branch, oxidative addition of a ligand C-H bond te the ruthenium metal center is followed by

reductive elimination to form toluene. Pathway ¢ invoives the same 5-coordinate ruthenium(ll)

11
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unsaturatad intermediate, but reductive elimination to form toluene precedes oxidative addition of
the ligand C-H bond. .

The distribution of deuterium observed during the thermelysis of 1-44 provides
information that supports pathway a as the dominant routs o 6. As shown in Scheme 1, pathway
a would yield deuterium only in the methyl group of the toluene product with none in the final
ruthenium complex. If reversible ortho-metallation were accurring competitively (for example, by
competitive loss of L, generating 7a and then 8) it would scramble deuterium into the phenyl ring
of the benzyl group. Even if this ontha-metallation occurs, efimination by pathway a would yield
exclusively toluene-dy. In pathway ¢, reductive elimination occurs from the unsaturated species
7a before any ligand oxidative addition occurs, and so this mechanism also predicts that
deuterium would be abserved only in the toluene. Pathway b gives rise to intermediate 9 which
contains a hydricie and a deuteride on tﬁe same 7- coordinate metal centet as the benz.yl group.
From this intermediate, reductive elimination of either toluene-d1 or toluene-dg can occur,
yielding products which contain deuterium both in the hydride pasition on the ruthenium and in
the methyl group of the toluene. The formation of oniy toluene-dy and 6-dg in the thermolysis at
1-dp eliminates pathway b.

Qur kinetic studies proved a means of distinguishing the two remaining mechanisms a
and b, and are consistent only with pathway a. Pathway a predicts a simple lirst-order rate
expression, assuming that the ratio of ka/k.z is small. Consistent with this assumption, no free
phosphine was chserved wvhen monitaring this reaction by either 1H ar 31P{'H} NMR
spectrometry. Reaction by either pathway b or pathway ¢ would be inhibited by added phosphine
if k.2 is fast compared fo k3 or k4, and would show a linear inverse dependence on phosphine

concentration (Equation 7). At 60° C iree labeled phosphine exchanges with coordinated

ds| kokd1) Kok
- TerkdT et O

phosphine at a much faster rate than reductive elimination eccurs, demonstrating that k. is

indeed larger than kj or ky. Consequently, ihe identical rates at all concentrations of phosphine

13



rules out both pathways b and ¢. Thus, rapid disseciation of phosphine does not occur on the
pathway to formation of 6. We conclude that reductive elimination occurs directly from the
coordinatively saturated complex 1 {0 form the 16-electron intermediate (PMeg)4Ru (10), which
oxidatively adds the ligand C-H bond.

Mechanism of (PMes)qRu(Ph)(H) thermolysls. Mechanisms analogous to those
shown in Scheme | for the benzy! deuteride complex are shown for the phenyl deuteride complex
5 in Scheme 2. Again, ihe three pathways are distinguishable using kinetic and labelling studies.
In contrast to thg behavior cf 1, the thermolysis of & follows two of the three pathways: reductive
elimination of benzene proceeds via pathway a. and leads to intramolecular oxidative additicn of
the ligand C-H bond. In contrast, H/D exchange with aromatic solvent proceeds by pathway b as
shown in Scheme 3.

The mechanisms of the intramelecular C-H activation processes are shown in Scheme 2.
Formation of 6 from 5 in cyclohexane occurred without any intermolecular ring exchange with
solvent. In all solvents, exchange of phosphine occurred at temperatures much lower than either
ring exchange or formation of €. Quantitative rate data in cyclohexane demonstrated that the rate
of formation of 6 was independent of phosphine concentration, cansistent with pathway a.

The intermolecular C-H activation processes are shown in Scheme 3, In contrast to the
behavior obsen‘/ed for the reductive elimination reactions, the rate of H/D exchange of 5 with
aromatic solvents was inhibited by added phosphine. Thus, this reaction mdst likely invoives
rapid initial gissociation of PMe3, leading to 7b. In fact, the intermolecular C-H activation of
solvent benzene must occur by way of a different intermediate from the (PMe3)Ru intermediate
10 because our results with benzyl hydride compiex 1 demonstrated that intermediate 10 reacts
exclusively inttamolecularly in arena solvents.

Although pathways b and ¢ are kinetically indistinguishable by our results, they do predict
different results for the labelling experiments. lf pathway b operates, the thermalysis of §-d1 in
toluene would result in the {ormation of both benzene-dg and benzene-dy, whereas pathway ¢

wauld lead ta formatian of anly benzene-dy. The chservation of both benzene-dy and benzene-
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dg in roughly equal amounts after 67-74% conversion to tolyl hydride complexes in the axchange
of 5-d4 with toluene rules out ¢ as tha exclusive pathway.

Finally, the phosphine inhibitian of H/D exchange of the dihydride complex
{PMeg)Ru(H)2 with benzene solvent indicates that this process occurs by pathway boré. As
pictured in Scheme 4, pathway a would yield Ha and cyclometallated product 6. Pathway ¢
involves reductive elimination of dihydragen irom the five-caardinate intermediate followed by
successive oxidative addition of benzene and dihydrogen. Aithough our resulis do not rule out
pathway ¢, a simpler mechanism is pathway b, and it is analogous to the mechanism of H/D
exchange with phenyl hydride §. This mechanism involves reversible oxidative addition of
benzene to the five coordinate dihydride intermediate to form a trihydride intermediate which
allows for exchange, and this seems to be the mast likely mechanism.

Selectivitlas. The propensity of the berizyt hydride, phenyl hydnde, and dihydride
complexes to undergo intramolecular or intermoiecutar oxidative addition can be traced to their
abilities to undergo reductive efimination. The activation energy required to eliminate tok:ene
tfrorn the saturated complex 1 is lower than the total activation energy required to dissociate PMez
and then add solvent or figand to the resulting 5-coordinate intermediate 7a, so C-H oxidative
addition in 1 accurs via L4Ru intermediate 10. In contrast, the barrier to reductive elimination from
the pheny! hydride complex is higher than it is tram the benzyl hydride complex. As a result,
phosphine dissociation followad by oxidative addition to the corresponding 5-coordinate species
7b is competitive with direct reductive elimination. Because the barrier to reductive efimination of
dihydrogen is too high to observe, even up to 180 °C, only the §-caordinate intermediate
LaRu(H)z is accessible in this case.

The inter- vs. intramolecular sefectivity in benzene solvent is markedly ditferent fer the 5-
coordinate Ru!! and 4-coordinate Ru® species which are generated by the thermolyses of these
three compounds: the 4-coordinate LyRu {10) chooses only intramolecular reactivity, whereas
the S-coordinate LaRu(RA)(H) selects only intermolecular reactivity. Typically, systems are thought

to be driven toward intramolecular reactivity when the metal center is sterically encumbered. We
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propose that the intermediates with the higher ccordination numbers in this study actually
possess metal centers which are sterically /ess encumbered because they contain three rather
than four bulky trimethylphosphine ligands.

Comparisan of Reductive Elimination Mechanism to Qther Systems. The
reductive elimination reactions of d5 metal systems that possess labile ligands are often
acceleraled by ligand dissociation, For example, elimination of maleic anhydride from the Ir{llty
complexes, I{H}{o-CHCH2C(0}0C(C))(s-carborane)(CO)(PhCN){PPhg)2X an= of carbarane from
Ir{H){Cl){c-carborane){CQ)(PPha)22i has been shown to involve predissociation of ligand.
Reductive elimination of ketone fram a rhodium enolate hydride complex involves predissociation
of phosphine ségand.z"' and photolytic elimination of dihydrogen from a series of Ir(til) and Rh(iil)
complexes invalves initial photodisscciation oi ligand, followed by thermal elimination of H2.28 In
addition, some C-C reductive eliminiation reactions are accelerated by ligand dissociation.22. 3 |n
contrast, the rales of several C-H reductive elimination reactions are independent of free figand
concentration, because dissociation accurs more slow!, than reductive elimination.2™ For the
ruthenium system discussed here, dissociation of phosphine was shown to occur more rapidly
than reductive elimination, but th2 alimination precess occurred directly from the saturated
L4Ru(CHaPRh){H) and LyRu(Ph)(H) species. Thus, this study presents an unusuai case of a
transition metal complex which undergoés rapid ligand dissociation, but which displays a
prelerence far reductive eliminatian from the satucated 18 e° species aver reductive eliminatian
from unsaturated 16 e* species.

Campatison to (PMe;y)40s{CHaCMeq}{H). Qur results indicate that difterences in
the mechanisms for the ruthenium and 9smium systems stem from the greater bond strengths 12
and more accessibie MV oxidation state 4 of the third row over the secand row transition metals.
The ditterences in bond strength are manifested in the faster tate of reductive elimination directly
from the saturated afkyl hydride compiex for the ruthenium system, and the different oxidation
potentials result in a slower rate of oxicative acdition by the authenium{l) intermediate

{PMea)aRu(R}){H} o form the ruthenium{lV) intermediate {PMa23)3Ru{R)}{R'){H)2. Thus, thermolysis



of the ruthenium alkyl hydride complex results exclusively in farmation of (PMes)4Ru (10 in
Scheme 1}, while the osmium system reacts precominantly by oxidative addition of benzene
solvent to the (PMeg)30s!'(R)(H) intermediate, forming the (PMe3)30s™(R)(Ph)(H}z. Aryl ring
exchange by the ruthenium(phenyl)hydride complex 7 and H/D exchange by dihydride 8 occurs
at 135-140 °C by way of Ru'V intermediates as compared to 80 °C for the osmium system.

The selectivities of the (PMea)sM and (PMea)aM(R)(H) intermediates are similar for the two
systems. Although the reaction to form (PMeg)4Os from thermolysis of alkyl hydride complexes is
much sikower than reaction by (PMe3)30s ar {(PMea)30s(R)(H), the four coordinated osmium(0)
intermediate has been generated by phasphine dissociation from (PMe3)sOs, and like the
ruthenium intermediate, this complex reacts intramolecularly to form (PMe3)30s{CH2PMeg)(H). It
has been difficuit to abtain kinetic evidence that the osmium(ll) intermediate (PMe3)30s(R)(H)
undergaes only intermolecular oxidative additions, since re.acﬁon by this intermediate must be
distinguished fram reaction by (PMe3)aOs which also results fram phosphine dissociation.
However, the evidence that the intermediate (PMea}Ru(Ph)(H) provides products resulting trom
only intermolecular C-H activation is clearcut: the rate of formation of {PMeg)aRu(CHzPMez)(H) is
independent of phosphine concentration.

Afinal difterence between these two group 16 metal systems is their propensity to react
via the (PMea)aM intermediate. Cur labelling studies with (PMe3)4Ru(Ph)(D) indicate that the
major intermolecular pathway involves (PMeg3)3Ru(D)(Ph) and not (PMe3)3Ru. Flood and his
coworkers have concluded from kinetic isotope experiments that the osmium system undergoes
activation of methane, mesitylene, and tetramethylsilane by way of the {PMe3)30s intermediate,
although ring exchange with benzene occurs via the (PMe3)30s(CH2CMe3a)(H) intermediate.
Although it is possible that the 14 electron, three-caordinate intermediate is impartant in the
osmium system, we believe our labelling resulls rule out this intermediate as part of any major

reaction pathway for the ruthenium system.
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Experimantal

Genaeral. Uniess otherwise noted, all manipulations were carried out under an inert
atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6-40-1H Oritrain, or by using
standard Schlenk or vacuum line techniques.

14 NMR spectra were obtained on either the 300, 400 or 500 MHz Fourier Transform
spectometers at the University of California, Berkeley {UCB) NMR facility. The 300 MHz
instrument was censtructed by Mr. Rudi Nunlist and interfaged with a Nicolet 1280 computer. The
400 and 500 MHz instruments were cammercial Bruker AM series spectrometers. TH NMR
spectra were recorded relative to residual protiated solvent. 13C{1H} NMR spectra were obtained
at either 75.4, 100.6 MHz or 125.7 MHz on the 300, 400 or 500 MHz instruments, respectively
ard chemical shilts were recorded relative to the solvent resonance. Chemical shifts are reported
in units of parts per million downfield from tetramethyisilane. 3'P{H} NMR spectra were obtained
at either 121.6 or 162.1 MHz on the 300 or 400 MHz instruments, respectively and chemical shifts
were recorded in units of parts per million dewntield from B5% HaPQ4. 2H NMR spectra were
recorded at 153.4 MHz on the 500 MHz instrument and chemical shitts are reported in units of
parts per million downlieid trom tetramethyisitane.

IR spectra were obtained on a Perkin-Elmer Model 283 infrared Spectrometer or on a Perkin-
Elmer Model 1550 or 1750 FT-IR spectremeter using potassium bromide solution ceils (0.1 or
0.025 mm path length) or potassium bromide ground pellets. Mass spectroscopic (MS) analyses
were obtained at the UCB mass spectrometry facility on AEI MS-12 and Kratos MS-50
spectrometers. GC/MS resulls were obtained with either with a gas chromatograph in series with
the Kratos MS-50 or using a Hewlett-Packard S890A gas chromatograph in series with a Hewlett-
Packard 5970 Mass Selective Detector using a 30 m column {0.25 mm i.d., 0.25 m film thickness),
DB1701 from J&W Scientitic. Elemental analyses were obtained from the UCB Microanalyticat
Lakaratory.

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and $04-PP tubes to¢ ground

glass joints which were then aitached to a vacuum ling with Kontes stopcocks or alternatively, the
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tubes were attached via Cajon adapters directly to Kontes vacuum s(opcocks.15 High pressure
valve NMR tubes refer to Wilmad Cat. #522-PV. Known volume bulb vacuum transfers were
accomplished with an MKS Baratron attached to a high vacuum line.

Uniess otherwise specified, all reagents (including Grignard reagents) were purchased
from commercial suppliers and used without further purification. PMe3 {Strem) was dried over
NaK or a Na mirror and vacuum transferred prior to use. Ferrocene (Aldrich) was subiimed prior to
use. Methanesuifonic acid was dried by azeotroping with benzene using a Dean-Stark trap
followed by vacuum distillation under argon. Pentane, hexane, and cyclohexane {UV grade,
alkene free) were distilled from LiAIH4 under nitrogen. Benzene, toluene, diethyl ether and
tetrahydrofuran were distilled from sodium benzophenone ketyl under nitrogen. Isopropanol and
methanol-d3 were dried over sodium and vacuum distilled. Deuterated solvents for use in NMR
experiments were dried as their protiated analogues but were vacuum transferred from the drying
agent. (PMea)gFlu(nz-CHzPMez)(H) was prepared by the method of Wermer, but was isolated by
sublimation at 85° C, followed by crystallization from pentane at -40° C.

(PMeg)sRu{Me)(Cl). We found the procedure provided here to be more convenient
than the published procedure.’® In a 250 mL round tottom flask, 1.50g of (PMea)sRu{OAC)CH!7
was dissoived in 100 mL of toluene. To this stirred solution was added, at room temperature over
3 min, 0.50 mL (0.33 equiv.) of AlMe3 as a 2.0 M solution in toluena. The solution was stired for
1 h at room temperature over which time a fine white powder formed. The voiume of the solution
was reduced to 5-10 mL under vacuum arid tiltered while still cold from solvent removal in order to
rernove all aluminum saits. The resulting yellow solution was then layered with pentane to yield
0.623 g (46% yieid) of yellow blocks. The supernatant was then cooled to 40 °C to obtain an
additional 0.246 g (18%) of procuct. *H NMR (C5Dg) 51.27 {1, 18H, N=5.8) 1.20 (d, 9H, N=5.4),
0.91 (d, 9H, Na7.6), 0.27 (m, 3H); 31P[1H) NMA A2BC, 5A=-5.65, 5B=15.16, 5C=-16.09,
Jap=34.5, Jag=24.4, Jgg=13.3. Lit: 'H NMR (CgDg) §1.27 (t, 18H, N=6) 1.13 (d, 3H, N=5), 0.90
{d, 9H, N=8). 0.29 {m, 3H); 31P{!H} NMR AgBC 5Aa-5.8, §Ba14.9, §Ca-16.3 Jap=34, Jac=24,

Jec=18.
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Ru(PMeg)s(H)z (7). Into a 250 mL round boltom flask was weighed 1.90 g (2.00
mmol) of (PMe)4Ru(OAG)(CN.17 Ether (100 mL) was added. To the stired solution was added
0.250 mL (1.0 mmoij of a 2.0 M solution of fithium aiuminum hydride in ether. The initial yellow
solution became clear and contained a white precipitate affer 15 min. Afer allowing the reaction to
stir for an additional 1 h, the solvent was removed under reducad pressure, and the residue
extracted with pentane {3 x 5¢ mL). The pentane was removed to yield 0.540 mg (66 % yield) of a
white powder which TH and 31P{'H} NMR spectroscopy showed to be pure 7, as determined by
comparison to fiterature data.'8 TH NMR (CgDg) §1.37 (1, 18K, N=5.2) 1.24 (d, 18H, N=5.0), -9.71
(m, 2H}; 31P{1H] NMR A28z 8A=0.12, 3B=-7.41, Jag=26.1. Lit: TH NMR {CgDg) §1.37 (1, 18H,
Nam5! 1.27 {d, 18H, Na5), -10.1 (m, 2H); 31P{'H} NMR AzBz §A=2.7, §B=-4.8, Jan=26.4.

Ru(PMeg)4(CH2Ph)(H) (1). A Fisher-Porter botile was charged with 1.11_9 (2.44

mmol) of Pu(PMea)a({Me)(CG)8 in 10 mi tetrahydrofuran in the drybox, and then was filled with 100
psi Hz, The solution was stirred for 12 h at room temperatura. The vessel was brought into the
drybox, and 1.24 mL of 2.0 M PhCHzMgBr in THF was added to the reaction solution. This
mixture was stirred for S h, after which time the solution had turned clear and a white solid had
precipitated. The solvent was remaved under vacuum and the residue extracted with 50 mL, 25
mL, and 25 mL portions of pentane. The pentane extracts were combined and filtered,
concentrated to =7 mL under vacuum and cooled to -40 °C to yield 0.681 g (55.0 %) analyticaily
pure, white crystals. A second crop, also pure by TH NMR spectroscopy yielded 0.152 mg white
crystals (12.3 %). TH NMR (CgDg} § 7.90 (d, 7.6, 2H), 7.29 (1, 7.4, 2H), 7.04 (t, 7.8, 1H), 2.25 {m,
2H), 1.21 (t. N=d.7, 18H), 1.15 (d, N=5.,5, 9H), 1.05 (d, N=4.9, 9H), -9.49 (ddlt, J=89.8, 29.7,
22.1, 1H); 31P[1H} AZBC, Sa= -1.40, 3g= -7.56, §c= -13.11, Jag= 26.4, Jac = 26.4, Jgc~ 19.9;
13C {%H) § 158.45 (d, 6.7), 132.41 (5}, 127.11 {5), 121.63 {s), 28.26 {d, 18.6), 24.74 {11, 12.4,
2.3), 22.79 (dq. 14.8, 2.7), 15.99 (dld, 46.9, 13.4, 6.4); IR: 1858 (M-H, s); MS (El) nve 406 (M-
CH2Ph); Anal. Calcd. for C1gHaaP4Ru: C, 45.87; H, 8.91. Found: C, 45.70; H, 8.81.

Au(PMeajs(CH2Ph)(D) (1-dy). A procedure identical to that for the preparation of

Ru(PMea)s{CH2Ph)(H) was followed except Dy was substituted for Ha, and the reaction was run



with 255 mg Ru(PMez)4(Me)(C!) o yield 116 mg (41.5 %) of product in one crop. TNMR (CeDg) &
7.90 {d. 7.6, 2H), 7.29 (1, 7.4, 2H), 7.04 {t, 7.8, 1H), 2.25 (m, 2H}, 1.21 (1, N=4.7, 18H), 1.15 (d,
N=5.5, 9H), 1.05 (d, N-14.9, 9H); 2H ("H} NMR §-9.49 (dg, /=15, 4); 37P {1H} NMR AgBCX, 5= -
1.40, Sga -7.56, Sc= -13.11, Jap= 26.4, Jac = 26.4, Jax=3.9, Jgc= 19.9; Jax =0, Jox= 13.8. IR:
1333 (M-D, s).

Ru(PMeg)4(Ph)(H) (5). To a solution of 300 mg (0.627 mmol) of Ru(PMez)4(n2-
CgHa) in 5 mL pentane was added 47.7 pl (0.627 mmoi) isopropancl in 0.5 mL pentane at room
temperature. After allowing the mixture to react for 1 h, the volume was reduced under vacuum to
1 mL and cooled to 40 °C to yield 145 mg (48.2 %) white crystals. TH NMR (THF-dg, -55 °C) § 7.75
{m, 1H}, 7.45 (m, 1H), 6.60 (m, 3H), 1.38 (d, N=5.4, 9H), 1.35 (d, N=5.8, SH}, 1.10 (t, N=5.2, 18H),
-9.50 (did, J=92.6, 18.3, 18.3); 31P {*H} NMR A2BC 5a= -1.356, Sg= -10.59, §c= -17.18, Jag=
24.5, Jac= 26.7, Jpc= 18.9: 13C ('K} NMR (THF-dg, -55 °C) 174.20 (m), 153.10 (s), 146.55 (d,
8.8), 125.32 (s}, 124.84 (s}, 119.68 (s), 27.96 (d. 1846). 24.67 (m), 23.59 (t, 12.2); IR 3060 (m),
2981 (m), 2966 {m), 1859 (M-H, s), 1561 (M), 1424 (m), 1419 (m), 1295 (s), 1278 {m); 940 (s); MS
{El) mve 406 {M-CgHg). 330 (M-CgHg-PMe3): Anal. Calcd. for C1gHs2P4Ru: C, 44.71; H, 8.62.
Found: C, 44.82; H, 8.83.

Ru(PMeg)4(Ph)(D) (5-dq). To a solution of 100 mg (0.209 mmol} of Ru(PMeg)a(n23-
CgHa) in 3 mL benzene was added 18 uL MeOH-d3 in 0.5 mL pentane. Aler allowing the mixture
1o react for 1 h, the benzene was removed under vacuum, and the residue was crystallized from
pentane at -40 °C to yield 43.6 mg (43.4 %) white crystals. TH NMR (THF-dg, -55°C) § 7.75 {m,
1H), 7.45 {m, 1H), 6.€0 {m, 3H), 1.38 (d, N=5.4, 9H), 1.35 (d. N=5.8, 3H), 1.10 (1, N=5.2, 18H); 2H
{TH} NMR (THF, 20 °C) §-9.58 (dq, J=14.3, 4.0); 3P {1H} NMR 5 0 -1.356 (br t, J=25, 2P), -10.59
{m), -17.18 (m); IR; 3036 {m), 2981 (M), 2966 (M), 1561 (s}, 1424 (m), 1420 (M}, 1337 (M-H, m).
1295 (s), 1279 (s) 939 (s).

Thermolysis ot . Ru{PMeg3)4(CH2Ph)(D) In cyclohexane. The ruthenium
complex (15.0 mg, 0.0302 mmol) was disselved in cyclohexane (0.7 mL), and the solution was

transterred to an NMR tube. The sample was degassed and sealed under vacuum. The NMR
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tubes were heated by submarging them comgletely in an gif bath heated ta 85° C. 2'P{H) NMR.
spectroscopy showed quantitative conversion to 5, determined by comparison with a sample of 6
independently prepared as described in the general section. 2H NMR spactroscopy showed an
11:1 integrated ratio of the methyl peak o aryl peaks of the toluene praduct. The tuhe was then
cracked open under vacuum and the volatile materials collected in a glass tube cooled in a liquid
nitrogen bath. GC/MS analysis of the volatile materials showed the absence of toluena-dg. Only
toiuene-dy was detected, as determined by comparison of the mass spectrum of the toluene
peak to that obtained for a sample of toluene-dy obtained by treating benzyt magnesium chioride
with DaO (99.8% isotopic purity).

Kinetic evaiuation of the thermolysis of Ru{PMe3)a(CH2Ph)(H) In CgDg .
Into a 5.00 mL volumetric flask was weighed 102 mg (0.205 mmol) Ru(PMeg).z(CHzPh)‘H) and 28
mg of ferrocene as an internal standard. CgDg was added to the llask, making a 0.0412 M
solution, In atypical experiment, 0.700 mL of this solution was added by syringe (o a thin walled,
9" NMR tube. In an experiment to confirm the first order nature of the reaction, 4.2 mg (0.0084
mmel) of ruthenium complex was weighed into an NMR tube. To this tube was added 0.7 mL of
Cg0g by syringe. Each tube was cegassed, the appropriate amount of PMes was condensed into
it. and the tube was tlame sealed to give a length of 8.5%. The tubes were heated at 80° C +/- 0.1°
C in a tactory-calibrated Neslab Exocal Madel 251 constant temperature bath filled with Dow
Coming 200 silicone Fluid, and {rozen rapidly in ice water after removal from the bath. All reactions
were monitored to greater than 3 hall-lives by ambient-lemperature TH NMR spectrometry by
integraling the methylene protons of the benzyl group vs. the ferrocene intemal standard. The
spectra were taken with a single acquisition and doubie checked with a second acquisition after a
delay of at least 10 Ty. Formation of 6 was confimed by comparing the TH NMR spectrum with
that of an independently prepared sampie of § as described in the general section. Rate
constants are given in Tabie 1; all kinetic plots displayed excellent linearity with correiation

coelficients of 0.95 ar better.
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Exchange aof PMe3-dg with Ru{PMe3)s{CH2Ph)(H). A sample ot 11,0 mg
(0.0221 mmol) Ru{PMe3) 4{CH2Ph){H) was dissolved in CgDg and transferred to an NMR tube.
The tube was degassed and 0.0885 mmol PMea-dg was added by vacuum transter. The tube was
sealed under vacuurn and heated to 60 °C for 12 h. 31P{3H) NMR spectrometry showed a ratio of
1:0.8 for the peak at 61.44 (PMe3) and 64,05 (PMe3-dg).

Thermolysis of Ru(PMea)q(Ph){H) in CeDg. The ruthenium complex {10.8,
0.0224 mmol) was dissolved in 0.7 mL CgDg and 2 mg of ferrocene was added as an intemai
standard The solution was transferred to an NMR {ube which was degassed and sealed under
vacuumn. The tube was submerged campletely in a 140° bath for 18 h, and TH NMR spectroscopic
analysis of the resulting solution showed formation of 6 in 90% yieid.

Thermalysis of Ru(PMes)4{Ph)(H) in CsDg with and without added PMes.
The ruthenium complex (22.6 mg, 0.0464 mmol) was disselved in 1.5 mL CgDg and the solution
was divided into two NMR tubes. One tube was degassed and sealed under vacuum, and the
other was degassed and sealed under vacuum after the addition of 2 equivalents {0.0464 mmol)
of PMes. The tubes were heated at 135° C for 9.5 h, Conversions for the two samples were
determined by 31P{'H} NMA spectroscopy since the resonances are well separated.
Appraximate conversions ‘ol 55% lor the sample with na added phosphine and 56% for the
sample with 2 equivalents of phosphine were determined by comparing the total of all integrals tor
the two compounds. TH NMA spectroscopy showed no hydride or aromatic resonances for the
sampie containing no additionai PMea. Only the phosphine resonances corresponding to S and
6 wera abserved. A hydride resanance and aryl resonances were observed for the sampie
containing 2 ec.valants of PMea.

Tharmolysis of Ru{PMes}s{Ph}(H) In cyclohexane-dya. The ruthenium
complex {11.0 mg, 0.0228 mmol) was dissoived in 0.7 mL cyclohexane and 2 mg of ferrocene was
added as an internal standard. The soiution was transferred tg an NMR tube which was degassed

and sealed under vacuum. The lube was submerged completely in a 135° bath for 18 h, and H
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NMR spectroscopic analysis of the resulting solution showed formation of 4 in 94% yield and
benzene in 87% yield. ~

Kinetic evafuation of the thermoiysis of Ru(PMe3)s(Phj)(H) in
cycionexane-dyz . Into a 5.00 mL volumetric flask was weighed 19.8 mq (0.0410 mmol)
Ru(PMe3)4{CH2Ph){H) and 20 mg ot mesitylene as an intemal standard. Cyclohexane-dq2 was
added to the flask, making a 8.20 mM solution. In a typical experiment, 0.700 mL of this solution
was added by syringe to a thin wailed, 9° NMR tube. The tube was degassed, the appropriate
amount of PMe3 was condensed and the tube was flame sealed to give a length of 8.5*. The
tubes wera heated at 80° € +/- 0.1° C in a factory-calibrated Neslab Exocal Model 251 constant
temperature bath filled with Dow Corning 200 silicone Fluid, and frozen rapidly in ice water after
removal from the bath. All reactions were monitored to greater than 3 half-lives by amn_ient-
temperature 'H NMR spectrometry by integrating the resonance due to the mutually trans
phosphines of § vs. the mesitylene internal standard. The spectra wera taken with a single
acquisition and double checked with a second acquisition after a delay of at least 10 T4y . Rate
constants are given in Table 2; all kinetic plots displayed excellent linearity with correlation
coeflicients of 0.98 or betler.

Thermolys!s of Ru{PMe3)s(Ph)}{D) in cyclohexane. The ruthenium compiex
{25.2 mg, 0.0517 mmol) was dissolved in 0.7 mL cyclohexane. The soiution was transferred to an
NMR tube which was degassed and sealed under vacuum. The tube was submerged completely
in a 140° bath fer 8 h, and 2H NMR speciroscopic analysis ot the sample was conducted every 2h
during the thermolysis. The spectra showed a decrease in the hydride resonance for § and an
increase in the resonances for benzene at 7.11 ppm and for the PMeg groups of 5 between 1.1
and 1.4 ppm. The integrated ratio af the benzene and phosphine signals in the final reaction
mixture was roughly 2:1; an accurate value for this ratio could not be obtained due to overiap of

the PMes resonances with the cyclohexane solvent resanance. Na signais were observed in the

hydride region.



Thermolysis of Ru(PMaa}a(Ph}(D) In toluene. The ruthenium complex (14.2- .
15.6 mg, 0.0323 mmol) was dissolved in foluene (0.7 mL) and transterred to an NMR tube which
was then freeze pump thawed through three cycles. The sample was heated for 4 h at 140° C,
after which time the NMR tube was cracked open under vacuum. The volatile materials were
collected in a glass tube cooled with liquid nitrogen and analyzed by GC/MS at 90 ev. Two spectra
wers taken for each experiment, and the ratios agreed within 1-2 %. Using the m/e=78 and 7g
peaks the ratio of benzene-dy to benzene-dg was caiculated to be 0.86:1 for one experiment and
0.67:1 for the other, The remaining material was exposed to high vacuum for 4 h, dissolved in 1
mL of hexamethyldisiloxane and exposed to high vacuum for B h to remove any residual solvent.
The solid was dissolved in ether and >3 equivalents of methanesulfonic acid in ether was added.
A white solid rapidly formed, and the resulting solution was filtered through a plug of celite and
analyzed by gas chromatography to determine the ratio of toluene to benzene as 2.85:1 inone
experiment and 2.05:1 in the other.

Thermolysis of Ru{PMe3)s(H)2 In C5Dg with and without added
phosphine. The ruthenium complex (22.0 mg, 0.0543 mmol} was dissoived in 1.5 mL CgDg, 2
mg of ferrocene was added, and the solution was divided into two NMR tubes. One tube was
degassed and sealed under vacuum, and the oif:2r fube was degassed and sealed under
vacuum after the addition of 10 equivalents (0.272 mmol) of PMe3 to give a PMe concentration
ot 0.36 M. The tubes were heated at 135° tar 9.5 h. 1H NMR spectroscopy showed a hydride
signal for the sample containing 10 equivalents of PMeg, but no hydride signal for the sampie

containing no additional PMe3,
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Chapter 2

Alkyl, Aryl, Hydrido, and Acetate Complexes of (DMPM)2Ru [DMPM=bis-
{dimethyiphosphinoimethane]: Reductive Ellmination and Oxidative Addition of
C-H bonds.



Introduction

Transition metal systems that undergo oxidative addition of alkane C-H bonds are typically
electron rich, and often have a df or d® electron count.!+2  Although mast of these complexes
also contain cyclopentadienyl or cyclopentadienyl anaiogues as ligands, 19 systems which
catalytically furictionalize hydrocarbons by oxidative addition reactions have possessed labile non-
Cp ligands.3 ’ .

F‘hosphine ligands are strong electron donors, and therefore metal-phosphine systems
often undergo oxidative addition reactions.4 For this reason, iransition metat complexes
cantaining phosphines as the oniy dative ligands have been investigated for their aclivity in the
oxidative addition of C-H bonds.2a*¢5 indeed, this type ot compaund readily adds sp? C-H
bonds. Otten this C-H bonds is from a phosphine ligand, giving rise to products resulhzng from
intra-rather than intermolecular C-H oxidative addition, 5 and in ather cases, the C-H bond is from
an alkyl or aryl group.53-46

It has been known for over 25 years that (DMPE)2Ru(H)(naphthyl) (DMPE=bis-dimethyl-
phosphinoethane) thermally eliminates naphthalene and the resulting intermediate {presumably
(DMPE)zRu or a solvate of this species) is capable of undergoing C-H oxidative addition
processes.53: 7 Aithough this ruthenium system torms a dinuclear species upen prolonged
tr;errnolysis or photolysis7,8 the analogous iron system has been shown 1o add the C-H bonds
of alkane selvent at low temperatures.23 The osmium complex Os{PMea}4{H}{CH2CMej)} leads to
intermediates capable of reacting with methane, but intramolecular reaction with ligand C-H bands
is competitive with the intermolecular reaction pathway. i

We have investigated routes to the intermediate (DMPM)Ru (DMPMa=bis-
dimethyiphosphinomethane) in the hope that the metal center would be electron rich enough to
undergo oxidative addition of C-H bonds, and that the four membered ring of the metal-ligand
system would prevent intramoiecular C-H additions. During the course of this wark, Cole-Hamilton

et al. repanted the reduction of {DOMPM)2Ru(Clz with Na/Hg in benzene to form the product of
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solvent C-H bond addition, {OMPM)Ru(H)(Ph), which undergces exchange with CgDg and
toluene solvent.? We present here the synthesis of a variety of (CMPM)aRu(X)(Y) complexas,
including the synthesis of dialkyl, dihydride, and alky! hydride complexes, as well as two routes to
generate the intermediate (DMPM)2Ru. The dialkyl complexes are markedly more stable than the
analogous (PMes)sRu(R)(R’) complexes with monodentate phosphine ligands, but the aiky! and
aryl hydride products are much less stable than those of the L4Ru, Ly=(PMeg)4 system.10
Results and Discussion

Acetate complexes. The synthesis of DMPM substituted ruthenium acetate
complexes is shown in Scheme t. Exchange of a triaikylphosphine for coordinated
triarylphosphines has been used 25 a route to trialkyl phosphine metal conplexes;1? synthesis of
trimethylphosphine ruthenium acetate compounds by the addition of excess PMe3 to,
(PPh3)2Ru(OAC)2 (1) has been described.12 We found the symhesis of (OMPM)2Ru({CAc)2 to be
less straightforward than that of the PMeg3-substituted compound. Addition of excess DMPM to 1
in benzene solvent led to formation of the tris-substituted product (n’-DMPM)z(rlz-
DMPM)Ru{OACc)z (2). This complex was characterized by conventiona! spectroscopic techniques
and microanalysis, and is analogous to the Ru{OMPM)3(Cl)2 complex believed to be formed by the
addition of excess DMPM to {PPh3)3Ru(Cl)2. but not isalated in pure form or fully characterized.S
Th MP{1H) NMR spectrum of 2 is shown in Figure 1, and indicates both - and n2-coardination
modes for the DMPM ligands. Although the spectrum is second order, there are clearly three
resonances of equal intensity. Two are characteristic of DMPM coordinated to ruthenium.
However, the resonance at 5 -60 is close to the & -55 chemical shiit of free DMPM; theretore one
end of a DMPM ligand is not ¢oordinated to the metal center. Moreaver, the large coupling
between two of the bout:: phasphorus atoms indicates a trans orientation between them. The
1H NMR spectrum displays one resenance for two equivalent acetate groups in addition to the

OMPM resonances. Mass spectrometry showed a parent ion at m/e=569, consistent with loss of



35

Scheme 1
AcQ
Me, I Mep ~_ Me;
3 DMPM Poil o
m— < ~H 'P/\ P
25 °C. 4n H I Me Me,
CeHs Me; 2 2
AcQ
- 2
OAc M
. Me e,

Me, | Be2~p¥ | ¢

2 DMPM P.., ! » \Ru’
(PPhalRU(QAC)y ————mr < pe Rug P/\ p 1 ~p

25°C, 4h \
1 hexanes Me, l Me, Me, Me,
AcO 3 OAc
65 °C, 8h
CgHs
Me,
P



o -20 -40 -0 PPN

Figure 1. 3'P{1H} NMR spectrum of ()-OMPMi2(n2-DMPM)AU(0AC)2 (2). The asterisk
carrespands to free DMPM,
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acetate from the monomer. The stereochemistry shewn in Scheme 1 is consistent with all these
data.

Addition of two aquivalents of DMPM to a suspension of the triphenylphosphine complex
1 in hexane, followed by heating for 4 h at 65 °C, formed the dimeric species (n2, n2-DMPM)z(n2,
p1-DMPM)2Ru(n1-OAC) 4 (3) shown in Scheme 1, Compound 3 was also fully characterized by
conventianal spectragcapic techniques and microanalysis, Again, the 31P({1H} NMR spectrum
was second order {Figure 2}, It displayed two resonances of equal intensity with farge trans
coupling, and chemical shifts similar to those of coordinated DMPM in 2. Twe types of ligand
methyl groups and one type of acetate resonance were observed in the TH NMR spectrum. Mass
spectrometry showed a parent ion at 984, corresponding to the dimeric structure.

Heating compound 3 in benzene golvent at 110 °C tor 8 hied to cleﬁvage of ﬂ:le dimer
and formed the monameﬁ;ic bis-DMPM, bis-acetate complex (n2~DMPM)zHu(OAc)2 {4).
Compound 4 was characterized by conventional spectroscopic fechniques and microanalysis.
Four phosphine methyi groups wera observed in the TH and 13C('H) NMR spectrum of 4, and two
tripiets ware observed in the 31 P{'H} NMR spectrum; the phospharus atoms located trans to the
acetate substituents resonated downfield from the mutually trans phosphorus atoms. A monomer
parent ion at m/e=492 was observed in the mass spectrum,

Dlalky! and Dihydride complexes. The substitution reactions with 4 to form alky!
and hydride compounds are shown in Scheme 2. Addition of 1/2 equivalent of LiAlHg at room
temperature in ether led to clean formation of the dihydride cis{DMPM)2Ru(H)z S in 63% isotated
yield. Compound 5 was characterized by conventianal spectrascopic techniques and
microanalysis, and all data were consistent with a ¢is ofientation of the hydride substituents. Twao
triplet resonances were observed in the 31P{'H} NMR spectrum of 5: the phosphorus atoms
located trans to the hydride substituents resonated upfield from the mutually trans phosphorus
atoms. Four ligand methy! resonances were observed in the H and 13C({H} NMR spectra. One
doublet of quartets hydride resonance at §-8.24 was observed in the 'H NMA spectrum, and wo

hydride absarptions at 1750 cm-! and 1767 cm! were observed in the IR spectrum.
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Room temperatura addition of 2/3 aquivalent of MaaAl in toluene led to tormation of the:
dimethyl compiex cis-{DMPM)2RuU(Me)2 (6) in 87% isolated yield. Two triplets were observed in
the 3'P{'H} NMR spectrum of 6, demonstrating the ¢is-orientation af the methy! groups. The TH
NMR spectrum displayed a resonance at 50.21 and the 13C{'H} NMR spectrum contained a
resonance at §-8.98 for the metal bound methyl group. The reom temperature addition of
@Grignard reagents also led to all;yl subftﬂuped products, but in lower yields than those
expéerienced with aluminum reagents. For example, addition of MeMgBr ta 4 led to formation of 6
in 52% vield after extraction with pentane. Similary, addition of PhCHaMgBr led to formation of
the bis-benzy! camplex ¢is-{OMPM}2AU(CH2Ph)2 (T)in 22% yield. This compaound was identilied
by its TH, 31P{1H}, and 13C{'H} NMR spectra. Two equivalent n'-bound benzy) groups were
observed in the TH and 13C{'H} NMR spectrum, and two triplets were obsarved in the 31R(TH}
NMR spectrum, with chemical shifts similar ta those of the dimethyl complex 6, consistent with a
¢cis geometry.

As discovered during the preparation of of alky! complexes, triary! aluminum reagents
gava higher isolated yields than Grignard reagents. Additien of PhMgBr led to formation of the
dipheny! complex (OMPM)2Ru(Ph)z (8) in roughly 10% yield after extraction with pentane,
However, addition of PhaAl led to 8 im 48 % isolated yield. Compound 8 was characterized by H,
31p(tH}, Y32('H), and IR spectroscopy. Four ligand methy! graups were absarved in the 'H NMR
spectrum along with resonances for two equivalent n'-bound ary! groups. The resonance for the
jpso carton of the equivalent aryl rings was cbserved at §174, which showed the appropriate
doublet of quartets pattemn, a farge coupling due te the trans phosphorus atom and three smaller,
indistinguishable cis couplings.

The dialky! and diaryl complexes were thermary stable, even at elevated teri:z atures.
Thermolysis of CgDg soiutions of 7 or 8 at 110 °C for Bh led to no decomposition of the dialkyl and
diaryl complexes. Most notably the complexes were stable toward orthometallation reacticns. No
evidence for the formation of toluena and {DMPM)2Ru{CH2CgH4) was observed while monitoring

the thermolysis of 7. No evidence for orthometallation of 8 to form benzene and
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(OMPM)2Ru{CgHa) or reductive elimination ta form biphenyl and products from the intermediate
(DMPM)2Ru (vide infra) was observed. Similarly, dimathy! compound & was stable toward 5 atm of
hydrogen for 24 h at room temperature. .

Hydrido methanesulfonate complex. Attempts to synthesize the mixed
complexes (DMPM)2Ru(R}(OAc) (R=Me, H) by the addition of 1/3 equiv. of MeaAl or 1/4 equiv.
LiAlH4 to 4 led to intractable mixtures. However, addition of one equivalent of methanesulfonic
acid to dihydride 5 cleanly precipitated the hydrido methanesuifonate complex trans-
(OMPM)2Ru(H)(0SO2Me) (9) in 70% yield {(Scheme 3). Compound 8 was characterized by TH,
312(11}, 13¢{"H) NMR and IR spectroscopy, as well as microanalysis. The singlet resonance at &
25.5 in the 31P{1H} NMR spectrum and the pentet resonance at 5-20.5 in the 'H NMR spectrum
col_'respanding t¢ the hydride substituent indicated a trans orientation of the hydride and
methanesulfonate groups. [t is possible that these two spectra result from rapid dissociation of
the weakly coordinating methanesulfonate group, forming a five~coordinate cation which rapidiy
exchanges phasphine coordination sites. However, cooling a sample of 8 in THF-dg to -80 °C led
to no change in the 'H or 31P|TH} NMR spectra, suggesting that a trans orientation of the hydride
and methanesulionate groups is the lowest energy structure in solution.

Alky! and Aryl Hydride complexes. The formation and thermal stabitities of the
alkyl and aryl hydride complexes ara shown in Scheme 4. Addition of Me3Al to the hydrido
methanesulfonate complex 9 at room temperature in benzene led to formation methane and the
phenyl hydride 10. Initial formation of a methy! hydride complex, ollowed by reductive elimination
of methane to form (ODMPM)2Ru which oxidatively adds the solvent C-H bond, would account for
the reaction products. Indeed, the trans-methyl hydride intermediate 12 was generated in 46 %
NMR yield by addition of MegAl at -78 °C to a ioluene-dg solution of 9, and was identified by low
temperature TH, 3'P('H}. and 13C{'H} NMR spectroscopy. The H and 13C('H} NMR spectra
demanstrated the presence of a hydride and metal-bound methy! group located trans to each
other. The hydride substituent was identified by a pentet resonance at §-8.14 in the 'H NMR

spectrum. The metal-bound methyl group was observed as a pentet resonance at §0.27 in the 'H
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NMR spectrum and at 3-25.11 in the 13C(1H) NMR spectrum. A singlet resonance at 5-22.4 was
cbserved in the 31P(TH} NMR spectrum, consistent with a trans orientation of the hydride and
methy! groups.

Allowing this sample to warm to 0 °C showed the formation of methane (identitied by 'H
NMR spectroscopy) and provided H and 3'P{1H} NMR spectra which were identical to thosa
abtained from a toluene-dg solution of phenyl hydride 10 after 8 h (vide infra). These data
demonstrate that the methyl hydride complax 10 is unstable toward reductive elimination at room
temperature, and forms the mare stable aryl hydride complexes. Under these conditions, no cis
{DMPM)RAu(Me)(H) {cis-12) was observed. However, previous studies have demonstrated the
necassity of a cis orientation for reductive elimination.?3 Therefore, we propase that trans to cis
isomerization is the rate determining step in the formation ot phenyl hydride 10 from the trans
meihyl hydribe 12. Wa praopose that isomerization of the trans complex to the cis isomer accurs
by dissociation of one end of the OMPM ligand 1o form a five coordinate species, which
undergoes rearrangement and racoondination of the OMPM chelate 1o form the saturated cis-
complex. Mechanisms involving 5-coordinate intemediates have been proposed for trans to cis
rearrangements.'4

Irradiation ot a benzene-dg solution of dihydride 5 for 4 d led to formation of hydragen
{cbserved by TH NMR spectroscopy} and the phenyl-ds deuteride complex
(DMPM)2Ru{CgDs)(D)10-dg in 48% yield by TH NMR spectroscopy. This procedure led to
significant decompesitiot: before compiete reaction of § had occurred, anc' we were not abie to
separate the phenyl hydride product from dihydride starting material when the photolysis was run
to lower conversion. Therefore, photolysis did net provide a method lor obtaining pure sampies
of 10. Howaver, addition of trimethylaluminum to a solution of hydrido methanesultonata (9) in
benzeneg solvent, followed by crystallization from a benzene/pentane mixture provided 10 in 19%
isalated yield, as material which was pure as determined by 31P{1H} NMR spectroscopy. We were
able to abtain H, 13C{H}, and 3'P{'H) NMR spectral data on a sample of 1@ prepared by this

method, aithough we were not abie i¢ obtain anaiytically pure samples.



Soiutions of 10 in benzene-dg formed 10-dg after 8 h at room temperature and toluene-
dg samples of 10 were converted to solutians for which the 31P{TH} NMR spectra were nearly .
identical to those obtained in benzene-dg soivent. Removal of the toluene solvent followed by
2H NMA spectrai analysis in CgHg showed three tolyl methyl groups at §2.35, §2.31, and §1.98.
Resonances in the aryl region (36.9 - 57.9) were also observed as well as hydride resonances
centered at 5-7.75. These data indicated formation of a mixture of three tolyl hydride compounds
(11)by exchange with toluena-da solvent. The benzene formed by this exchange reaction was
analyzed by GC/MS to determine its isotopic distribution. Comparison of the mass spectrum of
the benzene byproduct to authentic samples of CgHg and CgHsD (prepared by addition of D20 to
PhMgBr) indicated no enrichment of deuterium into this matenrial.

Two mechanisms for arene ring exchanges are dispiayed in Scheme 5. Path a involves a
simple reductive elimination of benzene to form (DMPM)2Ru (12) and oxidative addition of
solvent C-0O bonds. Path b involves dissociation of one end of the DMPM ligand, followed by
oxidative addition to form the ruthenium(iV) intermediate 13. Intermediate 13 contains a hydride
and a deuteride. As a result, path b predicts formation of benzene-dg and benzene-d; as the
organic product. Arene ring exchanga in the (PMea)cFiu(Ph)(H)1¢ system and addition of
tenzene to (PMe3)4Os{CHaCMes)(H)SM were both shown to occur by way of the unsaturated
{PMe3)aM(H}(RA), an intermediate analogous to 13. In both these cases, incarporation of
deuterium from the solvent was observed in the organic byproduct. However, no deuterium
enhancement was observed in the benzene byproduct of the {OMPM)aRu(Ar)(H) system,
supporting a simple reductive elimination and oxidative addition mechanism (path a).

The instability of methyl hydride 12 demonstrates that the (OMPM)Aw(0) intermediate
must te generated at low temperature in order 1o observe formation of alkane C-H activation
procucts. Photolysis of dihydride § grovides such a method.22.4.8.00.15 However, monitoring
the irradiation of a pentane solution of § at -90°C after 2 h and 8 h by jow temperature 3'P{'H}
NMRA spectroscopy showed only decomgosition of 5 and no evidence for an alkyl hydride

product.
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Comparison of stabllitles to (PMea)4Ru(R)(R'), (PMea)sRu(H)(R), and
{DMPE)2Ru(R)(R"}.

The dialky! complexes ci this DMPM system are markedly more stable than the analogous
compounds containing four n'-PMeg ligands rather than two 72-DMPM ligands. Addition of two
equivalents of PhCHaMgEr to trans-(PMe3)4Ru(Cl)2 at reom temperature led to formation ot
toluens and the cyclemetallated complex {PMea)4Ru(n2-CH2CgHa), Suggesting that the bis-
benzyt complex is unstabie to orthometaliation even at raom temperature. The cis-
(PMea)aRu(Ph)2 complex is stable under argon, tut thermally eliminates benzene to form
(PMeg)AFIu(nZCsHa.) at 85 °C. In addition, reaction of cis{PMea)4Ru(Me)z with 1 atm of hydrogen
at room temperature for 24 h led to clean formation of f:is-(F'Me:;uRu(H)z.16 The thermal stability
of cis-{DMPM)2Ru(CH2Ph)2 and cis<{DMPM)2FAlu(Ph)z and the stability of cis-(DMPM)2Ru(Me)2
toward hydrogen suggests that this system, which contains n2-phosphine ligands, cannot
undergo reactions that typically proceed by pathways involving phosphine dissociation.17
However, isomerization of the trans-methyl hydride to the cis-isomer before reductive elimination
suggests that dissociation of one end of the DMPM ligand occurs even at @ °C, assuming
dissaociation of a hydride or methyl group does not accur. Therefore, the rate of recoordination
must ke faster than the rate of intramolecular C-H oxidative additicn or intermnoiecular Hp addition
to the resulting Ru(ll) intermediate.

The synthesis and thermal stabilities of the aryl and aiky! hydride complexes
(DMPE)2Ru(R)(H) have been investigated by several groups,ref 53.7.8 and we have investigated
the thermal reactivity of {PMe3)4Ru(R)(H) complexes. The ary! hydride compiexes of the DMPE
system are stable at room temperature, but reductively eliminate between 45 °C and 85 °C. The
alkyl and aryl hydride complexes of the (PMea)4Ru(R)(H) system are even more stable. For
example, the methyl'8 and ethyl!® hydrice complexes have been shown to be stabie at &5 °C,
while the benzyl hydride complex recuctively eliminates to form the (PMea)sRu intermediate over
the course of 4 h at 85 *C. The phenyl hydride complex requires heating to 140 °C for 8 h before it

eliminates benzene and forms the (PMeq)4Ru intermediate.
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The electronic properties of DMPE, DMPM, and PMeq must be similar since they are
essentially trialkyt phophines. We therefore find it surprising that the DMPM complexes display
dramatically ditferent stahilities relative to the DMPE @d PMe3 complexes, but offer two
explanations for this observation. Steric arguments woukl predict that the iimethylphosphine
system should have a lower barrier to formation of the four-coordinate LgRu intermediate from the
six-coordinate alkyl hydride LsRu(H)(R) starting material because the DMPM system possesses
ligands that are pulled away from the alkyl groups. Therefore, a simple steric argument based on
the size of the ligand systems in the alkyi hydrides is not adequate to explain the relative
stabilities. Qur first possible explanation is based on ground state energies, and postulates that
the ability of the DMPM ligands to act as strong o-donors may be reduced by the ring strain in the
four-membered ring system necessary to form chelating monomeric complexes. The reduced
electron density at the metal center may reduce the strength of the Ru-H and Ru-C bonds. A
secand explanation involves a possible difterence in activalion energy dus to the reorganization
neccessary o adopt the “sawhorse"type geometry {shown far intermediate 12 in Scheme 5} for
C-H reductiva eliminations of MLs compounds.20  X-ray structural studies of several
{PMe3)sRu(X)(Y) compounds have shown that the two mutually trans phosphine ligands are bent
away fromn the other two phosphines and foward the two cis, o-bonded ligands, such that the
trans P-Ru-P angle is between 160° and 165°.16: 21 Therefore the trans phosphines in
(PMeg3)4Ru(R){H) must bend away from this geometry and increase steric interactions with the two
cis-PMes ligands to reach the transition state. Perhaps the energy required to adopt this
contorrnation is sutficient to account tor the slower reductive elimination of the tetrakis-PMes
system relative to its DMPM analogue.

Experimental.

General. Unless otherwise noted, all manipulations were carried out under an inert

atmosphere in a Vacuum Atmospheres 553-2 drybax with attached M6-40-1H Dritrain, or by using

standard Schlenk or vacuum line techniques.



TH NMR spectra were obtained on either the 250, 300, 400 or 500 MHz Fourier
Teansform spectrometers at the University of California, Berkeley (UCB) NMR facility. The 250 ar;d
300 MHz instruments were constructed by Mr. Rudi Nunlist and interfaced with either a Nicolet
1180 or 1280 computer. The 400 and 500 MHz instrumants were commergial Bruker AM series
spectrometers. 1H NMR spectra were recorded relative to residual protiated solvent. 13C(H}
NMR spectra were obtained at either 75.4, 100.6, or 125.7 MMz on tite 300, 400 or 500 MHz
instruments, respectively, and chemical shifts were recorded refative to the soivent resonance.
2H NMR spectra were recorded at 76.4 MHz on the 500 MHz instrument, and chemical shifts were
recorded relative to the soivent resonance. Chemical shifts are reported in units of parts per
million downtfield from tetramethylsiiane and all coupling constants are reported in Hz.

{R spectra were obtained on a Nicolet 510 spectrometer equipped with a Nicolet 620
processor using potassium bromice ground pellets, or solution cells as stated. Mass -
spectroscopic (MS) analyses were obtained at the UCE mass spectrometry facility on AEI MS-12
and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UCB
Microanalytical Laboratory.

To prepare sealed NMR tubes, the sample tube was attached via Cajon adapters directly
to Kontes vacuum stopcacks.22  Known volume bulb vacuum transfers were accomplished with
an MKS Baratron attached to a high vacuum line.

Unless otherwise specified, all reagents, including Grignard and trialkylaluminum
r.eagenls, were purchasad from commercial suppliers and used without further puritication. PMes
(Strern) was dried over NaK or a Na mirror and vacuum transferred prior to use; DMPM (strem) was
used as received CO was purchased from Matheson. (PPh3)2Ru(QAG); (1) was prepared by
literature methods.'!

Pentane and hexane (UV grade, alkene free) were distilled from LiAlHg under nitrogen.
Benzene and toluene were distilled from socdium benzophenone ketyl under nitrogen. Ether ang

tetrahydrofuran were distilled from purpie solutions of sodiumvbenzophenone ketyl. Deuterated
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solvents for use in NMA experiments were dried as their protiated analogues but were vacuum
transferred from the drying agent.

¢ls, trans(n1-DMPM)2(n2-DMPM)Ru({OAc)2 (2). Au(PPh3)2(0Ac)2 (350 mg,
0.471 mmol) was dissolved in 10 mL of toluene, and an excess of OMPM (300 mg, 2.24 mmol) in 2
mL of toluene was added at room temperature. The bright orange suspension tumed pale yellow
upon mixing and became homogeneous. The solution was stirred at room temperature for an
additional 2 h, after which time the solvent was removed under reduced pressure. The resulting
ruthenium complex was very soluble in pentane, precluding simple separation from
triphenylphosphine by washing with pentane. Compound 2 was isolated by chromatography in
the drybox on alumina Il eluting with ather to remove the triphenylphosphine and then with THF
to remove the ruthenium complex. The compound was then crystallized from pentane 1o yieid
88.0 mg (30 %) of 2 as yellow blocks. IR (CgDg) 2970, 2908, 1609, 1428, 1372, 1326, 1288,
941, 904; MS (FAB, sullolane) 569 (M-OAc)H*, 509 (M-20Ac)*; Anal. Calcd. for C1gH4gO4PgAU:
C, 46.06; H, 8.54. Found: C, 46.22; H, 8.76.

(n2, 12-DMPM)2(n2, u!-DMPM)2Ru2(n1-0Ae)4 (3). Ru(FPh3)2(0Ac)z (1.18 g,
1.59 mmel) was suspended in 10 mL of hexanes. DMPM (0.432, 3.17 mmol) was added and the
suspension was stirred for 4 h at 65 °C, over which time the orange suspension became a pale
yellow-green solution containing a white solid. The reaction mixture was cooled to room
temperalura, the solid was filtered, and the free triphenylphosphine and DMPM was removed by
washing three times with a total of 100 mL of pentane to leave 639 mg (82 %) ol 3 as a white
powder. IR(KBr) 2994, 2968, 2907, 2888, 1589, 1387-, 1335, 940, 924, 906; MS (FAB,
sulfolane) 984 (MH*), 925 ((M-OQAc)*); Anal. Calcd. for C24H5608PgRUL: C, 34.22; H, 6.97.
Found: C, 34.40; H, 6.96.

¢is-{n2-DMPM)2RU(0AC)2 (4). (N2, u2-DMPM)2(n2, n1-OMPM)aRu(n'-OAc)q (2)
(639 mg, 0.651 mmol) was suspended in 50 mL of toluene, and the suspension was placed into a
glass reaction vessel equipped with a Kontes vacuum adagtor. The vassel was degassed by two

freeze, pump, thaw cycles and heated to 110 °C for 8 h under vacuum. After this time 1-.e solution



had become homogeneous. The solvent was then removed under vacuum fo provide 512 mg
(80.1%) yield of 4 as a white powder, judged pure by 'H and 31P(1H} NMR spectrascopy. A :
portion of this materal was crystalized for microanalysis by difusing pentane into a toluene
solution of 4. IR(KBr) 2967, 2905, 1582, 1407, 1370, 1320, 1280, 927; MS (E.l) 492 (M*}; Anal.
Calcd, for C12H2a04P4Ru: C, 34.22; H, 6.97. Found: C, 34.48; H, 7.00.

eIs-{DMPM)2Ru(H)2 (600) cis{n2-DMPM)2Ru(OAc)2 (4) (0.578 g, 1.18 mmol) was
suspended in 50 mL of ether. To Ihe stirred solution at room temperature was added 0.589 mL
(0.589 mmoal) of a 1.0 M soiution of lithiumaluminumhydride in ether. The yellow solution became
white, and was stirred for an additional 10 min. The ether was rarnoved under reduced pressure
and the residue was extracted with 100 mL of pentane, The pentane suspension was filtered and
the solvent was removed to provide 303 mg (63%) of analytically pure pale yellow pawder. IR(KBr)
2959, 2895; 1767, 1750, 1411, 1272, 922: MS (El) 374 {M*); Anal. Calcd. for C1gH1aPsRu: C,
32.00; H, 8.06. Found: C, 32.21; H, 8.14,

cls-(DMPM)2Ru(Me)2 (8). cis~(n2-DMPM)2Ru(OAc)2 (4) (1.14 g, 2.32 mmol) was
dissolved in 75 mL of benzene. To the stirred solution at room temperature was added 0.773 mL
{1.85 mmol) of a 2.0 M solution of Me3Al in toluene. The yellow soiution became white, and it was
stirred for an acditional hour. The benzene was removed under reduced pressure and the
residue was extracted with 100 mbL of oentane. The pentane suspension was filtered and the
solvent was removed 1o provide 818 mg (87%)of white powder judged pure by H and 3'P{1H}
NMR spectroscopy. A pertion of this material was crystallized from pentane at -40 °C for
microanalysis. |R(KBr) 2953, 2300, 2892, 2861, 2813, 2774, 1409, 1286, 1272, 107:1., 927,
917,913; Anal. Caled. for C1oH1gP4Ru: C, 32.00: H, B.06. Found: C, 32.21; H, 8.14.

eis-{DMPM}2RU(CH2PN)z (7). cis-(n2-DMPM)2Ru(QAc)z {314 mg, 0.840 mmol) was
dissolved in 10 mL of THF. To the stirred solution at room temperature was added 0.704 mb (1.41
mmol) of a 2.0 M solution of PHCHMgBr in THF. The yellow solution became white, and it was
stirred for an additional 8 h. The THF was removed under reduced pressure and the resicue was

extracted with 100 mL of benzene. The benzene suspension was filtered and the solvent was
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removed to provide 78.2 mg (22%) of white powder in approximately 95% purity by 'H, 31P{1H},
and 13¢{1H} NMR spectroscopy. Attempts to cbtain analytically pure material by crystallization
provided material which was of roughly the same purity as the crude material. MS(EI) 465 (M-
CHaPh)*.

cl/s{DMPM)zRu(Ph)2 (B) cis-(qz-DMPM)zRu(OAc)z {(4) (250 mg, 0.520 mmol) was
dissolved in 10 mL ot taluene. To the stirred solution at ream temperature was added 89.2 mg
{0.382 mmol) of of Ph3A! as a solid. The solutian remained yellow after stirring for 16 h, but
31p(1H} NMR spectroscopy of an aliquot showed no unreacted bis-acetate 4. The toluene was
removed uncer reduced pressure and the residue was extracted with 50 mL of Et20. The ether
suspension was lillered and the solvent was removed from the filtrate to provide 86.4 mg of off
white powder in approximately 85% purity by 1H, 31P{1H}, and 13C{"H} NMR spectroscopy.
Attempts to obtain analyticaliy pure material by crystallization provided material which was of
roughly the same purity as the crude material. IR(KBr) 3033, 2978, 2958, 2901, 1561, 1417,
1288, 1274, 1080, 1011, 947, 921.

trans-{DMPM)2Ru(H)(OSO2Me) (9) cis-(DMPM)aRu(H)2 (5) (B4.4 mg, 0.226 mmal)
was dissolved in 40 mL of THF. To this stirred solution was added, all at ance, 54 pL (0.225 mmol)
at 2 4.17 M solution of HOSQ2Me in THF at mom temperatuce. The hydrido methanesufonate
complex 9 was isolated by concentration of the solution to § mL, followed by addition of 50 mL of
pentane which precipitated a white solide. This solid was coilected by filtration o provide 73.9 mg
(70 %) of white powder. judged pure by *H, 31P{*H), and 13C{'H} NMR spectroscopy.
Crystalline, analytically pure samples of 9 were obtained from a preparation using 162 mg ot
stanting ruthenium complex, and the crude powder was extracted with 100-150 mL of pentane,
concentrated, and cooled to -40 °C o provide 30.0 mg (14.8%) of white needles. IR(KBr) 2962,
2900, 1890, 1420, 1293, 1278, 1207, 1086, 1053, 927; Anal. Calcd. for Cy1H3203P4RuUS: C,
28.14; H, 6.87. Found: C, 28.31; H, 6.66.

cis-(DMPM)2Ru(Ph)(H) (10) To a solution of 82.6 mg (0.176 mmol) of 9 in 7 mL of

CgHg was added dropwise at room temperture 118 mL (/3 equiv) of 2 1.0 M solution of

52



trimethylaluminum in toluene. The solution was stirred for 1 h, after which time an oily solid had
formed. The solution was decanted trom this solid, and the solvent was reduced to 2 mL under :
teduced pressure. The resulting solution was filtered through a plug of celite and further
concentrated to 0.5 mL. Into this solution was vapor difused 2 mL of pentane, and the resulting
solution was cooled to -40°C. The vial continued to be exposed to pentane at -40 °C in a closed
system for one week, over which time 14.8 mg (19%) of 10 crystaliized as pale yellow needles.
IR(KBr): .2898, 2918, 2958, 3031, 1791, 1558, 1417, 1274, 930, 919.

trans-(DMPM)2Ru(Me)(H) (11) trans-(ODMPM}aRu(H}{OSOaMe) (9) (24.2 mg,
0.0516 mmol) and 3.1 mg of ferrocene as an internal standard were dissolved in 0.7 mL of
toluene-dg and placed into an NMRA tube equipped with a teflon septum. The tube was cooled to -
78 °C and an excess of a 2.0 M solution of MezAl (18.5 puL, 0.111 mmol) was added by syringe.
The tube was then placed in the NMR probe which had been cooled to -80 °C. 'H, 31P(1H}, and
13¢(1H) NMR spectroscopy showed formation of 11 in 43% yield. The NMR probe was warmed to
0 °C, under which conditions the methy! hydride began to eliminate methane and form
(OMPM)2RU(D)(Cs04C03) (12-dg) as determined by comparison of this samiple o one obtained
by thermolysis of a toluene-cg solution of pheny! hydride 10.

Exchange of c/s-(DMPM)2RU(Ph)(H} (10} with toluene-dg. In 0.3 mL of
toluene-dg was dissolved 14.8 mg of cis-{(DMPM)2Ru(Ph){H) (10}. 'The sample was allowed to sit
at room temperature for 24 h, after which time the votatile materials were colfected by vacuum
transter. GC/MS analysis showed that the benzene byproduct contained no enrichment in
CgMsD, as determined by comparison of the mass spectrum la an authertic sample ot CgHg and
CgHsD (prepared by addition of D20 to PhMgAr). 2+ NMA spectroscopy showed resonances in
the aromatic region (86.9 - §7.9: 4 hydregens) in the tolyl region (52.35, §2.31, and §1.98; 3
hydrogens) and in the deuteride region (5-7.75; 1 hydrogen), incicating formation of a mixture of
tolyl hydrice compounds. The resanances in the tolyl region were not well enough resaived to

obtain accurata ratios of the three isomers. but the distritution was roughly 4:1:1.
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Table 1 _iH NMR spectrosconic data.

Compound S(pem} _muttiplicty’ M) negral | assionment
{n1-DMPM)2(né-DMPM) 3.69 it 106, 1.8 2  MegPGHaPMey |
Ru(QAc)2? (2) 1.98 s 4 MezPCHaPMes
1.98 s [ -OC{0)CHs
157 d 7.4 12 MesPCHzPMesy
1.30 m 12 MesPCHzPMas
0.98 d 3.5 12 MesPCHaPMzp
(M2, n-DMPM)a(n2, u2-DMPM) .71 t 10.5 4 Me2PGHaPMe;
Ruz({C:2)43 (3) 2.95 brs 4 MegPGHaPMen
2.01 5 12 -OC(O)GH3
1.46 d 6.9 24  MeoPCHaPMza
1.31 1 a7 24 MeaPCHzPMs;
(n2-DMPM)aRu(OAC)Z? (4) 2.491 m 2 (MezP)CHaHg
2.31 m 2 (MezP)2CHaHB
2.29 s 6 -OC(O)CH3
1.76 t as € M2sPCHzPMas
1.51 t 3.1 €  M2;PCHaPMag
1.16 d 10.2 6  MapPCHyPMes
0.83 d 8.3 6  MasPCHaPMegy
(n2-DMPM)2Ru(H)2? (5) 3.08 m 2 (MezP)3CHaHg
2.56 m 2 (MezP)aCHaHg
1.53 d 6.8 6§  MasPCHpPhlas
1.46 t 2.7 6 MeaPCHzPMen
1.36 d 5.4 8  MesPCHaPMas
1.23 d 1.2 8  MesPCHaPMas
-8.24 dq 78, 22 2 Ru-M
{(n2-DMPM)zRu(Me)23 (6) 3.02 m 2 (MezP)2CHaHR
2.7 m 2 (Me2P)2CHakg
1.25 d 3.8 6  MssPCHzPMes
1.23 d a1 6  MesPCHzPMag
1.10 d 2.6 6  MasPCHaPMes
1.03 d 1.4 6  MgoPCHzPMes
0.21 m 6 Ru-Me
(nZ-DMPM)zRu{CHaPh)2* 7.20 d 7.7 4 CHzBn
n 6.86 t 7.8 4 CH2Bh
6.60 t 7.3 2 CHzBh
2.99 m 4 CHaPh
2.38 m 2 (MezP)2CHaHp
2.05 m 2 (MegP)aCHaHg
1.60 d 8.0 6  MsaPCH PRIz,
1.55 d 538 -] M2>PCHaPkgs
1.05 s 6  MasPCHPMa,
0.07 d 2.3 6  MesPCHzPMas




Table 1. cont.
(n2-DMPM)2RuU(Ph)2* (8) 7.21 m 4 Ay-Ph
6.59 1 7.2 4 Ruy-Ph
6.52 1 7.0 2 Ru-Ph
285 m 2 (MegP)aCHaHg
2.62 m 2 (MezP)aCHaHg
1.61 d s 6 MazPCHaPMas
1.60 s 6  MesPCHzPMzs
1.23 d 7 6  MaaPCHPMas
1.22 s 6  MasPCHzPMas
(n2-DMPM)2RU(H)(OSOMe)*  3.40 m 2 (MeaP)2CHsHg
(9) 3.20 m 2 (MegP)aCHalg
2.48 s 3 -0S0M2
1.55 H 12 MagPCHaPMe2
1.45 ] 12 MesPCHPM2s
-20.46 pent 20.7 1 Ru-H
cis-(n2-OMPM)2RuU(Ph)(H)3 8.08 t 5.9 2 Aromatic
(10) 7.25 t 7.0 2 Aromatic
7.14 d 6.0 1 Aromatic
2.80 m 3 MeaPCHzPMen
2.69 m 1 MeaaPCHaPMes
1.41 d 7.0 3  Ma2oPCHPM2;
1.26 m [} MasPCHaPM29
1.16 m 15 M2,PCHaPMe;
772 dq 91,20 1 Ru-H
(2-DMPM)aRu(H)(Me)S (11)  3.08 m 2 (Mez2P)2CEaHB
3.01 m 2 (MezP)CHaHg
1.42 s 12 MaoPCHPM2o
1.28 H 12 MasPCHPM22
0.27 pent 5.8 3 Ru-Me2
-8.14 pent 20.1 1 Au-H

1The muttiplicities doublet and triplet, when refarring to the DMPM ligands, are apparam sglitting
patterns and do not necessarily reflect true coupling,

2The assignments cis andtrans refer to mutually cis and mutually trans PMeg groups.

3CgDe, 25 °C: 4THF g, 25 °C; Stol-dg, 40 °C;
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Table 2. 13¢C({H} NMR spectroscopic data.

Compound S(ppm) multiolicity! J(Hz) assignment
(T-DMPM)2(n2-DMPM) 177.2 s -OC(OMe
Ru(OAc)z (2)3 §0.39 [ 22,44 Me2PCHoPMeg
33.70 ddq 31,15,4  MeyPCHoPMes
24.10 s -OC(O)CH3
17.16 dt 15,2 MesPCHoPMes
16.47 det 14, 11,4 MesPCHoPMas
15.37 td 9,3 M2oPCHaPMe,
(n2, u!-OMPM]z(n2, u2-DMPM) 177.98 s ©C{0)CH,
Ruz(QAc)s5 (3) 50.67 t 21.9 MeaPCHaPMep
32.35 s Me2PCHoPMez
24.10 s -OC(O)CH4
19.57 d 18.8 MesPCHPMes
16.29 t 9.8 Mz22PCH2PMes
(n2-DMPM)2RU(0AC)2S (4) 176.44 t 3.2 -OC(O)CHa
51.73 m MeyPCHaPMeg
24.37 s . -OC(O)CHs
20.32 t 8.8 MeaPCHoPMa2
19.40 m MeaPCHaPMes
15.88 t 12.7 MesPCHoPMa2
12.85 t 10.3 MaaPCHaPMa;
(n2-DOMPM)2Ru(H)23 (5) 56.90 dt 21,10 MeaPCHaPMeg
28.09 t 8.7 MaoPCHaPMes
26.88 t 10 MeoPCHzPMas
25.69 s ) MayPCHaPMe,
24.95 dt 14,7 MesPCHaPMas
(nZ=DMPM)2Ru(Me)2? (6) 21.56 m MeaPCHoPMe;
25.64 dad 6.7.46  MasPCHaPMas
22.57 m MeaPCH2PMes
16.01 m MeaPCHPMes
9.91 m i42,PCHaPMen
-8.98 dq 63, 1 Auy-Me
(n2-DMPM)2RU(CHaPh)24 () 166.65 m CH2Ph
130.87 s CHaPh
130.02 H CHaBh
122.19 s CHaEh
54.29 s MeaPCHaPMes
21.70 dm 53 CHaPR
23.57 m MaaPCHPMes
21.76 s MeaPCHaPMes
21.75 t 3.8 MeaPCHZPM 2,
12.15 m Mi2oPCHoPM 2,
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Table 2. Cont.
(n2-DMPM)zRU(Ph)z4 (8) 174.08 dq 57.7, 11.8 Au-Ph
147.03 s Au-Ph
124.80 s Au-Ph
119.50 s Ru-Ph
49,49 it 21.2, 12.1  MeaPGHaPMeg
24.07 d 8.4 MeaPCHaPMas
23.03 m MesPCH2PM2o
16.85 s MeaPCHaPMa2
11.68 1 6.5 MaaPCHaPMas
(n2-DMPM)zRU(H)(OSOaMe)4 57.49 m : Me2PCHaPMeg
C(9) 41.85 ] -0SOpMa
26.48 t 8.6 MaoPCH2PMan
19.79 t 4.4 MaaPCHaPMes
Cis-(n2-DMPM)2Ru(Ph)(H)3 169.13 dm 56.6 Aromatic
(10) 147.87 m Aromatic
124,47 d 4.8 Aromatic
119.23 H Aromatic
§4.33 td 18.5, 5.6  MaPCHoPMe;
52.52 td 20.9, 7.0 MesPCHaPMes
27.02 m MasPCHzPMaz
24.68 dt 84,43  M2oPCHaPMss
24.25 m MaaPCHzPMe2
23.93 d 4.2 M2aPCH2PMas
21.47 ddd 6.5,11,11 M2sPCHaPMas
20.29 m MasPCHzPMas
16.64 m M2sPCHzPMen
16.25 m M23PCHaP M2
(n2-OMPM)zRu(H)(Me)S (11) 55.44 t 11.7 Me2PCHaPMes
26.44 s MazPCHaPMas
15.53 s M23PCHaPM20
-25.11 p 9.5 Ru-Me

1The muttiplicities doublet and tripiet, when referring to the DMPM ligands, are apparent spiiting

ganems and do not necessarily reflect true coupling.

The assignments ¢is andtrans refer to mutyally cis and mutually trans PMe3 groups.
3CgDg, 25 °C; 4THFdg, 25 *C; Stol-dg, -40 °C; 6CDLCLy
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Table 3. 31P(1H} NMR spectroscooic dala.

J{Hz)

Compound S{pom) multiplicity! integral

(n1-OMPM)2(n4-DMPM) 9.18 m 1
Ru(0Ac)23 (2) -28.81 m 1
-60.08 m 1
(12, p!-OMPM)2(n2, 12 DMPM) 7.0 m 4
Ru(OAc)42 (3) -28.60 m 4
(n2-DMPM)2Ru(OAc)22 (4) -5.12 t 49.7 2
-27.48 t 2
(n2-DMPM)zAu(H)22 (5) -16.43 t 46.5 2
-28.87 t 2
(n2-DMPM)2Ru(Me)22 (6) -18.76 t 39.8 2
-24.82 t 2
(n2-DMPM)2AL(CH2Ph) 22 (7) 2391 t a7.s 2
-28.09 t 2
(n-DMPM)2Ru(Ph)2? (8) -23.53 t 35.9 2
-30.29 t 2
(PMPM)2RU(H)(OSO2Me)? (9) -25.52 s 4

cis-(DMPM)2Ru(H)(Ph} (10)2 ABCD 54=-19.36  JaAB=301.3

5p=-20.86 Jac=57.9

8cn-26.81 Jap=-29.8

5p=-35.20 Jpc=28.0

Jgo=48.1

Jep=10.3
(n2-DMPM)aRu(H}{Me)* (11) -22.39 s 4

1The muttiplicities for cis-{DMPM)2Ru{X}2 compounds are apparent splitting pattems. The true
spin system for these compounds is AA'BB', even though a pair of triplets was observed in each

case.
2CgDg, 25 °C; ITHF g, 25 °C; 4ol-dg, 40 °C;
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Chapter 3

The Structure, Synthasis and Chemistry of (PMag).;Flu(nz-Bonzyne). Reactlons
with Arenes, Alkanes, and Heteroatom-containing Organic Compounds.

Synthesis and Structure of a Monomeric Hydroxide Complex.



introduction

Many organic and main group organometallic reactive intermediates are stable when
coordinated to transition metal fragments. The most extensively studied example is probably the
transition metal carbene complex.? Molecules posessing unstable double or tripie bonds have
been generated at transition metal centers and have been shown to be stabilized by this
interaction; silene2, disitene3, ketene4, benzyne and cycloalkyna® transition metal complexes
are a few examples. In mast cases the complexes do not display reactivity similar to that of the free
molecule. Yet, studies are beginning to indicate *at these complexes dispiay enhanced
reactivity over typical M-X bonds. One type of molecule for which the reactivity has been racently
developed is the transition metal benzyne complex.

Much of the study of the early metal benzyne complexes has involved addition and
insertion reactions involving functionalized organic molecules. These overall lransforr;wations

cleave a metal-carbon bond of the benzyne complex and form a new metal-nitragen or metal-

oxygen bond in the product, processes which are typically favorable for early metal complexes. In
contrast, late transition metal benzyne and cycloaikyne complexes havs shown more limited
reactivity. They undergo addition reactions with acidic reagents such as alcohols and ketones,
but not with amines; they undergo insertion reactions with CQ, CQg, and unsaturated
hydrocarbons, but not with ketones, aldehydes, or nitriles.88.¢ The lack of reactivity of these
complexes toward these reagents is consistent with the well established reactivity of late metal
alkyl and aryl complexes.”

We report the isolation of a benzyne complex of ruthenium which is generated by the
same overall transformation used to form early transition metal benzyne complexes, 5 but by a
mechanism typical of late transition metal compounds.” The ruthenium compiex displays reactivity
mare characteristic of eady than late transition metal-carbon bonds; it readily undergoes addition
reactions with weak acids and insertion reactions with aldehydes and nitriles, forming ruthenium-

oxygen or ruthenium-nitrogen bonds. Thus, this material provides an easily accessible and
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versatile starting materal for entry into the study of late transition metai heteratom-containing
molecules.8
Rasults

Farmatlan of. 2, Crystal Structure, and Kinetlc Analysis. Synthesis of the
ruthenium benzyne complex (PMeg)4Ru(q2-C5H4) is shown in Scheme 1. Two methods were
developed. Method B was more conveniant for preparative scale reactions of 1, while method A
allowed for isoiation of the intermediate complex (PMes)aRu(Me)(Ph). A typical preparative scale
reaction invoived addition of 2.2 equivalents of PhMgBrto 1.5 g of (PMe3)aRu(Cl)z in ether,
followed b; heating or the resulting solution at 85 °C for 8h. This provided samples of 1 in §5-
70% yield which were pure enaugh without crystallization for synthetic purpases. Complex 1 was
isolated in analytically pure form by crystallization from pentane at 40° C. Alternatively, 1 could
be prepared by the addition of PhMgBr to the known (PMea)sRu(Me)(Cl)?12 ta provide
{PMeg}aRu(Me)(Ph) (2) in 20% yield alter crystallization. Thermolysis of 2 in benzene-dg at 110
°C for 12 h provided 1 in 95-100% yield by 'H NMR spectroscopy. The Senzyne complex 1is a
white crystailine solid which is extrarmely air sensitive but can be stored in a drybox at room
temgerature for months without decomposition. The TH NMA spectrum of 1 showed two broad
resonances in the aromatic region at 57.26 and §7.31, while the 3!P{1H} NMR spectrum consisted
of a second order AgBa spectrum:; this spectrum along with a simulation is shewn in Figure 1.

Slow cooling of a pentane solution of 1 provided crystals which were suitable for an X-ray
diftraction study. The complex crystallized in space group P24/n, and showed no unusually short
intermotecular contacts. The structure was solved by Patterson methods and retined via standard
least-squares and Fourier techniques. An ORTEP drawing of 1 is shown in Figure 2; acquisition
parameters, intramalecuiar distances and intramolecular angles are provided in Tables 1-3. The
coordination of the ruthenium atom can be described as a trigonal-bipyramid or a distorted
octahedron. The atoms P2, P4, Ru, C1, and C2 all lie in a plane with deviations of +- 0.02 A. This
plane forms an angle of less than 4° to the plane of the benzyne ligand. The angle P1-Ru-P3 is

165 and is bent away from the other two phosphorus atoms. The



Comd=1

w P
058 yd \.._ ON-W 1
() ﬁ "y Ny, e =E LM
HoO- ud" _ 1 gbaud 1 _ "7
1 (@) 19
I
9:__: o
11
# Q.01 1
_ LT ud ~ _ P | o913 D _ ]
"Ho- N an ny LR - o o ny 1y, 1
_ 1g6nud _
1 (v) 1

I 9wayss



67

JU'U U

Figure 1. Experimental (top) and calculated (bottomn) 3'P{'H) NMR spectra of 1.



Figure 2, ORTEP drawing of 1.
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Table 1. Crystal and Data Collection Parameters.®

69

1 9 15
Temperature (°C) 25 -118 -89
Empirical Formula RuP4C1gH40 AuP4QC15H42 RUP4NCasH.5
Formula Weight (amu) 431.5 499.5 584.6
Crystal Size (mm) 0.20 x 0.25x 0.50 0.25x% 0.29 x 0.30 0.15x0.15x 0.25
Space Group P2i/n P1 P212121¢
a(d) 9.4492(10) 8.698(1) 9.722(3)
b (A 15.9489(17) 16.423(3) 14.191(6)
c(A) 16.3007(19) 17.097(3) 20.462(6)
a(® 90.0 80.858(13) 50.0
BE® 91.528(8) 84.741(12) 80.0
¥(%) 90.0 88.540 90.0
v (A3 2455.7(8) 2400.9(9)) 2823.0(0)
4 4 4
deaic (gem3) 1.30 1.38 1.38
Meaie (cm™) 8.8 9.1 7.8
Rellections Measured +h, +k, 2l +h, +k, ¢l +, 4k, +1
Scan Width A0« 0.65+0.351an0 48 = 0.65 + 0.35tan8 A8 » 1.20 + 0.35 tang
Scan Speed (8, %/m)  6.70 6.70 6.70
Setting Angles (26, ) 24-28 24.28 24.28

(@) Parameters common to all structures: Radiation: Mo Ka (A = 0.71073 A), exceptfor 1¢ A =

0.70930 A. Monachromator: highly-griented graphite (26 = 12.2°). Detector: crystal scintiltation
counter, with PHA, 28 Range: 3-->45°, except for 1¢ 2-->45°, Scan Type: 8-28. Background:
Measured gver 0.25(A9) added to each end of the scan. Vertical Aperture = 3.0 mm. Horizontal
Aperture = 2.0 + 1.0 tan8 mm. Intensity Standards: Measured every hour of x-ray exposure time,
QOrientation: 3 reflections were checked atter every 200 measurements. Crystal orientation was
redetermined if any of the reflections were offset from their precicted positions By more than 0.1°.
Reerientation was required twice for 1b and 7a, and once for 8. (b) Unit celi parameters and their
esd's were derived by a least-squares fit to the setting angles of the unreselved Mo Ka
components of 24 reflections with the given 28 range. In this and all subsequent tables the esd's
of all parameters are given in parentheses, right-justified to the least significant digit(s) of the
reported value.



Table 2. Intramclecular Distances for 1.

ATOM 1

RrRY
Ry
RU
RU

ATOM 3

cl17
cas

DISTANCE

2.354(1)
2.303(1)
2.328(1)
2.313(1)

2.072(2)
2.11112)
1.355(3)
1.382(3)
1.372(3)
1.411(4)
1.363(4)
1.3%8(4)

1.854(3)
1.827(3)
1.823(3)
1.840(3)
1.816(2)
1.827(3})
1.820(3)
1.826(3)
1.84443)
1.83143)
1.8239(3)
1.8341(3)
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Table 3. intramokecutar Angles for 1.

ATOM 1 ATOM 2 ATOM 3 ANGLE
Pl RU P2 98.01(2)
Pl Y "3 165.12(2)
Pl RU Pd 92.18(2)
P2 RU 3 95.11(2}
P2 RrU | {] 103.35(2)
P3 RU | 1] 91.57(2)
Pl rU c1 85.40(6)
Pl rU c2 83.33(6)
P2 RU c1 101.79(6}
P2 RU c2 139.531(6})
Pl rU c1 85.09(6)
P3 rU c2 82.15(6)
Pd rU c1 154.83(7)
Pd U c2 117.06(6)
c1 RU c2 37.78(8)
RU c1 c2 72.71(13)
RU ©cl €s 164.9(2)
rU c2 c1 59.52(12)
RU c2 c3 168.4(2)
c2 cl cs 122.2(2}
[33 c2 €3 121.9(2)
[+ c3 c4 116.9(3)
c3 cd cs 121.1(2)
c4 cs cs 121.1(3)
c1 cs cs 116.8(3)
RrU r c? 123.90(11)
RO . n ] 116.23(10)
RU rl c9 114.35(10)
c7 rn cs 88.7(2)
c? r1 c9 100.4(2)
ca rn c9 99.3(2)
rU r2 c10 113.68(11)
RrU P2 c11 124.15111)
RU r2 c12 118.73(11)
clo ra €11 99.6(2)
c10 r2 €12 96.7(2)
cl11 P2 c12 99.1{2)
RrU r c13 116.59(10)
RU r3 c14 115.35(9)
RU | X €18 122.52(9)
c13 | 5 c14 93.44(14)
c13 r3 c1s 98.93(13)
cl4 Pl €15 101.03(13)
rY | .13 cis 115.66{10)
RU M c17 120.95{10)
RU Pd ci1s 120.64{11)
Cl6 | 2 c17 99.11(14)
c16 P4 c1a 99.02(14)

€17 | X} cla 96.91(2)



angles from the axial to the equatorial phosphorous atoms range from $1.6 ° t0 98.0 °, and the P-
Ru-P angle in the equatorial piane is 103.4°. The four Ru-P distances ara unequal, though they
fall into a pattern. The mutually trans phosphorus distances are longer than those trans to the
benzyne ligand. The average Ru-P(1,3) distance is 2.341 £ 0.013 A and the average Ru-P(2,4)
distance is 2.311 £ 0.004 A. The Ru-C distances are dilfererit in the solid state, Ru-C(1)=2.072(2)
A and Ru-C(2)=2.111(2) A, as are the P-Au-C angles, P{2)-Ru-C(1)=139.53(6) ° and P(4)-Ru-
C(2)=117.06(8) °, although no asymmetry is observed in the salution spectroscopy. The source

_of this asymmetry does not seem ‘o be due to sterric crowding since there are no short
intramolecular contacts within the coordination sphere; we are inclined to view that the asymmetry
is due to solid state effects and that these two bonds are not chemically differant. These two Ru-
C bond distances are slightly shorter than the Ru-aryl bond in (PMe3)qRu(m2-GHaCgHq).9 The
average of the C-C bond distances in the benzyne ligand (1.385 % 0.015 A) is close tc; that found
for free benzene (1.392 by x-ray diffraction),19 as has been the case for the other structurally
characterized benzyne complexes.S Therefore the sturcture of 1 can be considered to be a Ru(l})
complex with two short metal-carbon o-bonds,

The rate of formation of benzyne complex 1 from the mathyl pheny! complex 2 was
measured at 110 °C in benzene. The reaction was followed by monitoring the disappearance of
the phosphine resonance of 2 at 0.96 ppm in sampies containing between 1.70 x 10-3 M and
1.87 x 10°2 M concentrations of phosphine. At alt concentrations of phosphine, the reaction
displayed clean first order kinetic behavior. The plot of a typicai kinetic run (0.0085 M PMe3) is
shown in Figure 3, and a plot of kgps VS 1/[P] is shown in Figure 4, clearly demonstrating an
inverse dependence of rate on phosphine concantration.

Addition of C-H, N-H, and O-H bonds. The reactions of 1 with C-H bonds are
shown in Scheme 2. Thermolysis ot 1 in CgDg provided the deuterated benzyne complex
(PMe1)4Ru(n2-CgDy), indicating that the formation of the benzyne complex by method B
(Scheme 1) is reversible. Complex 1-d4 was identified by the absence of aromatic resonances in

the TH NMR spectrum of the reaction mixture and the presence of the benzyne resonances in the
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2H NMR spectrum. The appearance of 37P(TH) NMA spectrum of the deuterated complex was .
unchanged from the undeuterated sample. A simulation of the EI mass specirum of the fina!
reactivn mixture showed that the starting complex 1 had been converted to 80-90 % 1-d4. A
more accurate simulation was made difficult by the large number of ruthenium isotopes.
Thermolysis of 1 in toluene at 110 °C for 2 d resulted in formation of the known orthometailated
benzyi compound 3'1 in essentially quantitative yield by 3'P{1H) NMR spectroscopy. Complex 1
was exticmely thermally stable in alkane solvents. Thermolysis in pentane at 145 °C for 8 h
resulted in no detectable decompaosition or reaction with scivent,

Addition reactions of functionalized organic compounds to 1 are shown in Scheme 3.
Cne equivalent of acetophenone reacted with 1 at 45 °C for 8h to form the orthometallated, O-
bound, enolate complex 4 in 4535 yield. This complex was also the product of the addition of
acetone to 1, a reaction that will be reported in detail in a separate publication. Addition of
acetophenone to 1-dg yielded 4-dg, as determined by integration of the TH NMR spectrum of
the product (Scheme 4). Treatment of 1 with one equivalent of p-cresol in tnluene, followed by
heating to 45° C for 24 h, provided the previously reported orthometallated cresolate complex
§'2in 70% yield. This reaction was monitored atter the addition of the p-cresol. pCresol was
adced 10 1 at room temperature, and the reaction was quickly cooled to -78 °C. TH and 31P(1H}
NMR spectroscopy showed that all of the benzyne complex 1 had reacted to form a complex
which was stable at this temperature. This intermediate was not isolated, but the TH and 31P{114)
NMRA spectra were consistent with a compound of structure (PMea)sRu{Ph)(OCgHaMe) (6). The
formation of 5 from & required 24 h at 45 °C.

The qualitative rates of reaction of benzyne complex 1 with p-cresol and of phosphine
dissaciation from 1 were evaluated. Four equivalants of PMeg-dg were added o 1, and a 31P('H}
NMR spectrum was obttained after 10 min, 2h, and 24 h at 25 °C. After 10 min the ratio cf free
PMes-dg to PMes-dg was 36:1, after 2h the ratio was roughly 2:1, and alter 24 h t was 1:1. These
results demonstrate that the reaction of p-cresol with 1 to form 6 cccured much faster than

phosphine dissociation.
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Less acidic O-H bonds such as those in isopropanol and water also formally add across
the Ru-C bond in 1. Treatment of 1 with one equivalent of isopropanct led to the phenyt hydﬁdé
complex 7 in 56% isolated yield. This reaction presumnably proceeds by initial addition of the
alcohot to 1, forming a phenyl isopropoxide intermediate B, similar o the intermediate okserved
with the addition of p-cresol. Intermediate 8 then leads to 7 by B-hydrogen elimination. Reaction
of 1 with water does not afford the possibility of 3-hydrogen elimination, and addition of one
equivalent of water yielded the phenyl hydroxide complex 9 in 62% yield atter crystallization from
pentane. Sclution spectroscopic analysis of this complex was complicated by broad ary!
resonances due to hindered rotation of the phenyl group at room temperature. Therefore, 1H
and 13¢{'H} NMR spectra were obtained at -40 °C. At this temperature rotation of the ring was
slow, compared to the NMR time scale, and all aryl protons and carbon atoms were inequivalent.
The hydroxide moiety was identitied by a sharp resonance in the 1H NMR spectrum at '5-4447 and
a sharp band in the solid state infrared spectrum (Nujol) at 3636 cm-1. Similar spectroscopic
features are found in related iridium’2 and platinum hydroxide'4 complexes. The structural
assignment was confirmed by the 31p{'H} NMR spectrum, which displayed an A2BC pattem with
one cis phosphine resonating uptield and one resonating downfield from the mutually trans
phosphines, indicating that one PMey is focated trans to the aryl ring and the other is trans to the
hydroxide.

Que to the small number of structurally characterjized monomeric hydroxide compiexes an
X-ray diffraction study was performed on a single crystal of 9. Suitable crystals were oblained by
slow cooling of a pentane solution of 9. The structure was solved by Patterson methods and
refined vig standard least-squares and Fourier techniques. The crystal contained two molecules
in the asymmetric unit: an ORTEPR drawing of one of the molecules is shown in Figure 5.
Acquisition parameters are incluced in Table 1; intramolecular distances and angles are provided
in Tables 4 and 5. The crystal cantained discrete monomers. No hydrogen banding was
observed between the ruthenium complexes, and no water of solvation was observed, confirming

that this synthesis is particularly useful since it provides hydroxide complexes which are free ot



NP

Figure 5 ORTEP drawing of 9. The hydrogen atoms have been removed for clarity.
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Table 4. intramclecular Distances for 9.

ATOM 1 aTOM 2

RUL
RUL
RUL
RrU1
RU1
RUL

| 28
n
K]
1 L
o1
3§

c2
cé6
cl
c4
c5
cé

c7

ce

c9

€10
€l
€12
€13
cid
€15
€16
€17
ci1s

DISTANCE

2.286{1)
2.35411)
2.379(1)
2.33201)
2.168(3)
2.159(5)

1.384(7)
1.426(7)
1.4121(7)
1.380(8)
1.414(8)
1.417(7)

1.8441(8)
1.851(5)
1.851(6)
1.851(6)
1.866(6)
1.834(6)
1.839(6)
1.8341(6)
1.845{7)
1.829(6)
1.933(5)
1.857(6)
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Table 5. imrarrolecular Angles for 9.

ATOM 1 ATOM 2 ATOM 3

Pl
Pl
Pl
Pl
Pl
P2
P2
P2
P2
Pl
| 2]
P3
Pl
4]
ol

rU1
RrUL
c2
€1
€2
(=]
c4
cl

i
RUL
U1
c7

(4}

cs

RrUL
r
RUL
€10
cl0
c1l
RrUL
w1
UL
€1l
c13
Cl4
RUL
1
W1
c16
€16
€17

w1
nol
Wl
Wl
R0L
Ul
wl
01
Ul
Wl
11}
UL
|18
wL
[ 128

cl
Cl
cl
c2
(4]
cd
[
cé

r
rl
n
n
n
rn
rn
P2
P2
”
rn
rn
M

1 ]
| 2]
P4
o1
cl
| 2]
P4
o1
cl
P4
ol
€l
ol
Cl
cl

c2
cé
<6
(5]
cd
cs
c6
cS

<?
cs
9
cs
(4]
<]
c1o
canl
c12
€11
€12
(3 ¥]
(%]
14
€15
Cl4
€15
(3%}
Cl6
C17
c1s
c17
cle
c1e

ANGLE

94.71(5)
103.82(5}
91.65(5)
179.27(10)
93.37113)
93.0145)
94.10(5)
84.53(9)
171.58(13)
162.37¢(5%)
76.07¢(10}
82.75(13)
88.57(10)
88.03{10)
$7.34415)

121.2(4}
122.503)
115.0(4)
123.2(%)
120.5(5)
118.8(5)
119.8(5}
121.7(5)

117.99(18)
120.76{10)
120.82{(19)
96.89(25)
99.1(3}
96.24(25}
114.02(19}
123.58019)
118.58119)
97.9(3)
102.1(3)
96.613)
116.53120])
114.79(20)
125.45(23}
97.8(3)
93.5(3}
98.9(3}
111.89(19}
120.03(18)
123.86(19)
101.14125)
95.7{1)
96.23425)



hydrogen-bound water. The coordination at ruthenium is pseudooctahedral with the pheny! ring
and hydroxide group occupying mutually cis sites. The hydrogen atam of the hydroxide moiety-
was not located. The ruthenium-oxygen distance is 2.168(3) A, slightly longer than the iridium-
oxygen dis;tance of 2,119(5) Ain [(PMeg)4lr(H)(OH)]F'Fs:12 tne ruthenium ary! distance is 2.159(5)
A, slightly langer than the (PMag)4Ru-aryl bonds contained in the metallacycles described in this
work and in (PMeg)4Ru(n2-CHaCgHa).8 The Ru{1)-P{1) bond length, the metal-phosphorus
distance corresponding to the ligand located trans to the hydroxide substituent, is signiticantly
shorter than the other ruthenium-phosphorus distances, consistent with a hydroxide ligand
having a weak trans influence, The weaker trans influence of the hydroxide substituent in
[(PMaeg)4lr(H)}{OH)]* relative to that of 1he hydride or phosphine ligands is also demonstrated by
the metal-phosphorus distances, 2.259(2) A trans to the hydroxide, 2.369(2) A trans to the
hydride, and 2.337 for the mutually trans phasphines. ’

Addition of aniline to the ruthenium benzyne complex 1 resulted in the formation of the
orthometailated anilide complex 10 in 98% yisld by 'H NMR spectroscopy and 68% isalated yield.
Complex 10 was identified by conventional spectroscopic techniques and microanalysis. The H
NMR spectrum showaed four aromatic resonances, and the 13C{H) NMR spectrum cantained a
doublet of doublet of quartets resonance, corresponding te a quaternary aryl carbon atomn,
indicating that metaliation of the ring had eccurred. The 3'P(Y+} NMR spectrum displayed an
A2BC pattern with one phosphine resonating upfield and one downtield of the mutually trgns
phosphines, similar to the spactrum observed for the pheny! hydnaxide complex 8, and the
infrared spectrum contained a stretch at 3336 cm-1,

In light of the results reported for H/D exchange reactions of arylamines with
{PMe3)¢Ru(D)2, which were shown to ba catalyzed by trace amaunts of water.!S we were
concemed that the addition of aniline 1o 1 is alse catalyzed by amounts of water. As noted above,
water adds te 1 to form phenyl hydroxide complex 9, and addition of aniline to @ may lead to a
phenyl anilide intermediate 11, as is the case for another ruthenium hydroxide complex. 16

Intermediate 11 could form benzene and 10 by orthometallation as shown in Scheme 5. To
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probe this possibility, 1 equiv of aniling was added to phanyl hydroxide 9, followed by heating to
110 °C for 8h. No formation of 10 was detected. Rather the bridging hydroxide complexes -
resulting from thermolysis of pheny! hydroxide 9 in the absence cf aniline were observed.!7
Although these results suggest that orthometallated anilide 10 does not form directly from 9,
water could be catalyzing this reaction by another mechanism.

The reaction of aniline with 1 takes place at a temperature at which phosphine is rapidly
exchanginé. and therefore the reaction could proceed by coordination of the amine nitrogen
atom to the ruthenium prior to N-H addition. Unfortunately, when manitori~q the reaction at 95 °C
for 1.5 h in the prasence of 5 equivalents of phosphine (0.16 M), thi added phosphine appéared
to prevent orthometalfation of the aryl ring from occurring and led to several reaction products
none of which were 10. These compounds contained resonances between 5 -35 and 5 -4018 in
the 3'P{'H} NMR spectrum, indicating that cyclometailation of one of the phosphine Ii.gands had
occurred to form a metallaphospha-cyclopropane ring {(Scheme 5). Howevaer, heating this sample
for an additionat 24 h at 110 °C led to clean formation (81% yield by TH NMR spectroscopy) of 10,
indicating that these intermediates may be involved in the reactions run in the absence of added
phosphine.

insertlon Reactions. The insention chemistry we have cbserved with 1 is shown in
Scheme 6. Addition of 5-10 equivalents of ethylene to a benzene solution of 1 followed by
heating 10 85 °C for 8 h resuited in formation of styrene (identitied by YH NMR spectroscopy and
GC retention time) and thg bis-ethylane complex 12, The organometallic product was
independently synthesized by the addition of ethylene 10 the previously reported complex
{PMe3)4Ru(CaHa) 'S and was characterized by conventional spectroscopic techniques. The
compound was mast clearly identilied by its AgB pattern in the 3‘9[’H) NMR spectrum and its two
muttiplet resonances at §1.41 and §1.80 in tha 'H NMR spectrum and the two doublet of triplet
resonances in the 13C{'H} NMRA spectrum at 521.14 and §23.47. The aobservation of two
ethylene resanances in both the 1H and 13C{'H} NMR spectra is consistent with a rigid structure A

in Figure 6, containing two ethyl2ne molecules ariented perpendicutar to the axis containing the



&5

Schems 5

| MagP.
{ '-:Riu‘“w ’ | } Hz
L;Flu“‘ Ph + HN —@

+CeHe

L I,,"

\\\ NH

AL
/
Q




Scheme 6
H1C=CH2
45°C, Bh

p-talyl s p-talyl

 —T—
/ 45°C,8h

p-toly

L‘ Ru

p-talyl

15

&



] T

\\L W

~Ry" —R

A nlu\¢ f {u‘"
*A B

Figure 6. Two possible geometries for (PMea)sRu(CzHy)2 (12).
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two trans phosphines, and is inconsistent with structure B, containing two ethylene molecules
coordinated parallel o the trans axis.20 The reaction was run with 5 equivalents of ethylene-1,1-
dz, and a 1:1:1 ratio of the vinylic resonances of the styrene in the final reaction mixture was
observed by integration of the TH and 2H NMR spectra of the final reaction mixture.

Insertion of a substituted alkyne would prevent B-hydrogen elimination from occurring.
The reaction of one equivalent of di-p-1olylacetylene with 1 for 12 h at 85 °C gave rise to the single
insertion prodluct 13 in 56% isolated yield. The H and '3C{1H} NMR spectra indicated the
presence of an ortho- substiluted aryl ring and two para- substituted rings. The 31P{1H} NMR
spectrum consisted of an A8C pattem with both mutually cis phosphine ligands resonating
uptield from the mutually trans ones, indicating that they are located frans to two different metal-
carbon bonds.

Addition of one equivalent of benzaidehyde 1o a benzene solution of 1 follov}ed by
heating to 45 °C for 8 h led to formation of the single insertion product 14 in 93% yield by TH NMR
spectroscopy and 32% isolated yield. This product was characterized by conventional
spectroscopic techniques and microanalysis. The observation of one ortho-substituted aryi ring
in the "H and 13C{ H} NMR spectra, a resonance at §5.45 in the YH NMA spectrum, and the
absence of stretches between 1500 and 1800 ¢m! in the infrared spectrum indicated most
clearly that 14 was the insertion product. The inequivalence of the mutuaily trans phosphines in
the 31P{*H} NMR spectrum was 4lso consistent with this assignment, A second order ABCD
panern was cbserved, with one of 1he cis phosphines resonaling downtield and one upfied from
the mutually trans phosphines, confirming the presence of orie ruthenium-oxygen and one
ruthenium-carbon bond. The identity of this spin system was confirmed by simulation, which
included a trans P-P coupling constant of 332 Hz. The calculated and experimental spectra are
shaown in Figure 7.

In contrast 10 these observations, addilion of a 5-10 fold excess of pivaldehyde to 1

resulited in no reaction upon heating lo 85 °C for 8h, and addition of acetaldehyde did not lead to
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clean reaction. Addition of benzophenone (a ketone without a-hydrogens) did not react with 1
upen heating to 85 °C for 8 h.

Reaction of 1 with one equivalent of benzonitrile did lead cleanly to the insertion product
15 in quantitative yield by TH NMR spectroscopy and 46% isolated yield. The structure of 15 was
inferred from solution NMR and solid state infrared spectroscopy and microanalysis. An infrared
absomption band at 1436 cm-1 was observed, indicating that insertion had occurred to form a N-
metalloimine. Unlike the 31P{'H} NMR spectrum of compound 14, the spectrum of 15 showed
both of the cis phosphine resonances uptield from the resonances corresponding to the mutually
trans phosphines, perhaps due the the inability of the metalloimine to act as a =-donor since it is
constrained in the metallacycle.

Because of this anomalous 3'P{1H} NMR spectrum, the structure of 15 was contirmed by
X-ray crystallography. Compound 15 crystallized from pentane in space group P2,21-21 , with no
close intermolecular contacts. The structure Qas solved by Patterson methads and refined via
standard least-squares and Fourier techniques. An QRTEP drawing of 15 is shown in Figure 8;
acquisition parameters are included in Table 1, and metric measure are provided in Tables 6 and
7. The coordination at ruthenium is pseudooctahedral; the ruthenium-carbon bond distance is
2.123 (13)A, in the range found in other ruthenium aryl compounds,8 and the metai-nitrogen
bond length is 2,108 (13)A. Thé metal-phosphine distance trans to the nitrogen is significantiy
shorter than that trans 1o the aryl group, as is expected from conventional lrans_inﬂuences.7

Addition of other nitriles did not lead to clean reactions. For example, fert-butylnitrile did
not react with 1 at 85 °C for 12 h, and acetonilrile reacted with 1 under these conditions to yield
several products. Several pathways for the reaction of acetonilrile are passible, including
exchange of acetonitrile for phosphine ligands, acdition of the activated C-H bond, and insertion
of the C-N bond. No products were isolated from the reaction with acetonitrile, but 3‘P(’H) NMR

spectroscopy of the crude reaction mixture showed one product with an AgB pattern and others
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Figure 8. ORTEP drawing of 15. The hycrogan atoms have bean remaved for clarity.
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Table 8. imramolecular Cistances for 15.
ATOM 1 ATOM 2 DISTANCE

2y Pl 2.366(4)
RU r2 2.32){4)
RU Pl 2.37){8)
RU rd 2.317(3)
RU N 2.108(13)
RU €1 2.1230Q13)
N c? 1.2612)
cl c2 1.42{2)
c1 c6 1.3742)
c2 [} 1.4112;
c3 c4 1.41{2}
ca <5 1.45(2)
c5 (13 1.4212)
(4.3 c? 1.49142)
<7 ca 1.49¢2)
ca <9 1.3812)
ca €1) 1.4442)
cs c1o0 1.4342)
cl0 €11 1.47(2)
[ 53 c12 1.41(2)
ci12 €13 1.50(2)
rl cl4 1 S5(14)
rl €15 1 (2}
Pl €16 1 (2)
2 c17 1 6(13}
P2 clsa 1 (2)
rn2 c19 3 (2}
» [-+1:] b3 2
3 €21 3 (2)
Pl €22 1 (2}
Pé €23 1 (2)
P4 c24 1 9(15)
e €25 1 )

Table 7. Imramolecular Angles far 15.
ATOM 1 ATOM &

ATOM 3

w

ANGLE
164.32101
98.241(1
91.2811
87.714)
B1.8(4}
96.641(1
92.191{1
90.41(4)
B82.814}
95.58(3
73.413)
156.714)
172.7(4)
107.7(4)
78.415)
114.9110
128.5111
112.0110
118.2114
120.2114
121.23114
119 14
117.3114
123 14
114.1(15
121.9(15
119.2(15
120.8(13
120.0(14
123.241%
114.4(14
121.5(16
123.6116
120.81{16
117.21016
121.8(18
117.
115
11s
125
98
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with A28C pattems, suggesting that ligand substitution competed with C-H addition anc C-N
insertion pathways.

In order to determine it phosphine dissociation played a role in the unusual aldehyde and
nitrile insertion reactions, these reactions were run in the presence of added phosphine (5
equivalents, 0.16 M). A marked inhibition of the reaction rate for the samples containing added
phosphine was observed. The insertion of benzaldehyde was complete after 2.5 h at 45 °C for
the sample containing no added phosphine, while the reaction had run to only 28% compietion
for the reaction run in a 0.16 M solution of PMej in benzene-dg. Similarly, the nitrile insertion
reaction was complete after 2.5 h at 55 °C for the sample containing no added phosphine, but had

run to only 57% comptetion in a 0.16 M solution of PMeg in CgDg.

Discussion

Mechanism of the Benzyne Formation Reactlon. Twe possible pathways for the

. generation of benzyne complex 1 from the methyl pheny! complex 2 are shown in Scheme 7.

Pathway A in this scheme is a typical one for orthometallation or y~elimination reactions of late
transition metat complexes,2! and consisis of phosphine dissociation to open a coordination site,
followed by oxidative addition of the ortho C-H bond, reductive elimination of methane or
benzene, and recoordination of phosphine. Pathway B is the route thought to be followed by
early metal systems that form benzyne complexes, 522 and presumably would not require
phaosphine loss. four-centered addition of the artho C-H bond across the metal-alkyl band would
lead directly to product.

The rate laws for these two mechanisms are provided in equations 1 and 2. We observed
a linear inverse dependence of kghs on phosphine concentration, consistent with the rate law
comesponding to pathway A. Although C-H orthomelallation reactions are fairly common, 2 is a
rare example of a first metal system to form a benzyne complex by this route. The only other
possible example is the rhenium benzyne complex recently prepared.8% @ This reaction is

favorable, despite generating the unusualy reactive organometallic species {PMe3}sRu(n2-CgHa)
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because a strong C-H bond in the methane or benzene byproduct is formed along with 1.
Benzyne or cycloalkyne complexes of other late transition metal systems (i.e in the nickel triad)
have been formed by the reduction of a metal halide baund to an ortho-halo aryl or a-halo viryl
group.6b.¢

Mechanism ot Addition Reactions. The exchange of the aryl ring in 1 with solvent
benzene and the addition of toluene to 1 presumably occurs By the microscopic reverse of the
benzyne formation reaction. More specifically, dissociation of phosphine followed by addition of
the C-H bond of benzena regenerates diphenyl complex 3 which is the precursor to 1 by method
A {Scheme 1). We have no experimental evidence to distinguish between the initial reaction of 1
with a benzylic C-H bond of toiuene, followed by orthometallation and initial reaction with the ortho
position of the toluene followed by metallation at the benzylic methyl group.

The result of the addition of acetophenone to 1-da is consistent with initial addition of the
C-H bond of acetophencne or the O-H bond of its enol form. The mechanism in Scheme 4
accounts for the formation of protiated product. Addition of the a-CH bond of the ketone to 1
results in the formation of the O-bound phenyl enolate intermediate.23 Oxidative addition of the
orthe C-H bond followed by reductive elimination of benzene and recoordination of phosphine
forms the protiated tinal product 4.

In contrast to the aryl C-H addition reactions, the O-H addition reaction with p-cresol
occurs without prior phosphine dissociation. Reaction of p-cresol with the benzyne compiex
occurred taster than phosphine exchange in 1, ruling out the possibility {illustrated in Scheme 3)

that the unsaturated intermediate resulting from phosphine dissociation undergoes oxidative



addition of the O-H bond in p-cresol or that the oxygen of the p-cresol forms a complex such as
17 with the unsaturated metal center before addition of the O-H bond. Instead, we propose thai
reaction of the acidic O-H bond with the highly basic metal center occurs directly to form an
intermediate 7-coordinate s;pecies 16. (Scheme 8) This then undergoes reductive elimination to

form the phenyl cresolate intermediate 6, which can be observed by TH and 3'P{TH} NMR

spectroscopy. Finally, orthometatlation of 6 and reductive efimination of benzene then leads to 5.

Results from the reaction of {DMPE)oFe(H)2 (DMPE=1,2-bis-dimethylphosphinoethane) with
ethanol has shown that even aliphatic alcohols are acidic enough to protonate an LyM
(L:phosphine)‘metal center. The authors provide low temperature NMR spectroscopic evidence
for the ionic species [(DMPE)aFe(H)2(H)]OEL 24

Although we have not obtained mechanistic data on the reaction of aniline with 1, it
seems likely that this organic substrate is not acicic enough to react with 1 directly. Cénsistent
with this notion, the H/D exchange reactions of arylamines with {(PMe3)aRu(D)2 at room
temperatura were shown to be catalyzed by water.25 Although addition of aniline to phenyl
hydroxide 9 did not lead to lormation of orthometaliated anitide 10, an acid catalyst formed under
the 110 °C reaction conditions could promote the addition of the aniline N-H bond. Altematively,
initial dissociation of phosphine, coordination of the ariling nitrogen atom to the metal center to
form an intermediate such as 18 wauld enhances the acidity of the N-H proton as shown in
Scheme 5, and the reaction of 1 with aniline does occur only at temperatures at which phosphine
rapidly dissociates. Coordination of the aniline could promote either direct protonation of the
metal-aryl bond, or protonation of the metal center followed by C-H reductive elimination from one
side of the benzyne moiety to form the phenyl {anilide} intermediate 11 which gives rise to 10.
Evidence for a similar mechanism was reported for the reaction of phenols with a coordinatively
saturated octahedral dialkyl iron compound.28

Mechanism of the Reactlon of 1 with Ethylene. Two likely pathways for reaction
ot 1 with ethylene are depicted in Scheme 9. Pathway A involves initial C-H oxidative addition of

the C-H bond of ethylene,27 while pathway 8 involves initial insertion of ethylene into the M-C
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bond.Bb.¢ The oxidative addition step in pathway A would give rise to a primary isotope effect,
and would favor formation of the 3, B-da-styrene over formation of a, ortho-dz-styrene. In addﬂio.n.
the rate determining step in @ meghanism invoiving reversible insertion of ethylene would involve
claavage of the B-C-H bond and, again, would give rise to a pimary isotope etfect. In contrast,
irreversible insertion of ethylene via pathway B would involve cleavage of the C-C double bond in
the rate determining step and would give rise to a secondary isatope effect. The observation of a
1:1:1 integrated ratio of vinyl resaaances in the 14 NMR spectrum of the reaction mixture is
cansistent anly with pathway B, involving irrevarsible insertion of ethylene.

We have no? investigated the mechanism of the other three insertion reactions in detail,
but have obtained qualitative information which indicates that they praceed by initial coordination
of the unsaturated substrate, followed by migration of the benzyne carbon to the electrophilic site
ot the goordinated molecule. This coordination and migration mechanism, which requires initial
dissociation of phosphine, would lead to a dependence of rate on phosphine concentration if the
phosphine reassociation step is competetive with the addiiion and migration processes (similar to
the kinetic behavior for the benzyne formation reaction). Qur observations are consistent with
these predictions: each of the insertion reactions proceeds at a rai2 that is much slower than the
rate of phosphine exchange with 1, and addition of one equivalent of phasphine to the reaction
mixture markedly inhibits the rate of the reastion. Although a cocrdination and migration
mechanism are usually invoked for the insertion reactions of carbon monexide and ethylene into
metal alkyl bonds,” little mechanistic data is available to suppor this mechanism for other
substratas such as aldehydes and nitrilas.

Comparison of Reactivity to other Transition Metal-Carbon Bonds.
Benzyne complex 1 displays reactivity which is markedly difierent from that which has previousty
been observed for late transition metal-carbon bonds. Addition and insenion reactions with fate
transition metal-carbon bonds that result in the formation ot new M-Q or M-N tond are

rare.12.19.28 Transtormations such as the reaction of 1 with aniline, which canverts a late
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transition metal carbon o-bond to a late metal nitrogen bond of an aryl- or alkylamide substituest,
have not previously been observed.29

The insertion of benzaldehyde and benzonitrile are also noteworthy. [nsertion reactions
of aldehydes and ketones with M-C bonds have typically been limited to early transition metal alkyl
complexes.3° Decarbonylation reactions with aldehydes, which proceed by initial addition of the
aldehyde C-H bond, are more characteristic of the reactivity of late fransition metal complexes.3!
Only recently has the insertion of formaldehyde into a P1-C bond been chserved:32 prior 1o this,
only insertions involving fluorinated ketones and aldehydes had been reported.33 The lack of
ingertion chemistry of aldehyde and ketones with late metal complexes has been attributed to the
strong C=0 bond strength and formation of a metal alkoxide which would be unstable relative to
the starting metai alkyl. To our knowledge, the reaction of 1 with benzonhri.le is the first nitrile
ingention into a late transition metal alkyl or aryt bond.
Experimental

Ganeral. Uniess otherwise noted, ail manipulations were carried out under an inert
atmosphere in a Vacuum Atmospheres §53-2 drybox with attached M5-40-1H Dritrain, or by using
standard Schlenk or vacuum line techniques. TH NMR spectra were obtained on either the 250,
300. 400 o7 500 MHz Fourier Transform spectrometers at the University of Califomia, Berkeley
(UCB) NMR facility. The 250 and 300 MHz instruments were constructed by Mr. Rudi Nunlist and
interfaced with either a Nicalet 1180 or 1280 computer. The 400 and 500 MHz instruments were
commercial Bruker AM series spectrometers. TH NMR spectra were recorded relative 10 residual
protiated soivent. 13C NMR spectra were obfained at either 75.4 or 1J0.6 MiHz on the 300 or 500
MHz instruments, respectively, and chemical shifts were recorded relative to the soivent
resonance. Chemical shifts are reponted in units of parts per million downtield from
tetramethylsitane and all coupling constants are reported in Hz. IR spectra were obtainedon a
Perkin-Elmer Model 283 infrared spectrometer or on a Perkin-Elmer Model 1550 or 1750 FT-IR

spectrameter using potassium bromide ground pellets. Mass spectroscopic (MS) analyses were
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obtaine ? at the UCB rmass spectrometry facility on AEl MS-12 and Kratos MS-50 mass
spectrometers. Elemental analysas were obtained {rom the UCB Microanaiytical Laboratory.
Sealed NMR tubes were prepared by fusing Wilmad 505-PP and 504-PP tubes to ground glass
joints which were then attached to a vacuum iine wiih Kontes stopcacks or aiternatively, the tul:es
were attached vi2 Cajon adapters directly 1o Kontes v. . 1rm stopcacks.3¢  Known volume bulb
vacuum transfers were accomplished with an MKS Baratron attached to a high vacuum iine.
Uniess otherwise specified, all reagents were purchased frorm commercial suppliers and used
without further purificaticn. PMe3 (Stram) was dried over NaK or a Na mirror and vacuum
transferred prior to use. Acetophenane and benzaldehyde were distilled under nitragan prior to
use. Benzyonitrile was purchased fror1 Alpha anc used as received. Aniling was dried over a
small piece of sodium and distilled under argon. A benzene solution of p-cresol was azeotioped
using a Dean-Stark trap, and the p-cresc! distilled under argon. Ethylene was purchased from
Matheson. Ethylene-1,1-da was purchdsed from MSO Isotopes and was stated to be 95.69@
isotopically pure. Deionized water was degassed by bubbiing nitrogen threugh it for 16 min.
PhMgBr and AlMez were purchased form Aldrich ana used as received. Pentane and hexane (UV
grade, alkane free} were distilied from LiAlH4 under nitrugen. Benzene and toluene were distilled
frain sodium berizopnenone ketyl under nitrogen. Dichloromethane was eithier distilled under N2
or vacuum transferred from CaHz. Deuterated solvents for use in NMR experiments were dried as
their protiated analogues but were vacuum transterred from the drying agent.
{PMe3)sRu(Me)(C!). We found the procedure provided here to be more convenient
than the published procecure.35 In a 250 mL round bottom: flask, 1.50g of (PMe3)aFu(OAC)(CH)
was dissolved in 100 mL of tolueiie. To this stirred solution was added, at rooz.; temperature over
3 min, 0.50 mL (0.33 equiv.) of AlMeg as a 2.0 M solution in toluene. The solution was stired for
1 h at room temperature over which time a tine white pcveder formed. The volume of the solution
was reduced to 5-10 mL and filtr:red, while still cold from solvent removal, in arder ta remove all

aluminum salts. The resulting yellow solution was then layered with pentane to yield 0.629 g



(46%) yield of yellow blccks. The supematant was then cooled ta -40 °C to yield an additional
0.246 g (18%) of preduct.

(PM53)4F{u(n2-C5H4) (1). Ina typical preparative scale reacticn, a 250 ml flask
equigped with a side arm was charged with 1.50 g (3.15 mmol} of Ru{PMe3)4(C1)238 and 100 mL
of ether and a magnetic stir bar. To a Schienk tube was added 2.31 mL (2.2 equiv., 6.93 mmol} of
PhMgBr as a 3.0 M solution in ether and S n:lL of additional ether. Both vessels were brought out
of the drytox, carefully degassed, and charged with argon. It is essentiai that all solutions be
nitrogen free because Ru{PMea)4(Ph)z ro;rns a complex with nitregen. The Grignard reagent was
added by cannula ta the ether slurry of Ru(PMe3q)4(Cl)2 at room temperature over a 5-10 minute
pericd. The solution was then stirred under argon fer ~3 h at room temperature, until no orange,
solid Ru(PMe3g)s(Cl)2 remained. The resulting sciution, including magnesium satts, was
transferred by cannula to a glass reaction vessel fused tc a Kontes vacuum adagtor. Ti1e vessal
was partially degassed. The vessel was then closed and heated to 85 °C for 8h. The salution
turned a dark brewn color upon heating; the reaction was complete when the solution became
light brown in color while at 85 °C. After this time, the solvent was removed under reduced
pressure, and the resicue extracted three times with a total of 150 mL of pentane, stirring for S min
after each additicn of pentane. Remaval of the pentane sclvent proviced a pale-yellow or white
sclid in §5-70% yield which is pure enough (~55%) for synthetic purposes. Crystaltization from
pentane provided analytically pure samples of 1 in 35-50% yield. IR (Nujol} 2055 (m), 1974 {m),
1831 (m), 1886 (s), 1818, 27.1 (m), 1788 (M), 1757 {m}, 1705 (m), 1570 (s), 1523 {m), 1412 (s),
1402 (s), 1316 (s), 1295 (s), 1277 (s), 1188 (m), 1140 (m), 1115 (m), 1070 (m), 1028 (s), 1000
(M}, 932 (s), 885 {s), 780 (M), 708 (s}, 674 {s), 60 (s), 610 (s); MS (Bl) mve 482(M~); Anal. Calcd.
tor C1gH40P4Ru: C, 44.90%,; H, 8.37%. Found: C, 45.17%; H, 8.38%.

X-ray crystal structure determination of 1.

Mounting Procedure. Clear colorless columnar air-sensitive crystais of 1 were
obtained by siow crystallization trom pentane at -0 °C. End fragments cleaved from some of

these crystals were mounted in thin-wall Guarts capillaries in an inert-atmosghere giove box, and
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then flame sealed. Preliminary precession photographs indicated monoclinic Laue symmetry and
yielded approximate cell dimensions.

The crystal used for data collection was transferred to the Enfaf-Nonius CAD-4
diffractometer and centered i the beam. Automatic peak search and indexing procedures
yielded a monoglinic reduced primitive cell. The final cell parameters and specific data collection
parameters for this data set are given in Table 1.

Structure Determination. The 3571 raw intensity data were cc;nve.rted to structure
tactor amplitudes and their esd's by correction for scan speed, background and Lorentz and
posarization effects. Inspectior. &f the intensity standards revealed a gradual reduction in
intensity with a sudden jump of about B% superimposed on it between the 7th and 8th hours of
data collection. The data were corected for this variation. Inspection of the azimuthaliscan data
showed a vanation Imin/Imax = +-1% far the average curve. No correction for absorption was
applied. Inspection of the §ystematic absences indicated uniquely space group P2¢/n. Removal
of systemnatically absent and redundant data teft 3202 unique data in the final data set.'3 The
structure was solved by Patterson methods and refined via standard least-squares and Fourier
technigues. In a difference Fourier map calculated following the refinement of all ncn-hydrogen
atoms with anisotropic thermal parameters, peaks were found comresponding to the positions of
most of the hydrogen atoms. Hydiogen atoms were assigned idealized !ocations and values of
Biso approximately 1.3 (1.2 for bezyne hydrogens) times the Beqy of the atomns to which they
were attached. they were included in structure factor calculations, but not refined. Before the
tinal cycles of refinement, eight reflections which appeared to be aftected by multiple diftraction
werg removed from the data set.

The tinal residuals for 208 variables refined against the 2761 accepted data for which F25
30(F2) were R = 2.11%, wR 2 2.99% and GOF = 1.542. The R value for all 3194 accepted data
was 3.40 %.

The quantity minimized by the least squares program was Iw{|Fg|-|F¢|)2 where w is the

weight ol a given observation. The p-tactor, used to reduce the weight of intense reflections, was
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set to .03 throughout the refinement, The analytical forms of the scattering factor tables for the
neutral atoms were used and all scattering factors were corrected for both the real and imaginary
components of anomalous dispersion.

Inspection of the residuals ordered in rahges of sindrA, [Fol, and parity and value of the
indivicual indexes showed no unusual features or trends. The fargest peak in the final difference
Fourier map had an electron density of 0.36 e7A3. Both were located near the ruthenium atom.
There was no indication of secondary axtinction in the high-intensity low-angle data.

Positional parameters, thermal parameters of the non-hydrogen atoms, anisotropic
thermal parameters, and the positioi'!s and thermal parameters of the hydrogen atoms are available
as supplementary material.

(PMe3)3Ru(n2-CgHy) (1-dg). Unlabeled benzyne camnplex 1 was dissolved in 1.7
mb of CgDg in @ § NMR tube. The sample was cegassed and the tube sealed. The sa;11ple was
heated at 110 °C for 3 d in order 1o provide complete conversion to 1-d4. No decomgasition
products wera observed by TH or 3'P{TH} NMR spectroscopy under these conditions. The tube
was then opened, the soivent removed, and the residue crystailized from pentane at -40 °C to
provide 35.6 mg (54% yield) of 1-dg. MS (El} nve 486 (M*).

Ru(PMe3a}a(Ph)(Me) (2). A round bottom flask was charged in the drytox with 0.708 g
(1.55 mmol) of Ru(PMe3)4(Cl){Me) and 100 mL of ether. While stirring this solution, 0.518 mL of a
3.0 M solution of PhMgBr was added at room temgerature over § min. The sclution was stirred for
an additional 3 h at room temperature. At this time the solvent was removed under reduced
pressure, and the residue was extracted with pentane (3 x 50 mL). The solution was
concentrated to a volume of 5-10 mL, and cooled to -40 °C. The material recovered from this
crystallization was then recrystaliized 10 yield 153 mg (19.9%) of white crystals of 2 which were
anatytically pure and suitable for kinetic studies. 1R {KBr) 3121 {m}, 3101 {m), 3052 (s}, 3038 (m),
3cas (s.), 2969 {s), 2910 (s), 2471 (w), 2363 (w), 2343 (w), 1967 (w), 1925 (w), 1859 (w), 1637 (w),

1581 (s), 1462 (s), 1429 (w), 1296 (s), 1273 (5), 1237 (w), 1190 (5), 1178 (w), 1058 (w), 1010 (m},

104



964 (s), 934 (s), 849 (s), 735 {s), 659 (s), 670 (M), 556 {s), 629 {m), 492 (w); MS (El) mv/e 482 (M-
CHg*): Anal. Caled.for C1gHg4P4Ru: C, 45.87%: H, 8.91%. Found: C, 45.99%; H, 9.05%.

Kinetic evaluation ot the thermolysis of Ru{PMea)4(Ph)(Me) In CeDg. Into a
§.00 mL volumetric flask was weighied 35.6 mg (0.0716 mmol) Ru{PMes)s(Ph){Me) and 28 mg of
ferrocene as an intemal standard. CgDg was added to the flask, making a 0.0143 M soiution. Ina
typical experiment, 0.700 mL of this solution was added by syringe Io a thin walled, 9" NMR tube.
‘The tube was degassed, the appropriate amount of PMej was added by vacuum transfer and the
tube was flame sealed to give a length of 8.5°. The tubes were heated ai 110 °C in a factory-
calibrated Neslab Exocal Model 251 constant temperature bath fifled with Dow Corning 200
silicone Fluid, and frozen rapidly in ice water after removal from the bath. All reactions were
monitored to greater than 3 half-lives by ambient-temperature 1H NMR spectrometry t{y
integrating the PMej resonance of the starting matarial at 0.99 vs. the ferrocene intemal standard.
The spectra were taken with a single acquisition and double checked with a secand acquisition
after a delay of at least 10 Ty. All kinetic plots displayed excellent linearity with carrelation
coetticients of 0.98 '¢r better. A plot of Kgps Vs. 1[L} is shown in Figure 4 and dispiays a correlation
coeiticient of 099‘,

Ru(PMa1)4{n2-0C({CH2)CsH4) (4). Into a glass reaction vessel fusad to a Kontes
vacuum adaptor was weighed 31.6 mg (0.0656 mmol) of 1. Benzene (5 mL) was added, and to
the resulting solution was added 7.9 mg (1 equiv) of acetophenone. The vessel was heated 1o 45
°C {or Bh, after which time the initial ¢lear solution had turned yellow. The solvent was then
removed and the praduct was ¢rystallized from a pentanenoluene (10:1) solvent mixture to );ield
13.6 Mg (39.5%) of yellow product. An alternative preparation of this compound from the reaction
of acetone and 1, along with a determination of its structure by X-ray ditfraction, will be reported in
a separate pubtication.37 IR (KBr) 3103 (m], 3050 (s}, 3043 (s). 3028 (m), 2968 (s), 2903 (s), 1977
(w), 1934 (w), 1624 (w), 1589 (s), 1548 (m), 1431 (). 1395 (5), 1338 (s), 1316 (5), 1298 (s), 1279
(s). 1262 {s), 1238 (M), 1122 (s), 1021 (m), 990 (s). 338 (s), 854 (s), 841 (s), 784 gs), 736 (s), 712

(s). 700 (s), 662 (s), 647 9(s), 634 {m), 498 (m); MS (FAB) ve 525 (MH*).
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Ru{PMa3)4(n2-OCsHaMe) (5). Into a small vial with a stir bar was placed 20.4 mg of
1, 7 mg of ferrocene and 1.0 mL of CgDg. This salution was divided into two equal portions. One
sample was placed into an NMA {ube. To the other sample was added 2.3 mg (1 equiv.) of p-
cresol in 0.4 ml of CsDg while stirring. The solution, which immediately furned from clear to
orangefyaliow, was quickly transterred to an NMR tube. 'H and 3'P{"H} NMR spectra obtained
within 10 min after the addition showed that all of 1 had reacted, and that it had been converted to
at least two intermediates. The NMA tube was then brought into the drybox, equipped with a
vacuum adaptor, and sealed. Heating the tube for 24 h at 45 °C provide conversion of the
intermediates to Ru{PMe3)a(n2-OCgH3Me) in 70% yield by TH NMR spectroscopy, as determined
by comparison of integrated ratios ol the PMe3 resonances in the starting matenal and product to
the ferrocene internal standard.

Low temperaturs observation of Ru(PMe3)a(Ph)(OCgHqMe) (6). In the
drybox, 15.1 mg of 1 was dissoved in 0.7 mL of !oluen.e-ds in an NMA tube equipped with a
vacuum adaptor. To this stired solution was added 3.4 mg (1 equiv) of p-cresol in 0.2 mL toluene.
immediately atter addition the sample was brought out of the drybox and cooled in a -78 °C bath.
The tube was sealed and placed into the probe ot the NMR spectrometer which had been pre-
cooled to -60 °C. 31P{'H} and TH NMR spectra were taken at this temperature and indicated clean
conversion 1o the phenyl cresolate intermediate.

Ru(PMe3z)s(Ph)(H) (7). To a solution of 300 mg (0.627 mmol) of FIu(PMEg).;(nZ-
CgHa) in 5 mL pentane was added 47.7 ul (0.627 mmol) isopropanol in 0.5 mL pentane at room
temperature. After alfowing the mixture to react for 1 h, the volume was reduced under vacuum to
1 mL and cooled to 40 °C to yiek! 145 mg (48.2 %) white crystals. IR 3060 (m), 2981 (r-, 2966
{m), 1859 (M-H, s). 1561 (m), 1424 (M), 1419 (m), 1295 (s), 1278 (m): 940 (s}; MS (El) m/e 406 (M-
CgHg). 330 {M-CgHg-PMe3): Anal. Calcd. for CygH42P4Ru: C, 44.71; H, 8.62. Found: C, 44.82;

H, 8.83.
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Ru(PMeg)4(Ph)(OH) (9). In the drybox, 78.6 mg of 1 and 1 mL of benzene was
added to a glass vessel fused to a Kontes vacuum adaptor. The vessel was brought out of the
drybox and 3.0 k. (1 equiv.) of waler was added by syringe to the vessel on a Schienk line. The
solution was ailowed to react tor 8 h at rcom l;amperature. after which time the solvent was
removed and the residue extracted with 25 mL of pentane. The clear soiution was concentrated
fo 5-10 mL and cooled to -40 °C to provide 43.6 mg (5S4 %) of product. IR (Nujol) 3636 (w), 1974
(w), 1933 (w), 1853 (w). 1562 (s), 1553 (m), 1523 (m), 1436 (s}, 1423 (s), 1297 (s), 1279 (s), 1241
(m), 1180 (m), 1147 (m), 1060 (m), 1014 (s), 942 (s), 855 (s), 795 {s), 731 (s}, 708 (5), 662 (s), 634
{m}); MS (FAB) m/e 482 (MH-Hzé‘). 406 (M-QH2-PMe3*); Anal. Calcd.for C18H420P4Ru: C,

43.28; H, 8.48. Found: C, 43.02; H, 8.39.

Ru{PMe3)4(n2-NHCgH4) (10). Into a vial was placed 80.2 mg (0.167 mmol) of 1,
17.06 mg {1.1 equiv) of aniline and 2 mL of benzene. The solution was then placed in a 9" NMR
tube which was degassed and sealed. The sample was heated to 110 °C for 8 h. Upon cooling,
56.4 mg (58.2%) of 3 had crystallized from the reaction solution and all of the starting material had
been consumed as determined by 31P{1H} NMR spectroscopy. The material that crystallized trom
solution was pure by TH NMR speciroscopy, but a portion of this sample was crystallized from
ether for microanalysis. IR (KBr) 3337 (w) 3019(m), 2989 (m), 2969 (M), 2906 {s), 1594 (M}, 15860
{m). 1534 (m), 1435 (s). 1425 (s), 1297 (m), 1281 (), 1266 {m). 942 (s), 705 (). 665 (s ); Anal
Caled. for CgH41NP4Ru: C, 43.55: H, 8.32; N, 2.82. Found: C, 43.35; 8.15; N, 2.82.

Addltion of Aniline to 9. Into an NMR tube was placed a CgDg solution containing
10.2 mg of 9. To this solution was added 1 equiv. of aniline. The tube was degassed and sealed.
Heating of the sample to 110 °C for 2 h led to formation of bridging hydroxide complexes which
are formed from 9 in the absence of aniline.'® No formation of 10 was detected.

Ru{PMe3)3(C2Has)2 (12). A 100 mL round bottom flask was charged with 505 mg
(1.06 mmoi) of Ru{PMe3)4{Clz and 25 mL of ether. To this suspension was added 2.2 equiv of

CaHsMgCl as a 1.5 M solution in ether. The reaction was stirred at room temperature until the ail



orange Ru{PMe3)4(Cl)2 had reacted and the suspension was a rnilky white {2-3 h). At this time the
ether was removed under vacuum and the residue was extracted with pentane (3 x 20 mL). The
volume of the extract was reduced to 5 mL and placed in a glass vessel fused to a Kontes vacuum
adaptor. Ethylene (2.1 equiv) was condensed into the vessel, and the resulting solution was
heated for 24 h at BS °C. At this point the volume of the solution was reduced under vacuum to 2
mL and filtered through a plug of celite. Reducing the volume to 1 mL and cooling to -40 °C
provided 244 mg (59.7 %) yield of clear biocks. IR(KBr) 3027 (m) 2964 (m), 2903 (m), 2896 (m),
1424 (m), 12398 (m}, 1293 (m}, 1279 (s), 1132 (s), 941 (s), 845 (m), 711 (m).1 638 (m}, 660 (s).

Reaction of ethylene with 1. Into an NMR tube was placed 6.9 mg (0.0143 mmol)
of 1 and 0.7 mL of benzene-ds. The sample was degassed and 10 equiv. of ethylene were
added by vacuum transfer. The tube was sealed and heated to 85 °C for 1.5d, at whiqh point the
TH NMR spectrum of the final reaction mixture showed the formation of styrene (confirmed by
GC/MS) in 70% yield. The TH and 3'P(1H) NMR spectra showed the formation of
{PMea)aRu(CaH4)2 in 68% yield by comparison with the independently prepared sampte.

Reactlon of ethylene-1,1-dy with 1. Into an NMR tube was placed 8.0 mg {0.0143
mmoi) of 1 and 0.7 mL of benzene-ds. The samgle was degassed and 7 equivalents of ethylene-
1,1-dp were added by vacuum transfer. The tube was sealed and heated to 85 °C for 16 h. The
TH NMR spectrum of the final reaction mixture showed a 1:1 1 ratio of the vinylic resonances (to
within the roughly 10% error of integration), indicating a 1:1 ratio of the two isomers, B, B-dz-
styrene and a, 2-dp-styrene. The experiment was conducted a second time following a similar
procedure, except the reaction was run in benzene-dg and the final reaction mixture was analyzed
by 2H NMR spectroscopy. Again, within the accuracy of the integration (roughly 10%), a 1:1:1
ratio of vinylic resonances was observed.

Ru{PMag)4({n2-C(p-tolyl)C(p-tolyl)CgHa) (13). Into a glass reaction vessel fused
to a Kontes vacuum adaptor was placed 121 mg (0.252 mmol) of 1 and 5 mL toluene. To this
solution was added 5 equivalents of di-p-tolylacetylene. The reaction vessel was partially

degassed by one freeze-pump-thaw cycle and heated to 85 °C for 24 h. After this time the



solution was concentrated under vacuum and filtered. Layering of the solution with pentane and
cooling to -40 °C provided 79.4 mg (46 %) of product which was pure by 'H NMR spectroscopy.
This material was recrystailized from toluene/pentane vapor diffusion for microanalysis. IR(KBr)
2972 (m), 2911 (s), 1437 (m),1434 (m), 1420 (m), 1298 (m), 9685 (m), 942 (s}, 855 (m), 728 (m),
701 (m), 662 (m); Anal. Caled. For CaaHsqP4Ru: C, §9.38; H, 7.91. Found: C, 59.28; H, 8.04,

Ru(PMeg)q(qz-OC(H)(Ph)csH:;) (14). Into a giass reaction vessel fused to a
Kontes vacuum adaptor was placed 80.0 mg of 1, along with the minimum amount of pentane (~2
mL) necessary to dissolved the material. To this soiution was added 17.6 mg (1 equiv) of
benzaldehyde at room temperature. The vessel was then heated to 45 °C for 1.5 d, during which
period the solution turned dark brown. (When the reaction was run in tetrahydrofuran the reaction
solution {urned green.} Upon cooling to room temperature the product crystailized from the
reaction solution as green blocks (31.8 mg, 32.6%). MS (FAB) nve 589 (MH*); IR (KBr') 3078 (m),
3044 (m), 3025 {m), 2970 {s) 2906 (s}, 2815 (m), 2708 (M), 2661 {m), 2504 (M), 1597 (M), 1578
(m), 1566 (m), 1542 9m), 1505 (m), 1490 (m}), 1431 (m), 1397 (m), 1351 (5), 1298 (s}, 1279 (s).
1233 (m), 1089 (s), 1042 (m), 1027 {m), 1017 {m), 964 (s), 941 (s), 854 gs), 763 (m), 736 Is), 702
(s). 664 (s), 529 (m); Anal. Caled. for C2sH46COP4Ru: C, 51.10; H, 7.89. Found: C, 50.97; H,
7.95.

Ru(FMa;).;(T\z-NC(Ph)C5H4) (15). Into a glass reaction vessel fused to a Kontes
vacuum adaptor was placed 158 mg (0.328 mmol) of 1 and 8 mL benzene. To this solution was
added S equiv ot benzonilrile. The reaction vessel was pantially degass.>d by one freeze-pump-
thaw cycle and heated to 85 °C for 24 h. After this time the solvent was removed under reduced
pressura. The residue was extracted with tofuene, and the extracts were fillered, concentrated
under vacuum, and crystallized by layering the toluene solution with pentane and cooling to -40
°C to provide 88.6 mg (46 %) yellow blocks suitable for microanalysis andg X-ray ctystal structure
analysis.

X-ray crystal structure determination of complexes 9 and 15.
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The procedure used in the determination of the structure ot 1 was employed with the
following modifications:

(a) Mounting Procedure: Qrange, air-sensilive crystals of 15 were obtained by layering a
toluene solution of 15 with pentane. Clear, air sensitive crystals of 9 were obtained by cooling a
pentane solution of 9. End fragments cleaved from some of these ¢rystals were mounted in a
viscous oil. The tinal cell parameters and specific data collection parameters for the data set for 9
and 15 are given in Table 1.

(b) Structure Determination: For 9, 2135 raw intensity data were collected and for 15,
6274 were collected. These data were converted 10 structure facter amplitudes and their esd's by
correction for scan speed, background and Lorentz and polarization effects. Inspection of the
azimuthal scan data showed a variation Imin/Imax = +-1% for the average curve. No correction for
absorption was applied. Inspection of the systematic absences indicated space group P1 for 9
and P2y/n lor 1§. Removal of systematically absent and redundant data left 6274 unique data in
the final data set for 9 and 2113 for 15.

Each structure was solved by Patterson methods and refined via standard least-squares
and Fourier techniques, The final refinement included anisotropic refinement of the ruthenium
and phosphorus atoms and isotropic refinement of the carbon and nitrogen atoms. Hydrogen
atomns were not included i the refinement.

The final residuals for the 243 variables for 9 were refined against the 5021 accepted data
for which F2 > 3a{F2) were R = 5.8%, WR = 9.2% and GOF = 3.86. The R value for all 3194
accepted data was 7.2%. The final residuals for the 150 variables for 15 were refined against the
1462 accepted data for 18 for which F2 > 30{F2) were R = 6.4%, wA = 6.9% and GOF = 1.93. The
R value for all 3194 accepted data was 11.0%.

Positional parameters, thermal parameters of the non-hydrogen atoms, and anisotropic
thermal pasameters are available as supplementary material.

Phosphine Inhibltion studles for the reaction of 1 with benzaldehyde and

benzonitrlle. Into a vial was weighed 40.6 mg ot 1 and 10 mg of ferrocene as an internal



standard. Benzene-dg (3 mL) was added and the solution was divided into two equal portions. To
one of the samples was added 5 equiv of benzaldehyde and to the othar, 5 equiv of benzonitrile.
Each of these samples was then further divided into two equal portions and placed into NMR
tubes to maka a total of four samples. Each NMR tube was degassed by three freeze-pump-thaw
cycles. To one sample containing benzaldehyde and o another containing benzonitrile was
added 5 equiv of PMeg by vacuum transfer before al of the tubes were sealed. 'H and 31P{1H}
NMH spectra of the solutions were obtained before heating. The two samples containing
benzaldeyde were heated to 45 °C for 2.5 h, and the two containing benzonitrile were heated to
56 °C for 2.5 h. Conversions and yields were determined by comparing 1H and 3'P{'H} NMR
spectra to those obtained before heating. The experiment was conducted twice with similar
" phosphine inhibition observed during both auns. .

Phosphina exchange studles for 1. Into an NMR tube was placed 0.7 mL of a
CgDg solution containing 12.4 mg of 1. The tube was degassed and 4 aquiv ot PMe3-dg was
condensed into the sample. The appraximate amounts ¢f phosphine exchange at § min, 2 h, and
24 h were determined by integrating the 31P(1H} NMR signals for free PMeg-dg and PMea-dg.

The ratios were found o be 36:1 after 10 min, 2:1 alter 2 h, and 1:1 alter 24 h.
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Table 8. TH NMR Spectmscapic Data™

Comocund dicom) rmuhiglicity  J(H2) Intagral _assicnmant
——  ——— ——
(PMe3}4RAuin2-CgHg) (1)° 0.78 ] 4.4 18  trans-PMe;
1.28 d 28 18 Cis-PMes
7.26 br.s 2 Argmatic
7.3t by 2
(PMe3)4Ru(n2-CeD4) (1-da)® 0.78 t 44 18 trans-PMes
1.28 d 25 18 cis-PMag
(PMe3)4Ru(Me)(Ph} (2)° -0.033 dq 77,38 3 Ru-Ma
0.96 t 52 18 frans-PMes
1.04 d 5.0 9 cis-FMey
122 d 4.7 9
71 m 1 Aromatic
719 m 2
7.88 br,s 2
(PMeq)4Au(n2-0C(CH2ICsHL (4)° 1.02 t 6.0 13 trans-PMes
1.42 d 69 9 cis-PMes
1.45 d 8.0 9
239 'E 1.2 1 CC(CHZCsHs
.3.95 br,s 1
6.61 1q 73.1.0 1 OC(CHACs s
£.63 t 7.1 1
7.1 dt 7818 1
7.48 m 1
(PMe3)4RuM2-OCHaMe) (5)® 1.80 d 7.4 9 cis PMe3
1.09 d 8.0 9
1.15 ] 5.8 18 trans PMaj3
2.53 ] 3 -Me
€.08 d 7.8 1 Arcmatic
6.96 a 1.2 1
730 br.a 1
(PMe3)4RU(ICgHMe)(Ph) (8)° Qa8 t 2.8 18 trans-PMeg
0.90 d 58 [ cis PMes
1.06 d 5.6 9
2.43 s 3 pMe
8.67 d 82 2 p-cresalate
7.22 d 8.3 2
7.31 m 2 phenyt
7.45 t 7.0 1
7.87 br.s 1
8.73 br.d 7.2 1
(PMea)sRu(H)(Ph) (71)* -9.50 ddt 92.6, 18.3,183 1 Ru-H
1.10 t 26 18 trans-PMe3
1.35 d 58 9 cis-Phlag
1.38 d 54 9
6.60 m 3 Aromatic
7.45 m 1
7.75 m 1
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Tahis 8 [corrd)
(PMealaFu(OH)(P) (9)f -4.47

(PMealsRuin2.NHCsHg) (10 0.98

7.3

(PMegisRu(CaHa2(12® 0.66
125
1.41
1.80

(PMes)aPuin-Clo-aiCp-tolyiCeHal (13)° a;:
1.

1.17
2.14
218
6.5t
7.03
7.10
7.30
7.20
8.07
(FMe3)RUZOCHIPRCeHa) (1412 :g:;
1.
1.38
1.45
5.4§
6.22
8.46
6.53
7.0¢
T.12
7.22

7.48

; -’:-n-nn a~3aa-~3

g%~3i~a~aaafd -Saqana.--an 430~

~
-
—ahaorbNRNES

*

Bu~NBane

~
s

nm
fpu
>

- -
-l-l-ﬂ-lmlﬂw -a-‘ulﬂmwd

-
o

S UNNRRLOG IO sre

ANNS s s S ODW D

Ru-QH
¥qas-FMey
cis-FMea

Aramatic

cisPMes3

trans-Phtey
Argmatic

trans-PMeg
cis-PMeg
. GaHg
CisPMe3

trans-PMa3
p-Me

pelaiyl

CgHy

PMes

CE)(PRICeHY
Ammatic

13
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Table 2 (Contdl

(PMeg)4Ru(R=NC{PR)CgHq) (152 0.92 t 2.8 18 trans-PMeg
1.48 d 5.4 9 cisPMay
1.54 d 5.8 9
8.70 m 2 Aromatic
7.01 dt 71,19 1
7.11 t 7.3 1
7.22 t 5.8 2
7.44 d €9 2
2.70 br. t -] 1

3 Thn mulligiicities d and t, when applied 1o the PMe3 refer 0 ap splilting patterns.

dingly, the valuas rep far J do not raflect rue coupling constarts. B CgDs, 20° C. © THF-dg,

20°C. 9 Phely, -60° C. ® THF <y, -55° C. ! THF g, 4S°C.



Tabte 9. 13C{'H} NMR Spectmscapic Data®

Comogund 5icem) multiphicit J {H2} assignmant
DIy
(PMe)eRu(na-CeHy (1)° 21.32 [ 13.1, 3.8 trans-PMes
27.54 m cis-FMeq
. 125.09 t 2.4 Asomatic
126.12 d 4.5
142.07 dq 52,97
(PMeg)4Ru{Me)(Ph) (2}® 2.64 dtd 55.5,13.2, 7.9 Ru-Me
2027 t 12.4 trans-PMe3
2373 d 17.0 cisPMeg
2489 d 19.9
119.92 s Aromatic
123.92 H
124.95 s
143.22 s
147.59 d 15.6
173.50 dq 75.8, 10
{(FMuglRu(n2-0CCHCeHy () 19.40 td 126, 26 trans-PMe;
. 2228 dt 17.0,1.7 cis-PMey
25.23 dm 23.8
72.30 s C(CH2)CeHe
120.68 d 1.3 C(CH2)CaHy
120,81 d 1.4 and
125.23 m Aromatic
141,27 m
152.86 d 3.1
175.60 dm 7.7
7.1 dq 85.0, 8.2
1+ -4e3)4Ru(nZ-OCgHIMe) (SI° 18.85 td 135,30 trans-PMeg
22.44 dt 18.1, 2.8 cisPMe;
25.32 dg 25.0, 3.4
21.88 s p-Ma
105.55 s Aromatic
120.44 s
122.00 s
137.80 [
142.69 did 65,16, 6
182.41 s
{PMea)4Ru{H)(Ph) (nd 21.59 t 12.2 trars-PMes
234.87 m Cis-Phieg
27.96 d 18 )
119.63 s Arcmatic
124.84 s
125.32 s
146.55 d 8.8
153.10 s
174.20 m
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Tabiag (Corrd)
(PMea)4Ru(OH) (PN) (9)°

(PMe3)4Pu(n2-NHCgHL) (10)®

TPMeg)aRu(CaHaz (12)°

{PMe3)4Au(m2-Clp-tolyNClp-talyNCeHa) (13)P

13.53

22.02

2554
120.51
124.70
125.15
139.83
145.77
174.55

19.57
21.35
25.31
105.28
111,92
122.78
136.38
143.46

170.80

14.69
23.03
21.14
2147

21.24
2490
2571
21.18
21.28
121.63
121.73
122.73
127.88
128.41
128.48
13t1.28
133.03
130.98
143.01
143.18
149.54
155. 34
163.31
174.40
164.43

-
a

a83ws3fag fawewmaa

dg

sséun-uunnuu-u-u.g

125,2
17.4
24

a.0
74.2,16.1, 100

1.8
16.3, 2.2
21.4

54,18
642,157, 75
ol

11.4, 3.0
143
10.8, 42
89. 24

129, 3.5

16.0, 21
152,26

8.6
56.5
.5

frans-PMes
cis-PMeg

Argmatic

trans-PMey
ois-PMey

Argmatic

trans-PMag
cis-PMeq
CaHg

frans-PMes
cis-PMes
p-Me
Arormalic

and
vinyt
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[PMeg)Puin>=OC{H){PH)CeHa) (148 :3_; ;
21.60
2525
5012
120.48
122.84
123.73
125.61
127.86
129.64
133.32
152.86
161.22
17813

(PMe3]4Ru(mZ-NC{PRICgHy) {15)2 19.95
2234
25.92
120.20
123.20
12485
125.84
127.82
128.34
142.84
146.37
155.20
175.48
18730

gaﬂﬂ.—““ﬂ'“.nﬂ— gu-nuunun

183,749,
168,72,
16.8, 1.
23.4, 1.

nhepp
w0~

14.0
179
15.7

©p

..
N
n=e

678 68

PMes

CC{HI(Ph)CgHy)
Aromatic

trans-PMeg
cis-PMey

Aramatic
and
imine

3 The muniiplicities d and t, when applied to the PMes resonances, refer lo apparent spiiting pattems.
Accardingly, the values reparted for J da nat reflect trua coupling canstants. B CgDg, 20° C. © THF-g,

20°C. 9 THFdg, -55" C. ® THF-dg, 45°C.




Table 10. 3TP(1H] NMR Spectroscapic Oata.

Camasund Sgin System d (cem) J(H2)
-
(PMesl4Ru(ne-CaHy (1) A28 &A=-6.84 Jag=31.5
§3=-8.15
(PMe3)4RulMe)(Fh) (2}® ABC 5AR-2.76 Jag=25.5
£B82-9.99 Jac=23.7
5C-14.82 Jgc=14.0
(PMe3)4Ru(n2-0C(CH2ICgHY (4)¢ ABC §A=0.59 Jag=25.3
§8--13.71 Jace32.2
§C=6.86 Jace14.3
(PMe3) (Ru(n2-OCgHzMe) (5}° A2BC §A=-2.73 Jag=34
§8«15.78 Jag=24
§C=-9.21 Jae=17
(FMe3)4Ru(QCgHMe)(Ph) (6)9 A28C §An-4.07 Jag=16.7
§83=9.03 Jace22.0
6Ca-13.3 Jgc=21.3
(PMea)4Ru(H)(Ph) (T)® AzBC §A=-1,32 Jage24.5
§82-10.59 Jac=26.7
&Ca-17.18 Jac=18.9
(PMe3)4Ru(OH)(P) () AZ8C 5A=1.34 Jag=31.2
58=3.97 Jacw25.2
5Ca-11.80  Jpce16.5
{PMe3)4Ru(n2-NHCgH,) (10)® Az8C §A=-4.01 Jag=32.7
§8-6.56 Jac=23.9
5Ce-10.83 Jac=17.6
{PMe)aRu(CzHa)2 (12)® A8 5A=1.80 Jag=25.1
£Ba=-0.94
{PMe3)4Ru(mZ-C{p-tolyNCip-taly)CHa) (1) ABC 5Aa-3 81 Jag=30.7
§8»-19.23 Jac=23.1
5Ca-21.95 Jaca9 2
(PMe3)4Ru(nZOC(H)(PhICgH4) (14)® ABCD 5A=4.75 Jage23 @
5B84-3.46 Jac=30.8
5C=-4.73 Jap=11.9
ED=-14.37 Jac=332.1
Jpp=29.5
Jcp=28.3
{PMea) sRU(MZ-NC(PR)CeHa) {15)° AzBC §425.53 Jag=29.4
§3e-11.57  Jac=29.0
5Ca-13 67 Jac=9 1

D CgDg, 20° C. © ThF¢3, 20°C. 9 Prhtadg, -60° C. ® THFdg, -55° C.  THF ¢y, 45° C.
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Chapter 4
A Phosphorus-Carbon Bond Cleavage Reactlon ot Coordinated

Trimethylphosphine In (PMe3)4Ru(OCgHMe)2



Introduction

Phosphines are armang the Most comman ligands in coordination and organometailic
chemistry, and metal phosphine camplexes are often used as homoegeneaus cataiysis'. They are
important because of their strong electron donating properties?, and in most cases they are inert
toward reactions other than addition of their C-H bonds3. However, it has been noted that the
cleavage of the P-C bond is a possiale decamposition route for some catalysts containing aryl
phosphine ligands; products resulting from the cleavage of the P-C bond in ary! phosphine
ligands have been isclated®, In contrast, evidence for cleavage of the P-C bond in
trialkylphasphine compounds has been reported in only a few cases®. To our knowledge, no
product has been isolated in which a coordinated triatkylphosphine has been structurally changed
as a result of PC bond cleavage. We report such a reaction, in which a trimethyiphasphine ligand
of {PMe3)aRu(OAr)2 is transtormed under mild thermelysis conditions into an onhomet‘allated
dimethylarylphosphinite figand, the result of P-C bond cleavage.
Results and Discussion

The aryloxide compound (PMes)4Ru(QAr)2 (1) was prepared by the addition of two
equivaliants of pcresal (p-methylphenal) to {FMeajaRuMe)25 in toluene to form 1 in 66%
isolated yieid, as shown in Scheme I. An AA'BB' pattern in the aryl regian af the TH NMR spectrum
of 1 indicates n* coordination of the twa equivalent p-cresolate substiiuents, and an A8 pattem
in the 31P['H) NMR spectrum indicates that the complex adopts a ¢is geometry,

Addition of one equivalent of pcresol to (PMes)4Ru(Me)2 yielded.roughly 50% of 1 and
50% of starting material. However, use of (PMe3)aRu({n2-CHaPMeg)(Me) allowed the selective
addition of one equivalent of p-cresol to the ruthenium center (Scheme 1), This cyclometaltated
precurser was synihesized in 40% isolated yieid by the tharmolysis of (PMeajsRu{Me}2 in hexane
followed by sublimation. Acdition of one equivalent of p-cresol 10 {(PMeaaRu(n2-CHzPMez)(Me)
at room temperature followed by heating to 85 °C for 3 h did not provide the simple addition
product, but yielded methane (identified by TH NMR spectroscopy) and the orthometallated

cresolate complex (PMes)sRu(n2-0OCgHzMe) (2) in 56% isalaled yield. The observation of three
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aryl resonances in the YH NMR spectrum of 2 in a 1:1:1 ratio, as well as an AzBC pattemn in its
31p(1H} NMR spectrum, indicated orthometallation of the aryl ring had occurrad.

Thermolysis of 1 in benzene for 8 h at 85 * C or 70 h at 65 °C also produced methane
(identified by TH NMR spectroscopy) and complex 3, the product of P-C bond cleavage, in
quantitative yield by TH NMR spectroscapy and 34% isolated yield, as shown in Scheme II. The
31 P(1H} NMR spectrum of 3 contained two resonances in the chemical shift range associated
with PMe3 groups coordinated to ruthenium? and a deshigided resonance at 172 ppm. The latter
resonance is in the range found for coordinated phosphite ligands8. The 3'P(1H} NMR spectrum
is an example of an A28X spin system. The two equivalent phosphorus nuclei appear as a-
doublet of doublets centered at 5-1.69 with Jag=24.3 Hz and Jox=37.2 Hz. The other PMea
resonance appears as a doublet of triplets centered at §19.2 with Jog=24.3 Hz and Jax~8.0 Hz.
The X nucleus appears as a doublet of triplets at §172.3. The coupling constants are consistent
with a geometry in which equivalent phosphines Pa are t}ans to each other and are ¢is to Pg and
Px. The 'H NMR spectrum shows a phosphine methyl group ratio of 18:9:6, indicating that one of
the phosphines assigned ta Py contains only two methyl substituents. The TH NMR spectrum
requires the presence of two types of p-cresolate ligands, one of which shows an AA'88’ pattem
for the ring protons, similar to that found in 1. The other cresolate shows an ABC pattem for the
ning protons similar to those found in 2, consistent with ring metallation in the ortho-position. Two
isomers, A and B, shown in Figure 1 are consistent with the spectroscopic observations, and we
could not distinguish between them spectroscopically, though both contain coordinated dimethyl
phosphinite ligands of twa ditferent types. A lew coordinated dialkylphosphinites have been
described and their 3YP(YH) NMR chemical shifts are in the range of §140 to 1609,

X-ray crystailography shows that A is the correct structure. Compound 3 crystallized from
a toiuene/pentane solution at 40 ° C. The structure was soived by Patterson methods and
refined via standard least squares and Fourier techniques. The space group is P21/n wilh two
crystallographically independent but chemically identical molecules in the asymmetric uni. The

structure contained no abnamnally short intermoiecular distances. An QRTEP diagram of ane of
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the two malecules is shown in Figure 2. Intramolecular bond distances and angles far this
molecule are given in Tables 1 and 2, ¢rystal and data coflection parameters are given in Table 3.
The geomnetry of the complex is based upon six coardinate Ru(ll) with two mutuall.y trans PMe3
ligands, a PMe3 trans to the metailated aryl ring of the phosphinite ligand, and an n‘-cresolzie
ligand trans %o the phosphorus of the phosphinite ligand.

The Ru-P{2, 4) distances of 2.357(2) A and 2.365(2) A are in the range found in related
alkylphosphine derivatives of Ru(ll) in six coorcination”-10, The lengths of the mutually trans
phosphine-ruthenium bonds range from 2.2 to 2.4 A. The Ru-P(3) distance of 2.381(2) A is in the
region found for Ru-P (ca. 2.32 A) trans to a carbon ligand’3. & 8. The Ru-P(1) bond length of
2.199(2) A is the shertest Ru-P distance in the structure. Since vaiues for metal-
dialky'phosphinite bonds are not known, we must use other comparisans to see i this value is
unusual, that is, f M-P{OR}x(R)3.x distances are typically sharter than those for M-PR3. In
structurally similar df compounds, (CO)sCr-P(OPh)3 and (CO)Cr-PPha! 1.
BrMn(CO)3{P(OMe)2Ph)212 and BAMn(CQ)(PPh3)13, and in trans-[(PhQ)aP)[PhaPICHCO)s 14, the
metal-phosphite or -phosphonite bond lengths are shorter than the metal-phosphine bond
Jengths by 0.110 0.16 A. The ditference is usually rationalized in tesms of the stronger -
accepting character of the phosphite and phosphenite ligands. Thus, the shorter distance fer the
ruthenium-dimethylphosphinite bond seems to agree with previcus results. The r-accepting
nature of the MeaP(OAr} ligand and the x-donating ability of the aryloxide ligand which is located
trans to it may lead to the shorter Ru-P{3) distance.

The P-C cleavage product 3 was alsa obtained by the addition of p-¢resol to the
onthometallated cresolate complex 2 followed by heating under the same conditions as the
thermolys's of 1. Moreover, when the thermolysis of 1 or 2 and cresol was stopped before
completion (16 h at 85 °C), a mixture ot starting complex 1, orthometallated cresolate complex 2,
and P-C cleaved product 3 was observed as shown in Scheme Il. From these data it cannot be
determined if 1 or 2 gives rise to the =-C cleavage reaction, since these two complexes

interconvent at a rate which is faster than the formation of 3. Addition of phancl, rather than p-
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Table 1

Crystallegraphic Data for Complex 3

Enpirical foraula: Ru Ps Oz Cae Bas

AlCrystal Parameters at T = 25°C [u,B)

a = 11.8875(11) A Space Graup: P2:/n

b = 36.000{4) A Toraula weight = 603.6 agu
c = 14.1207{13} A =13

as=90.0° d(calc) = 1.3 g ca~?

B = 90.428(8) o
7 =90.0° utcale) = 7.4 ea=t
¥V o= 6042,7(18) A3

Size: 0,10x0.20x0.29 ma

B) Data Measureaent Parazeters [3)

Radistico 3 Mo Ka (A = 0.71G7) A}

NMooochromator ¢ Bighly-oriented grapbite (20 = 12,2)

Detector : Crystal sciotillation couster, 'ith.PEA.

Reflections measurad ¢ + N, + K, #/-L .

28 range: 3 =) ls‘deg Scan Type: 620

Scan width: A48 = 9.60 + 0.60 tand

Scan speed: 0.72 =) 6.7 {#, deg/ain}

Baexground: Neasured over 0.25°(A0) added to eack eod of the scan.
Yert. aperture = 3.0 ma Boriz. aperture = 2.0 + 1.6 tand ma
Na. of reflections collected: 8048

No. of upique reflections: 7642



Table 2

Iacramolecular Distances

ATOM 1

RU1
RU1
RU1
RUL
RUl
RUL

Pl
Pl
Pl
P2
P2
P2
Pl
P3
P3
P4
P4
P4

ol
Ccl
[=5§
c2
c3
c4
c4
cs

ATOM 2

Pl
P2
P3
P4
o1
cs

cl5
Cclé
02

c17
c18
C19
c20
c2l
c22
c23
c24
c25

(=58
c2
c6
c3
c4 ’
cS
c7
cé

cs

co

C1l3
clo
Ccl1
cl2
c1l4
cl3

DISTANCE
2.199(2)

2.357(2)

2.381(2)
2.366(1)
2.161(4)
2.092(8)

1.811(7)
1.861(7)
1.667(4)
1.857(7)
1.868(7)
1.856(7)
1.851(8)
1.836(7)
1.829(7)
1.865(6)
1.825(6}
1.8539(6)

1.327(10)
1.419{(13)
1.439(10)
1.401{19}
1.389(15)
1.373(13)
1.576(16)
1.3841(12)

1.371(11)
1.4261(12)
1.421(9)

1.376(12)
1.435(10})
1.421(18)
1.527(12)
1.380(18)
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Table 3

Intramolecular Angles

ATOM 1

RULl
RULl
RUL
RUL
RU1
RU1
RU1
RUL
RU1
Ul
RU1
RU1
c1l5
Ccle6
cls
cl7
cl7
cig
c20
c20
€21
c23
c23
c24

ATOM 2

RUL
RUL
RUL
RU1
RUl
RU1
RULl
RUL
RU1
RULl
RUL
RULl
RUl
RU1
RUl

Pl
Pl
Pl
P2
P2
P2
Pl
P3
PJ
Pd
P4
Pd
Pl
Pl
Pl
P2
B2
P2
P3
Pl
P3
P4
P4
PR3

ATOM 3

P2
P3
P4
ol
c9
Pl
P4
ol
c9
P4
ol
c9
ol
c9
c9

Q2

c15
Clé
c17?
cls
€19
c20
cal
c22
c23
c24
c25
o2

02

Cl6
c1a
c19
cl9
c21
c22
c22
c24
c25
c€2s

ANGLE

92.67(7)
97.91(6)
92.091(6)
167.00(11)
81.6()
93.2341(6)
162.591(86)
83.98 (11}
83.61(16)
102.58(6)
94.83(11)
176.88(17)
87.65(11)
80.53(16)
85.5(3)

106.62(16)
125.7(3)
122.81(23)
115.90(21)
122.7(2)
113.52(22)
117.2(3)
123.47125)
116.41{2)
123.46(23)
113.27(22)
118.59(24)
99.2(3)
100.9(3)
97.0(3)
99.11(31
100.2(3)
102.0(4)
97.3(4}
100.4(4)
97.7(3
100.5()
97.6{3)
99.3{)
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cresol, to 2 yielded a mixture of P-C cleaved producis due presumably to rapid scrambling of the .

aryloxide ligands, and provided na insight 'nto this problem.

Careful monioring of the reaction by 11 NMA speciroscopy provided evidence that #t is
the bis-cresolate complex 1 that gives rise to the P-C cleaved product. The appearance of
product was followed at 65 © C for 2.5 halt lives using three ditferent NMR tubes: one containing
only 1, ane containing equivalent cancentrations of 3 and p-cresol, and one cantaining the
equilibrium concentrations of all three reactants. ldentical linear first order plots for disappearance
of total metal complex vs. fime were obtained in all three cases (Kops » 8.7x10°8 sec*!) for the data
paints collected atter an indtial peried during which time equilibrium was established (5 h). The
data callected over this time were not accurate enough to exiract rate constants for the approach
to equilibrium, but t was clear that the sample containing only 1 reacted at a faster initial rate than
the equilibrium mixture, while the sample containing 2 and p-cresol reacted mare slowly than the
equilibium mixture and showad an initial induction peried as displayed in Figure 3. In all three
cases, the formation of 3 was strangly inhibited by the addition of PMeg to the reagction solution.
No product was observed atfter 3 d for the tubes containing added PMes, while reaction was
camplete for the samplas cantaining no added PMe3. However, the equilibrium was established
at roughly the same rate for the tubes containing added phosphine as for those containing no
added phosphine. Although we have no direct mechanistic information about the tundamental
phasphorus-carban bond ¢leavage step, we suggest that dissociation of phasphine precedes
oxidative addition of the P-C bond {Scheme llI}, as has been proposed‘ for the decomposition of
aryl phosphine ligands. Migration of the aryloxide ligand to the phosphido substituent of the

intermediate formed by this process followed by erthometallation would form 3.
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Experimental.

General. Unlaess otherwise noted, all manipulations ware carmied out under an inart
atmospherg in a Vacuum Atmospheres 553-2 drybox with attached M&-40-1H Dritrain, or by using
standard S¢hienk or vacuum line techniques.

TH NMR spectra were obtained on aither the 250, 300, 400 or 500 MHz Fourier Transform
spectrometers at the University of California, Berkeley (UCS) NMR facility. The 250 and 300 MHz
instruments were cons:ncted by Mr. Rudi Nunlist and interfaced with either a Nicoiet 1180 or
1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series
spectrometers. TH NMR spectra ware racorded relative to residual protiated soivent. 13C NMR
spectra were abtained at either 75.4 or 100.6 MHz on the 300 or 500 MHz instruments,
respectively, and chemical shifts were recorded relative to the solvent resonance. Chemical shifts
are reported in units of parts per million downfieid from tetramethyisilane and ail coupling
constants are reported in Hz.

IR spectra were obtained on a Perkin-Eimer Model 283 infrared spectrometer or on a Perkin-
Elmer Model 1550 or 1750 FT-IR spectrometer using potassium bromide ground peliets. Mass
spectroscopic {MS) analyses were obtained at the UCB mass spectrometry facility on AEI MS-12
and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UCB
Microanalytical Laboratory.

Sealed NMR tubes wera prepared by fusing Wilmagd 505-PP and 504-PF tubes to ground
glass joints which were then attached to a vacuum line with Kentes stopcocks or alternatively, the
tubes were attached via Cajon adapters directly to Kartes vacuum stopcocks!S. Known volume
bulb vacuum transfers were accomplished with an MKS Baratron attached to a high vacuum line.

Unless otherwise specified, all reagents were purchased from commercial suppfiers and
used without further purification. PMes (Strem) was dried over Nax or a Na mirror and vacuum
transterred prior to use. Ferrocene {Aldrich) was sublimed prior 1o use. p-Cresol was dried by

refluxing a solution in benzene using a Dean-Stark trap followed by distillation under argon.



Pentane and hexane (UV grade, alkene free) were distilled from LiAlH4 under nitrogen.
Benzene, toluene, and tetrahydrofuran were distilled from sodium benzophenane ketyl under
nitrogen. ‘Dichloromethane was either distilled under N2 or vacuum transferred from CaHo. .
Deuterated solvents for use in NMA experiments were dried as their protiated analogues but were
vacuum transterred from the drying agent.

Hu(nz-C(-IZF'Mez)(Me)(PMeg)g. Ru(PMe3)4(Me)2® (1.12 g, 2.57 mmol) was dissolved in
100 mL of hexane in a closed giass vessel of 1 [volume to accommedate the methane produced
by the reaction. The solution was degassed and heated to 150° C for 20 h, over which time the
solution tumed dark brown. The solvent was removed and the residue was sublimed (85 ° ¢, 103
torT) to yield 435 mg (40.3 %) of a slightly pink salid. MS (E): 420 (M*}, 405 (M-Me*), 344 (M-
PMe3*): Anal. Calcd. for CigHagP4Ru: €, 37.22; H, 9.13. Found: C, 37.19; H, 9.32.

(PMaz)4Ru{OCgHMe)2 (1). To a stirring solution of {PMe3)gRu(Me)p (82.4 mg 0.189
mmol) in 10 mL of toluene, 2.2 equiv. of p-methylphencl (49.2 mg) in 1 mL of toluene wés added
by pipette at room temperature in the drybox. Evolution of gas was observed overapericd2 h
and the solution tumed orange. After a period of 8 h, blocks of 1 crystallized from the reaction
solution. The supematant was decanted and then layered with 5 mL pentane and cooled to -40 °
C for B hto yield 65.2 mg {56.8 %) of 1 as yellow blocks. For microanalysis and kinetic studies, a
portion of this material was recrystallized by vapor dittusion of pentane into a solution of 1 in
foluene. 1R (KBr) 3064 (m), 3042 {m), 3001 (m}, 2974 (5), 2909 (s), 2854 (m), 1602 (s), 1547 (M),
1504 (s), 1494 (s), 1327 (s), 1303 (5). 1284 (s), 1277 (s}, 1161 (M), 971 (s}, 942 (s); Anal. Caled.
tor CagHsa02P4Ru: €, 50.40; H, 8.13. Found: C, 50.55; H, 8.17.

(PMeg)4Ru(r12-OC5H3Me) {2). To a stirred solution of (F'Me3)4Ru(n2-FMechz)(Me)
{421 mg, 1.00 mmol) in toluene (15 mL), one equiv of p-methylphenol (108 mg) in 1 mL toluene
was added dropwise by pipetle at room temperature. The clear solution tumned yellow/orange
upon addition of the phenol. The solution was then transterred to a sealed glass reaction vessel,
degassed and heated to 85° C for 3 h. After this lime the reaction was allowed lo cool to mom

temperature at which point pale yellow blocks of 2 crystallized from the reaction mixture. The



supernatant was decanted and then layered with 5 mL pentane followed by cooling to -40° C 1o
provide 322 mg of 2 (61 % total yield) as yellow blocks. IR: 3029 (m), 2968 (m), 2902 (s), 2852
{m), 1439 (s), 1426 (m), 1297 (m), 1280 (m), 1250 (M}, 1231 {m}), 1219 {m), 1990 (M), 870 (m),
941 (s), 857 (m), 712 (m), 665 {m), 542 (M); Anal. Cak. for C1gHg2OP4RU: C, 44.61; H, 8.28.
Found: C, 44.80; H, 8.41.

(PMinaa (n2~‘PM92065H;'Ru(OcsH4Me) (3) A solution of 120 mg (0.194 mmol) 1 in
toluene (70 m!) was heated for 8 h at 100 ° C in an evacuated, sealed glass vessel. No significant
color change uccurred in the intial yellow solution. After this time the scivent was removed under
reduced pressure. Thé resulting solid was dissolved in a minimum amount of toluene (1.5 ml),
ard vapor diffusion of pentane ints the toluene solution at room temperature for 24 h yielded
40.8 mg (34.0 %) of 3 as yellow Slocks. [R: 2996, {m}, 2988 (m), 2963 (m}, 2958 (M), 2907 (m),
1601 (m), 1409 (s), 1498 (s), 1441 (m), 1323 (), 1303 (m), 1293 (m), 1282 (m), 1180 (m), 946 (s),
935 (s). 933 (s), 858 (s), £16 (s), 716 (s): Anal. Caled. for Ca5H4g0aP4RU: C, 49.67 H, 7.57.
Found: C, 49.87; H, 7.43.

Crystal and Molecular Structurg Datermination of 3. Pale, clear yellow plate-like crystals of
the compound were obtained by slow cooling to -30° C from pentariefoluene. Fragments
cleaved from some of these crystals were mounted on glass fibers using polycyanoacrylate
cement. The X-ray structure determination was camied out By Qr. F.J. Holtander of the UC
Berkeley X-ray Diffraction Facility (CHEXRAY). Preliminary precession photographs indicated
manoclinic Laue symmetry and yielded approximate cell dimensions.

The crystai used for data collection was then transfe.rod to our Enraf-Nonius CAD-4
ditfractometer' and centered in the beam. Automatic peak search and indexing procedures
yielded the monoclinic reduced primitive cell. The final cell parameters and specific data collection
parameters for this data set are given in Table 3. Due to some errors on set-up, the data collection
parameters were not ideal, and a significant number of data suttzred from overlap of neighboring

data.
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The 8048 raw intensity data were converted to structure factor ampiitudes and their esd's,

by carrection for scan speed, background and Larentz and polarization efects. Inspection of the
intensity standards revealed a variation of +/- 1.5% of the original intensity. No correction for
crystal decomposition was necessary. Inspection of the azimmuthal scan data showed 3 variation
Imiv/! max=0.81 tor the average curve. An empirical carrection.based on the observed varation
was applied to ihe data (Tmax=1.0, Tmin=0.91). Removal of systematically absent data lett 7877
unique data in the final data set. Further rejection of a rough cone of data which showed
themselves to be severely afiected by overfap lekt a final totai of 7642 acceptable data.

The structure was solved by Patterson methods and refined via standard least squares
and Fourier techniques. Following refinement of all atoms with anisotropic thermal parameters,
data sutfering from extreme overlap were removed from the data set as noted above. Howevaer, it
is cerfain that other data suffer likewise, but were simply not obvious. In a final difference Fourier
map peaks were found corresponding 1o the positions of only a few of the expected hydrogen
atorms. No hydrogens were included in the calculation of structure factors for the last cycles ot
least squares.

The final resicuals for 557 var .bles refined against the 5406 data for which F2 > 3a(F2)
were R = 5.93%, wR = 7.75%, and GOF = 3.00. The R value for all 1392 data points was 13.2%.

The quantity minimized by the least squares program was Dw(|Fg|-|Fcl)2 where w is the
weight of intense reflections, was set to 0.03 throughout the refinement. The analytical forms of
the scattering factor tables for the neutral atoms were used and all scattering factors were
corrected for both the real and imaginary components of anomalous disparsion.

Ingpection of the rasiduals ordered in ranges of sin(8)/A, |Fol, and parity and value of the
individual indexes showed ng features or trends not previously noted. The largest peak in the
final difterence Fourier map had an electron density of 0.76 ¢7A3 and the lowest excursion
-0.61e7A3, There was no indication of secondary extinction in the high-intensity low angle data.

Kinete analysis. Two stock sclutions were prepared. Into @ 3 mb volumetric flask was

weighed 14 7 mg (0.0287 mmol) of 3 and 3.1 mg (0.0287} of p-cresol, tollowed by addition of
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toluene-dg to give a 0.00957 M salution of both reagents. Into a 2 mL volumetric flask was
weighed 11.9 mg of 1 (0.0183 mmol) followed by addition of toluene to give a 0.00564 M
solution. To one 9° NMR tube was added 0.70 mL of the solution of 1, to another tube was
added 0.70 mL of the solution of 1 and p-meathy!phenol, and to a third tube was added 0.40 mL of
the solution of 1 and 0.30 mL of the solution of 3 and p-cresol. To each fube was added 2-3 mg
ferrocene as an intemal standard. Each tube was freeze pump thawed through three eviles and
sealed to give a tubes of equal length. The tubes were haated at 65 ° C in a factory-calibrated
Neslab Exocal Model 251 constant temperature bath filled with Dow Coming 200 silicone fluid,
and cooled in a rmom temperature water bath atter remaval from the 65° C bath. Alf three reactions
were monitored to 2.5 half-lives by ambient-temperature TH NMR spectrometry by integrating the
methyl protons of the p-methylphenol group vs. the fermocene internal standard. An infinity point
was obtained experimentally by héaling the three tubes o 85 for 8 h and obtaining "H NMR
spectra after this time. All spectra were taken with a single acquisttion and double checked with a
second acquisition after a delay of at least 10 Ty. All three kinetic plots displayed excellent
linearity with correlation coetficients of 0.985 or better, and the yield of each reaction was greater
than 98 %.

Depandence of reaction on PMeg concentration. Four NMR tubes were prepared. Two
were prepared exactly as the tubes described in the kinetic analysis section containing anly 1,
except that 10 equivalents (0.0675 mmol) PMeg was added to one of these tubes to give a
concentration of 0.0964 M PMe3. Two other tubes were prepared in the same manner except the
solution of 3 and p-cresel was used instead of the solution of 1. The tubes were heated to 65° C
for 3 d and monitored pericdically by TH and 3'P NMR spectrometry. The addition of PMe3 had no
effect on the rate at which equilibrium was established. However no product was obsarved after 3
d at for the tubes containing acded PMes, while reaction was complete for the sampies containing

no additional PMes.
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Table 4. TH NMR Spectroscopic Data

Compound d(pom) _ multivlicty  J{Hz) _ Integral assignment
(PMe3)aRu(n?-CHzPMez)Me -0.41 dddd 77,77, 3 Me
7536
-0.58 m 1 CHaPMe3z
-0.24 m 1
1.10 d 53 9 PMea
1.24 dd 7.9.3.3 9
1.24 dd 7.0,1.8, 9
1.18 dd 9.0,53 3 CHzPMes
1.28 dd 3.9, 24 3
(PMeg)4Ru{OCgH4Me)2 (1) Q.96 d 7.7 18 cis PMe3
1.14 N2 6.2 19 trans PMe3
2.40 s -] p-Me
7.04 d 8.4 4 Aromatic
7.22 d 8.4 4
(PMe3)4Ru(r|2-OC5H3Me) (2) 1.00 d 7.4 9 cis PMeg
1.09 d 6.0 9
1.15 N 5.8 18 trans PMeg
2.58 'S 3 p-Me
6.06 d 7.6 1 Aromatic
6.96 d 7.2 1
7.30 br.s 1
(PMeg)g(qz-PMezocng)Ru- .92 N 6.2 18 trans PMeg
{OCgHgMe) (3) 1.06 d 55 9 cis PMes
1.29 d 6.4 § MesPQAr
2.42 S 3 p-Me
2.43 s 3
6.89 d 7.4 2 OCgHaMe
7.04 d 7.8 2
6.67 dd 64,2 1 ArOPMez
7.04 dd 78,2 1
8.10 br.s 1

3 The valus of N refers to the separation between the two outermost lines. See Harris, R.K.;
Hayter, R.G. Can. J. Chem. 1964, 42, 2282. Harmis, R.K. Can. J. Chem.1964, 42, 2275.



Table 5. 3C{'H} NMR Spectrascopic Data.

Campound S (com) muitiplicity® J(H2) assichment
(PMe3)3Ru(n2-PMegCHz)Me 24.73 dd 18.0, 7.5 PMes
24.57 d 15.4
22.10 dq 20.1, 26
15.36 1d 9.3, 235 PMesPCHz
5.78 dd 7.7.66
-1.27 dq 54.1, 11.7 Me
-10.57 m PMeaPCH2
(PMeg)4Ru(OCgHaMe)2 (1) 18.65 t 12.6 trans PMe3
22.57 m cis PMeg
20.75 s p-Me
118.36 s Aromatic
120.66 s
+  129.68 ]
169.41 ]
(PMe3)4Ru(n2-0CgHaMe) (2) 18.65 td 135, 3.0 trans PMe3
22.44 dt 18.1, 2.6 cis PMeg
25.32 dq 250,34
21.88 s p-Me
105.55 s Aromatic
120.44 s
122.00 [
137.80 s
142.69 dtd 65, 16, 6
182.41 s
(PMe3)a(n2-PMe20CgHa)Ru- 18.40 t 13.4 PMej and
(CCgHaMe) (3) 23.89 d 18.1 MaaPOAr
27.39 d 30
20.72 s p-Me
21.49 s
112.86 dd 13, 0.6 Aromatic groups
120.79 H
123.51 s
126.73 1 2
131.48 dd 4.2
132.41 5
140.61 )
162.72 dq 43, 12
165 80 dq 11.1, 2.2
172.81 d 1.8

bThe symbols d and t, when applied to the PMeg resanances are observed patterns, not true
multiplicity patterns. Accordingly, the values reported as coupling constants for these
resonances are the separation terwveen lines and do not necessarily reflect the true coupling

canstants.
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Tatle 6. 31P{1H) NMR Spectroscopic Data.

L_Compound Spin System __d (pom) _ J (H2)
(PMeg)aRu(n2-PMe2CHz)Me ABCD §A=5.76 JaB= O
58=0.64 Jac=27
5C=-7.61 JAD=231
5D=-37.93 Jec=24
Jep=38
. Jop=24
(PMe3)sRU(OCsHeMe)2 (1) A28 5A=14.89 JAg=31.8
5B=-0.98
(PMe3)4Ru(n2-OCgHaMe) (2) A2BC 5A=-2.73 JAG=34
5B8=15.78 JAC=24
5C=-9.31 JBC=17
(PMeq)a(n2-PMeaOCsHa)Ru(QCgHsMe) (3) A2BC 5A= -1.69 JAX=37.2
. 5Ba -19.24 JAB=24.3
5X=172.29 Jax= 9.0
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Chapter §

Insertion Reactlons of CO and CO2 with Ruthenlum Benzyl, Arylamido, and
Aryloxide Complexes: A Comparison of the Reactlvity ot Ruthenium-Carbon,
Ruthenium-Nitrogen, and Ruthenlum-Oxygen Bonds.



Introduction

Transition metal-carpon, -oxygen, and -nitrogen bonds are involved in many
homogeneous and hetfarogeneous catalytic processes.! Although late transition metal-carbon
bonds have been carelully studied for many years, examples of late transition metal-oxygen and -
nitrogen linkages have only recently been actively investigated.2 It has been thought that late
transition metal aikoxide and amide complexes would be unstable due to matching a soft metal
system with a traditionally hard ligand.3 Yet, several monomeric alkoxide and amide complexes
have now been isolated in 16 electron square planar complexes,® as we!l as 18 electron
octahedral and pseudooctahedral geometries.S

Reactions such as reductive elimination and migratory insertion, which are weil
understood with metal-carban bonds, have been observed with onily a few systems
containing late transition matal-oxygen and -nitragen bonds. 4% 5.6 .7 insention of carbon
monoxide, carbon dioxide, and alkenes into transition metal alkyl bonds have attracted the
most attention, and recently the insertion of these substituents into late transition metal
alkoxide and amide linkages has been observed. Examples of insertion reactions involving
platinum alkoxide and amide linkages exist,5.7 as do insertions into both 16-electron and 18-
electron iridium and rhodium alkoxide bonds.4d-h 53 Some kineticS3: 8! and labeliing€9 data
have been obtained for thesa reactions, and complexes which may model reaction
intermediates have been isolated or observed.4! 7 Nevertheless, the little information that is
available on these reactions has not led to a clear mechanistic picture. Some authors have
proposed ionic mechanisms, while others have proposed concerted ones.52. € In our
laboratonies we observed what may be a model for an intermediate in CQp insertion reactions,
the direct product of the addition of tert-butylisocyanate to an azairidacylobutane.8

In addition o these mechanistic questions, the factors that controf selectivity of
unsaturated organic compounds toward insertion into the metal-cartion, - nitrogen, and -
oxygen bonds are not well understood. The mismatch of a soft late transition metal center

and a hard amide or aikoxide substituent has led 19 the expectation that late metal heteroatom
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bonds should react preferentially over metal-carbon bonds. This has been the result with
some systems,5a. B. . 8. i put another system shows preferential M-C over M-O insertion of
carbon monoxide.®2.- € Often the question of whether the products obtained are kinetically
or thermodynamically controlled has been ignored. One problem in understanding the
migratory aptitudes of these substituents has been the lack of metal-ligand systems in which a
series ol compounds ¢ontaining metal-carton, -oxygen, and -nitrogen bonds can be directly
and systematically compared.

We report here the reactions of a series of compounds ¢ontaining ruthenium-carbon,
ruthenium-oxygen, and ruthenium-nitrogen bonds 1o the same LyRu (L=PMe3) fragment.
Their insertion reactions with carban monoxide and carbon dioxide are selective for the metal-
carbon bond in some cases and the metal-heteroatom bond in other cases. We have been
able 1o obtain mechanistic data for the insertion reactions of CQ2, including the observation of

probable reaction intermediates.

Results

The synthesis of the orthometallated benzyl compound, L4Ru(112~CHZCsH4)
(LaPMes) (1) {Scheme 1) was reported by Wilkinson in 1984.9 We have described the
analogous orthometaltated aryloxide complex L4Ru(OCgHaMe) (2) (Scheme 11)10 and have
reported the preparation of the orthometailated arylamide complex LaRu(NHCgH,) (3)
(Scheme 'Y and LyRu(NHCgHACMeg) () in communication torm.5¢ For the purpose of
reference, the 'H, 3'P{'H}, and 13C{'H} NMR spectral data for compounds 1-3 are included
in Tables 1-3. In this paper we describe the insertion reactions of these three compounds
with CO and COz.

Insertlon Reactlons of the Orthometallated Benzyt Complex, L4Ru(n2-
CHaCgH4). The products of reaction of the known orthometaliated benzyi complex 1 with
CO and CO3 are shown in Scheme I. The reaction of 1 with 2 atm of carbon monoxide in

benzene led to larmation of §, the result of insertion into the metal ary! bond and substitution
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Table 1. TH NMR Spectruscopic Data®

Sgmoound e (EM)_muftichicity _J(H)Inteoral _assignment? |

(PMe3)4Ru{n2-CH2CgMy) (1)? 0.93 d 5 9 cis-PMeg

1.17 d 5 ]

1.03 t 3 18 trans-PMea

135 m 2 CHp

6.61 d 7 1 Aromatic

7.1 1 7 1

7.20 t 7 1

7.52 d 7 1
(PMegja(COIRUIn2-CH2CEH4C(O)) (5 1.14 t 3.1 18 trans-PMey

1.49 d 8.7 9 cis-PMey

265 td 7.6, 4.4 2 CHy

6.84 td 13.9, 0.7 1 Ammatic

7.04 1d 74,12 1

7.09 d 7.8 1

7.3 7.5 1
(PMe3)4Ru(n?-QC(0}CgH4CHZ) (8)¢ 0.81 d 7.4 ] cis-PMeg

1.10 d 5.9 3 :

0.97 t 2.7 18 trans-PMe3

2.44 m 2 CHz

7.15 m 1 Aromatic

7.20 1 7.2 1

7.43 d 7.3 1

8.84 d 7.6 1
(PMag)3Ru(n?-0C{0)CH4CH) (T* 035 d 8.1 9 PMag

113 d 9.7 9

114 d 6.8 9

1.69 m 1 CH2

2.43 m 1

6.85 t 6.8 1 Aromatic

7.00 m 2

8.43 m 1
(PMag)4Ru(n2-OCgH3Ma) (2)f 1.00 d 7.4 9 cis PMea

1.09 d 6.9 9

115 N 58 18 trans PMea

258 s k1 p-Me

§06 q 7.6 1 Aromatic

§.96 -] 7.2 1

7.30 brs 1
(PMe2)a(CO)Ru(n2-CCgHa(Ma)C(O)) (8)¢ 0.97 t 5.2 18 trans-Mes

1.17 d 7.7 [ cs-PMey

2.28 ] 3 Ma

753 d 9.2 1 Ammatic

727 d 9.3 1

7.74 brs 1




Tabie 1. TH NMR Spectroscopic Data (cont.)

(PMa3)aRu (n2-OCgH3(Me)C(C)O) (3)¢

(PMe3)aRu(n2-NHCgHa)) (3)

(PMe3)3(COIRu(nZ-NHCEH4C(O)) (10}

{PMe3)4Ru(n2-OC(OINHCgHa) (11)°

{PMea)4Ru(n2-NHCgH4C(O)0) (13)¢

0.93

0.94
5.43
§.76
6.96
7.25
7.48

1.28
1.3
1.4¢
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6.21
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Table 1. TH NMR Spectoscapic Data {cont.)

(PMa3)4Ru(n?-C(0)CgHaNH2) (17) 1.08 t 2.7 18 trans-PMey
1.43 d 7.3 9 cis-PMeg
1.46 d 8.0 9
S.88 s 2 NH
6.11 d 1 7.5 Ammatic
6.72 t 1 7.4
8.82 m 1

2 The symdols d and t, when applied fo the PMe; rasonancas are observed pattams, not true muttiplicty

panems. Accordingly, the values rape for these are the separation

Betwaen finas and da not necessarly rnllm:t the true coupling constants,

b The assignments of cis and trans for the PMes ligands refers (o the mutuaily ¢is and mutually trans PMeq
sitas.

SCD2Cl, 25 °C; 9Cg0¢, 25 °C; *CgHsMudg, -10° C; 'THF dg, 25 °C



Table 2. Y3C{"H} NMR Spectroscopic Data®

Camgound

& ioom)

mutticlicity® J (Hz2)

(PMe3)4Ru(n-CHzCaHa) (1)°

(PMe3)3(COIRUNZ-CH2CEH4C(O) (5)

(PMa2)4Ru(n2-OC({O)CgHCHR) ()¢

(PMe3}3Ru(n-QC(OICgH4CHR) (T)®

-3.5
19.7
245
26.1

120.2
122.3
124.1
138.0

18.93
21.56
21.06
112.94
123.58
129.44
130.00
153.7§
162.04
206.15
274.50

16.08
19.18
21.98
23.43
122.70
122.69
132.67
132.74
139.64
152.65
171.08

19.70
20.45
21.25
37.30
102.47
118.09
121.05
130.37
132,14
13729
169.54

dq 51,8
t 13,4
am 14
12

uuuus

15,3
2.1
48.8, 10.1

badd

EFEELLY LR X ¥+
wio

§3.7,9.2
1221
17.4
26.3

“uwawonwoa~g

sevweswaanon
>
2]

assignmen(®
CHp
trans-PMeg
cis-PMeg

Ammalic

trans-PMes
cis-PMe3
CHp
Aromalic

M-CO

CHy .
trans-PMeq
cis-PMeq

Amamatic

oC(Q)

PMej

CHz
Argmatic

oc(©)
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Tabls 2 13C{"H] NMR Spectroscapic Data (cont.)

(PMe3)aRu(n2-OCgHIMe) (2)f

(PMe3)3(COIRu(M2-OCEH3(MaIC(O) (B3¢

(PMe3)4Ru(n2-0CeH3{Me)C(0)0) (91

(PMe3)4RUM2-NHCgHY) (3)°

18.65
22.44
25.32
21.88
105.55
120.44
122.00
137.80
142.69
182.41

17.16

20.50

20.48
118.83

132.44
139.34

“anene eeon~

o
“useanen

Juuaveeee -

1t
dt
dam
m
m
s

m
did 643,159, 75
d 4.0

135, 3.0
181,26
250,34

© 65,16, 6

145
30.0

12.7
30.3
27.40

4.6

129.18

16.8, 2.2
20.0

trans PMes
cis PMeg

p-Me
Ammatic

lrans PMeg
¢is PMe3
Me

Aromatic

© MO
trans-PMeg
cis-PMe3

Me
Aromatic

OC(O}

trans-PMes
cis-PMay

Aromatic




Table 2 1C{'H} NMR Specirescapic Data (cont)

(PMeg)3(CO)Ru(M2-NHCgH4C(0)) (1019

(PMea}(Ru(n2-OC(O)NHCeH4) (11)°

(PMeq)4Ru(n2-NHCgH4C(0)0) (18)°

{PMe2)4Ru(n2-0C(0)CgHaNHg) (15)¢

17.93
20.57
108.20
115.50
120.94
131.97
134.02
169.11
202.77
20539

1917
21.53
24.48
113.49
118.27
122,11
145.95
148.18
150.27
157.67

18.05
21.09
22.00
197.63
11543
121.08
129.86
134.72
160.36
170.68

18.63
22.2%
24.99
109.19
124 56
129.00
129.64
148.86
181.76
18350

157

14.7 trans-PMeg
27.6 cis-PMeg

Aromatic
4.6

MLO

Jjuwevawa-

13.0, 1.8 transPMej
18.3 cis PMeg

Aromatic ~

73.6

u‘é‘unnuunna

CC(O)

129 trans-PMe3
25.0 cis-PMes
27.4

Ammatic

5.1

UKL OACQQ ~

td 13.2,2.4 trans-PMe3
dt 223,18 cis-PMey

did 25.9,4.0,18

3 Aromatic

s
dig 708,149, 79
d 100 [s,i{e)]

aThe symbols @ andt, when applied 1o the PMe; resonznczs are observed patierns, not true muhiplicty
lor these are the separation

panems. Accordingly, the values

between lines and do nat necessanly feflect the true coupting canstants.

b The assignments of cis and trans for the PMeg ligands relers ta the mutually cis and mutually trans PMe3

sites.
€COCly; 9Ce06: *CeHsMe-dg, -10C; 'THF-dg



Tabte 3. 31P{'H) NMR Spectroscopic Data.

Compound Soin System d {som) J{(H2)
(PMea)4Ru(n2-CHzCgHal (1)° A28C §A=-5.6 Jag=27
£8=-10.4 Jan=2?
§C=-10.7 Jac=13
(PMe)3(CO)ALin2-CH2CsHLCIO)) (5)9 A28 BA=-4,01 JAg=27.0
§Ba-15.49
(PMe3)aRu(n2-OC(O)CgH4CH) {8)° Az8C BA=-1.34  Jags35§
5Bat4.12 JAG=24.6
§Ce-14.00 Jacai5.1
(PMe3)3Ru(n4-OC(O}CgH4CH2} (M° ABC §A=24.80 Jag~43.4
§8a17.34 JAC=6.6
§C=-10.81 Jac=28.2
(PMe3)aRu(n2-0CgH3(Me)) (2)° ABC 5A=-2.73 Jag=34
§8a15.78 Jac=24
§Ca-3.31 Jaes=17
(PMe3)3(CO)RU(N2-OCEH3(Me)C(Q) (8)° A8 5A=2.57  Jag=30.8
5Bu 7.54
(PMe3)aRu(n2-OCgH3(Me)C(O}O) (9)* ABC SAx1.14 Jag=17
§8a11.35 Jac=17
§Ca14.35 Jac=17
(PMe3)¢Ru(ne-NHCgH,) (3)® Az8C §An-4.01 Jag=32.7
£816.56 Jace23.9
&§C=-10.39 Jgc=17.6
(PMe3)aRu(n2-15NHCgH,) (315N} AzBC EAx-4.01 Jag=32.6
5Ba=6.42 Jag=24.1
§C-10.89  Jgge17.6
Jgx=30.7
(PMe3)3(CO)Ru!n2-NHC5H4C(O}) (10)° AzB 5Ae-1.35 JAB=31.4
5B= 4.79
{PMea)sRu(n2-OC{QINHCgH ) (11)8 A28C 5An-2.81 Jagsda
§8=10.39 JAG=24 5
8Ca-14.50 Jac=149
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Table 3. A'P("H) NMR Spectroscopic Data {cont)

{PM23)4BU(n2-NHCgH4C(O)O) (14)2 ABC SA=14.11 Jag=29.1
3Ba1.80 Jac=33.2
3C=14.11 Jpc=28.8
(PMe3)4Ru(n2-NHC gH4C(OI0) (15) A8C §Aw-2.27 JAB»34.8
8B8a9.23 Jac=25.2
3Ce-14.57 Jec=16.1

aCD,Cly; °CgDg: “CgHgMerdg, -10G; STHFdg
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of carbon monoxide for a phosphine ligand. Both the 'H and 13C{H} NMR spectrum showed
2 doublet of triplels pattern for the benzylic CHz group, due to coupling to one trans and three
cis phosphorus nuclei, similar to that observed for starting complex *  The large 31P-13C
coupling constant (J=48.8) indicated that a phosphine was located trans to the CHp. Since
the other phosphines are located trans to each other (A28 pattern in the 31P{1H} NMR
spectrum), the coordinated CO must be located trans ta the inserted CQO.The aryl carbon atom
which was metal bound in the starting matenial and exhibited a doublet of quartets pattern in
the 13C("H} NMR spectrum due to 31P-13G coupling, was observed as a singlet in the
product.

Reaction at 1 with one equivalent of carbon dioxide in benzene led predominantly
(90-95%) to lormation of 6, the product of insertion into the metal aryl bond. Isoiation of this
product in crystalline form was achieved by cooling a solution of & which contained excess
trimethylphosphine. The structure of 6 was assigned on the basis of 'H, 31P{1H), 13¢(TH)
NMR spectral analysis ;n a sealed tube containing two equivalents of added phosphine. It was
necessary to conduct solution spectroscopic analysis in the presence of added PMea
because af the lability of the phosphine ligands (vide infra). Elamentai and mass spectral
analysis for 6 were unsatisfactory, presumably due to this istability.

The 3'P{'H} NMR chemical shifts of tha phosphine ligands reflect the nature of the
substituent which is located trans to it.12 and this prapenty is particularly useful in identitying
LaRu(X}(¥) compounds. Many complexes with the tormula, ¢is-(PMe3)aRu(X)(Y) X, Y=alkyl or
hydride, have been synthesized,54: 1. 13 and the 3P| "H} NMR spectrum of all of these
complaxes show chamical shilts for the phosphine ligands trans to the alky! or hydride which
are uplield from the chemical shift of the two mutuaily trans phosphines. When Xor Y
correspond lo z-donors such as chiorideS: 1! or acetate,! the chemical shitt of the
phosphine ligand trans 10 1 is observed downfield from the chemical shift of the mutually trans
phosphings. These trends in chemical shift are due lo the high irans influence of the alky!

group and the low trans-intluence of the halide substituent relative to the phosphine
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ligand.12 The 13C{H} NMR spectrum contained a resanance at 171.06 ppm, corresponding
to the carbony! carbon, and showed a doublet of quartets pattemn for the methylene carbori.

The 31P({'H} NMR spectrum of 6 displayed an ABC pattern with Pg resonating
uptield and P¢ resonating downtfield from P, indicating that a reaction had occurred to form a
rutheniurn-oxygen bond. The TH NMR spectrum of 6 displayed a muttiplet cerresponding to
the benzylic CHg group at §2.65 ppm, compared ta §1.35 in the starting complex, consistent
with protons located in the a-position to a carbonyl group in the preduct.

When the reaction was conducted for 2 d at 85° C in n-pentane instead ot an arene
selvent, a single product 7, containing three rather than four phosphine ligands, crystallized
from solution. This compound was observed as the minor product in the reaction of 1 with
COz in arene solvent, and was observed in all salutions of & without added phasphine, as the
product of ligand dissociation.

Detarmination of the structure of 7 by spectroscopic means was complicated due 1o
its luctional nature (vide infra), so an X-ray structure analysis was obtained to determine the
bonding made. The complex crystallized in space group P2y/n; an ORTEP drawing of the
molecule is given in Figure 1. Therg are no unusually short inter-molecular contacts. Data
collection parameters are given in Table 4, and metric measures of the molecule in Tables §
and 6.

The Ru-P3 distance is longer than the other two by a significant amount. The organic
ligand is bonded such that the Ru-O1 and Ru-C1 contacts are short, apparently nomal metal-
X bonds,5d- 9. 15 while the contacts 1o &2 and C3 are much longer than the Ru-O1 and -C1
distances, but in the ranga which would be regarded as bonding. If the arene is considered
n2-bound, then the complex is an 18 electron, octahedral complex with PMe3 groups
occupying three sites and the organic ligand occupying the three other sites. The bond
distances in the ligand show a significant shortening of bonds C4-C5 and C&-C7, compared to
the other aryl bond distances, including the coordinated aryl bond, C2-C3. The C-O bond

distances are typical for a carboxylate group. The C1-C2 bond is long for a C=C bond and
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Figure ). ORTEP draving of 7. The methyl groups of the PMej ligand have been
ozitced for claricy.
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Table 4. Crystal ang Data Parameters for 7

Ezpirical feraula: Ru Pa 02 Gir Hia

A)Crystal Parazeters at T = 259¢C

a ® 9.0279(1)) A Space Group: P T

b = 9.1505(11) A Forzula veight = 463.4 acu
c = 14.5300(21) A =2

a=78.753(12) © d(calc) = 1.4¢ g c=°?

B = $1.175(12) ¢

7 = 64.915(11) ¢ plcale) = 9.5 e=-!
¥ = 1063.5(3) N

Size: 0.20x0.20x0.20 ex

B} Data Measurezent Paraceters

Radiation ¢ Mo Xa (A = 0.71073 A)

Menochrozator : Bighly-oriented graphite {26 = 12.2)

Detector : <Crystal scintillation couater, with PHA.

Retlections measuted : + H, +/-X, +/-L

29 range: 3 =) 49 deg Scan Type: 0-28

Scan width: ae = 0,55 + Q.3% tan®

Scan speed: 0.66 -> 6.70 (8, deg/tin)

Bacrground: Measured over 9.25°(38) added to each end of the scin,
Yert. aperture = 3.0 p= Noriz. aperture = 2.0 + 1.0 tapd o=
No. ot reflections coll::ud:. 2796

Na. of unigue reflections: 2796



Table 5. Intramolecular Distances for 7

ATOH 1

RU
RU
RU
U
RU

RU
RU
RU

Ccl
c2
c2
c3
c3
cs
cé
c3
(23]
(23]

Pl
Pl
Pl

P2
P2
P2

[ ]
P3
)

ATOM 2

Pl
P2
Pl
ol
€1

c2
(<]
c8

c2
ca
(=]
c4é
cs
cé
c7
c8
0l
02

c9
Ccl0
ci1

c12
Cl3
€14

cis
C18
c17

DISTANCE

2.262(1)
2.245(1)
2.340(1)
2.170(1)
2.17112)

2.31912)
2.411(2)
2.6981(2}

1.449(3)
1.4361(2)
1.42613)
1.412(3)
1.356(3)
1.403(3)
1.355(3)
1.500(3)
1.2881(2)
1.230(2)

1.828(2)
1.831(2)
1.813(2)

1.8121(2)
1.82412)
1.829(2)

1.823{2)
1.83112)
1.826(2)
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Table 6. Intramolecular Angles far 7

ATOM 1 ATOM 2 ATOM 3 ANGLE
o1 RU Pl 173.26(4)
ol RU P2 92.65(4)
ol RU P3 86.11(4)
ol RU Cc1 78.47(8})
(<38 RU Pl 98.85(5)
cl RU P2 92.72(5)
cl RU Pl 161.45(5)
Pl RU P2 93.66(21
Pl RU P3 95.32(2)
P2 RU [ 2] 98.28(2)
RU cl c2 76.81110Q)
RU ol ce 99.42(10)
cl c2 c3 120.741(16)
cl c2 c? 122.151(16)
[ | c2 c? 116.97{16)
c2 =} c4 118.14117)
c2 (=] cs 120.75(16)
c4 €3 cs 119.68(16)
€3 c4 (=} 122.60(18)
c4 (-] c6 119.64(19)
€5 c6 c? 119.88(18)
€2 c? c6 122.65(17)
o1 c8 (] 113.63(15)
02 csa cl 120.10(20)
o1 c8 02 126.23(19)
RU Pl c9 114.4917)
RU Pl cle 117.8917)
RU Pl Cc1l 121.431(6}
(-] Pl clo 101.55(10)
c9 Pl Cll 100.01{10)
cle Pl Cll 98.001(9)
RU P2 €12 109.73(8)
RU P2 €13 124.25(7)
RU P2 cl4 117.238(7)
cl2 £2 Ccl3 100.58(10)
c12 P2 cl4 101.26(10})
cll P2 c14 100.24(11)
RU 3 c15 113.001(8)
RU 3 Cl6 115.6418)
RU P3 c17 124.8217)
cls Pl cle6 100.44(11)
cl5 P2 cl7 99.72112)

cle Pl c17 99.474{11})
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indicates mostly single-bond character. Although n3-benzyl groups have been observed, 16
they have not been reported in such a ring system.

The NMR spectra of 7 are temperature dependent. The 'H (Figure 2a, THF-dg
solvent) ard 31 P{*H} NMR spectra of 7 at 30° C display broad resonances. At-10 °C, the 1H
(shown in Figure 2), 13C{'H}, and 3'P{'H} NMR spectra shampened and were consistent with
the solid state structure. However, fusthar cooling to -50° C caused only the
trimethylphosphine resonance at §0.77 in the TH NMR spectrum 1o broaden (Figure 2c). The
31p| H} NMR spectrum does not show such pronounced ditferences presumably due to the
larger chemical shift difference and slower time scale; the resonances in the room
temperature spectrum are slightly broadened, and sharpen upon cooling to -10° C, but do not
show any temperature dependence between-10° C and -80° C. It appears from the TH NMR
spectra that at least two different fluxional processes are occurring. Unfortunately i is .not
possible to determine if either of these processes involves phosphine dissociation, since
addition of abelled phosphine leads to formation of the tetrakis phosphing compiex 6.
Moreover, limitations on the temgerature range of the variable temperature NMR experiments
prevented ohservation of the rapid and slow exchange regimes for gither process, so we do
not fully understand ihe structural changes that cause these variable spectra.

insertion Reactions of the Orthometallated Ruthanium Cresoclate
Complex LsRu(n2-0CgH3Me). The insertion reactions of the orthometallated cresolate
complex 2 are shown in Scheme I, The reaction of L4Ru(n2-OCgHaMe) 2 with 2 atm of
cartron mengxide at 85 °C for 8 h tormed compound 8 in 51 % isolated yield, resulting from
insartion of carbon monoxide into the metal carbon bond and substitution of carbon
manoxide lor the phosphine ligand trans o the inserted carbgn mongxide. There was no
evidence for any other products when the reaction was monitored in a sealed NMR tube.

The 13C{'H) NMR spectrum of the starling material 2 contained an aryl resonance
which was observed as a doublet of doublet of triplets pattern at §142.7 for the metal-bound

carbon.'® The product 8 contained only singlets in the ary! region, ingicating that the Au-C
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Figure 2. The PMag region of the 1H NMR spectrum ol 7 In THF-dg at (a) 30°
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linkage, not the Au-Q linkage had been broken. The 13C{'+i} NMA resonance corresponding
to the inserted carbon monoxide (§265.38) was observed as a muttiplet, indicating that thie
carbon was bound to ruthenium, but small P-C coupling constants were observed, indicating
that the inserted carbon monoxide was bound trans to the coordinated carbon monoxida, not
trans to a phosphine. The chamical shifts in the 31P{ H} spectrum ware also consistent with
this assignment. The spectrum of 8 displayed an A28 pattern, with Pg resonating downfieid
from P, consistent with Pg being coordinated trans to the ruthenium-oxygen bond.

Feaction of 2 with 1 equivalent of carbon dioxide at 85 °C in a closed vessel led to
formation of compound 9, again resulting from reaction with the metal carbon bond. Crystals
of the product 9 formed from the reaction solution in 58 % yield, and they were charactenzed
by conventional spectroscopic techniques and combustion analysis. The aryl region of the
13¢{1H} NMR spectrum of the product showed only singlet and doublet (§123.84 ppm,
Jpc=4.6 H2) resonances, indicating that the metal bound aryl carban in starting material 2
(observed at §142.7 as a doublet of doublet of triplets pattarn) was no longer bound to
ruthenium. The 3'P{*H} NMR spectrum of 9 further supported this assigrment. It consisted
of an A2BC partern; 88 and 8C were both observed downtield from 8A, indicating that Pg and
P¢ are coordinated {rans to ruthenium-oxygen bonds.

The rate of the insertion reaction showed a marked dependence_ on phosphine
concentration. The reaction of COz (5 equiv.) with 2 was conducted in two NMR tubes, side
by side, one tube containing ne additional phosphine and one tube containing 3 equivalents
of added phosphine (0.029 M). Monitoring the reactions at 85° C showed that the haif lifg for
the sample containing no added phosphine was on the order of 45 min, while that for the
sample containing three eqivalents of phosphine was roughly 18 h.

Insertion Reactlons of Orthomsgtailated Ruthenlum Anllide Complex
L4Ru(n2-NHC5H4). Insertion reactions of the orthometallated anilide complex
(PMe3)aRu(m2-NHCgH4) 3 are shown in Scheme lll. Reaction of 3 with 2 atm carbon

maonoxide at 85 °C in benzene led to the formation of compound 10, the product of insertion
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into the ruthenium carbon bond, and substitution of CO for the phosphine trans to the metal-
nitrogen bond. The product was isolated by crystallization from pentane at ~40 °C in 60 %
yield. The 13C{"H} NMR spectrum showed all aryl resonances as sing!ats or doublets {J<5
Hz), indicating that insertion had accurred into the metal-aryl bond. The 31P{TH} NMR
spectrum, an A2B pattern with 8B resonating upfield from 3A, indicated that Pg was trans to
the inserted CQO. Therefore, unlike the preduct of CO with 2, the best x-acceptor CQ is
located trans to the better z-donor in 10, the nitrogen of the ruthenium anilide.17

in contrast to reactions of 1 and 2, the reaction of complex 3 with one equivalent of
carbon dioxide for 20 min at 25 °C yielded 11, the product of a formal insertion into the metal
nitrogen bond. The white product crystallized from the reaction selution in 57 % yield, and was
characterized by conventional spectroscopic techniques. Compound 11 was insblubje in
aromatic hydrocarbon and ether soivents, and decomposed in methylene chloride over the
period ot days, preciuding the isolation of crystals suitable for elemental analysis. The '3C{'H}
NMR spectrurn of the product showed an aryl resonance at §150.3 with a targe 3'P-13C coupiing
constant (J=73.6), similar to that observed for the metal-bound aryl resonance in the starting
material 3 at § 143.0 ppm. Moreover, the 31P{'"H} NMR spectrum of the product consisted of an
A2BC pattern with Pg resonating upfield and Pg resonating downtield from P, indicating that in
this case a ruthenium carbon band was retained in the product.

When this reaction was monitored at low temperature by NMR spectroscopy, a
complex but well resolved set of spectra was cbserved which indicated the presence of
several of reaction intermediates. The reaction of 5 eqiv of CO2 with compound 3 in toluene-
dg was monitored in the spectrometer probe intially at 0° C, and two intermediates, attnbuted
10 12a and 12b, were observed. The resonances in the 3'P{'H} NMR spectrum observed
after 5 min at 0° C, displayed AgBC patterns in the 31P{"H} NMR spectrum with 8B resonating
downfield and 8C resonating uplield from §A, indicating one ruthenium-oxygen or ruthenium-

nitrogen bond and one ruthenium-carbon bond in the structure. Two broad singlets
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corresponding to OH and NH linkages (vide infra) were observed at 14.3 and 11.9 ppm in the
TH NMR spectrum under these conditions.

The reaction was monitored by 'H NMR spectroscopy at 10° intervals between 0 and -
80° C. Atthese temperatures a broad doublet resonance was observed at 1.38 ppm at 0 °C
which spiit into two resonances at «30 °C and separated into five ditferent resonances at -60° C
(Figure 3). In addition, the two resonances cbserved ?etween 9 and 15 ppm separated into
five sirglet resonances upon ¢ooling to -80° C, consistent with at feast five intermediates with
either NH or OH protons. A stacked plot of the spectra obtained tetween 0° C and -60° C for
the &9 to 815 region is shown in spectra b-h of Figure 4. These five intermediates displayed
nearly superimposable 3'P{'H} NMR spectra indicating similar connectivity at ruthenium. The
13C{TH} NMR spectrum of the reaction of 3 with 13C0O2 was aiso consistent with the existence
of five intermediates at this temperature. Five 13CQOj; resonances were observed between
157 and 165 ppm (Figure 5a). Upen warming the sample to 30° C for 0.5 h, all five resonances
in the 123C{H} NMR and 'H NMR spectra disappeared and were replaced by only the signals
corresponding to the resonances of product 11, indicating that this set of tive intermediates
gives rise to the single product. No reaction was detected between the final insertion preduct
11 and S equivalents ol CO; at room temperature or below.

Information concerning the connectivity of these intermediates was obtained by th
use of 15N labelled siarting material. Synthasis of 15N labelled 3 was performed in the same
* manner as the synthesis of the unlabeled compound, by the addition of 15N labelled aniline to
the ruthenium benzyne complex {PMes)aRu(n2-CgHa) {Equation 1.). The 21P{TH} NMR
spectrum of the labelled material displayed the AzBC part of an AzBCX spectrum, (Xa'SN),
with a trans 312-15N coupling of 30.7 Hz but unresoived cis 3'P-15N couplings.

The reaction of 3-15N with 5 equivalents of CQ was monitored it at -80 °C, fallowing
a similar procedure used during the reaction of 3 with CO2  Again, five intermediates were
observed, as demonstrated by the appearance ot chemical shifts in the TH NMR spectrum

identical 1o those observed i the reaction of 3 with 5 equivalents of COp at -80 °C (spectrum
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Figure 1.

Variable temperature Iy NMR spectra of the PHej reglon for
3+ €03 (a) -60°C (b)-30°C (c) 0°C.
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Figure 5. 13C{'H) NMR spectrum of (a) 13C03 + 3 and (b) 13CO; + 3-15N in the $156.6-166
region. The smalles! splittings are due 10 2Jc.4 coupling with the NH and OH protons.
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(a) of Figure 4). However, the pattern of the two farthest upfield resonances in the 9 to 15
pPm range now appeared as doublets, due 1o coupling with 1SN (JNH=19 Hz for both), 18 thus
assigning these resonances to N-H protons. The three furthest downfield resonances
remained singlets in the 15N 1abelled case, consistent with assignment as Q-H protons. The
reaction of 3-15N with 13CQ2 was performed under identical conditions, and five resonances
in the 13C{"H} NMR spectrum were observed at -80 °C, all of which showed coupling to 15N,
with JeN ranging from 18 to 19 Hz (Figure 5),18 confirming the N-COgp connectivity.

We do not have a definite structural proposal for all five interconverting reaction
intermediates, but based on the spectroscopic data, we propose that they fall into two
categories of structures, 12a and 12b (Schems IlI), which are tautomers. The 15N labetiing
experiment clearly demonstrates that all five intermediates contain an N-CO3 linkage, while
three of the intermediates contain OH linkages and two contain NH linkages. The chemicat
shifts of the 31P{TH) NMR spectra of these intermediates indicate that the metal-aryl bord
remains intact in all tive. Therefore, we are left with the connectivity shown in structures 12a
and 12b; the existence of rotamers or aggregates of these isomers would expiain the
observation more than wo intermediates.

To determine qualitatively whether the rate of phosphine dissociation in 3 was
competilive with the rate of the insertion reaction, the addition of ten equivalents of CO210 3
was conducted at 0° C and 20° C in'the presence of 4 eq of PMe3-dg. Over the course of 2h
at 20° C, both the reaction to form 11 and the exchange of labelled free phosphine with
uniateled coorcinated phosphine occurred.!? However, at 0° C, the formation of
intermediates 12a and 120 as well as their conversion to the final product 11 occurred
without any exchange of the free deuterated phosphine with coordinated undeuterated
pnosphine. Thus, insertion of CO2 must occur without dissociation of the PMeg figands,
consistent with direct attack of COg at the nitrogen atom to form 12a and 12b.

We independently s nthesized the opposie insertion product in the amide case, i.e.

the lormal insertion product of CO2 into the metal-carban bond, (PMes)sRu(n?2-



QC(0)CgHaNH) 13, (Scheme IV) with the objective of determining whether the
thermodynamic insertion product is 11 or 13, by observing rearrangement of one to the
other. Addition of anthranilic acid {2-aminobenzeic acid) to the previously reported
compound {PMes)aRu({n2-CHaPMez)(PMes}3 (14) followed by heating to 85° C for 8 h Jed to
13, which crystallized from the reaction mixture in 73% yield. Alternatively, this complex was
prepared in 76% isolated yield by room temperature addition of the dianion of anthranilic acid
to the acetats chioride complex (PMea)aRU(QAC)(CI) in THF. The aryl region of the 13C({TH)
NMR spectrum of this product contained no resonances with large 31P-13¢ couplings,
indicating that the aryl ring is not bound to the metal center, and the 3!P{1H} NMR spectrum
displayed an A2BC pattem with Pg and P¢ resonating downtield from Pa, consistent with
these two phosphorus atoms being located trans to nithenium-oxygen and ruthenium-
nitrogen bonds, respectively. '

8oth 11 and 13, containing six membered metallacyctes, were stable at the
conditions under which the conversion of 3 to 11 occurs. Even at higher temperalures, no
interconversion of 11 and 13 is abserved. Instead both complexes were cleanly converted
to products resulting from ring contraction. Heating the direct insertion product 11 to 120 °C
for 2 h formed the carboxamide complex (PMea)sRu{N(Ph)C(Q)0) (15) as shown in Scheme
V. Compound 15 has been independently prepared by the addition of phenylisocyanate to
the oxametallacyclobutane (PMeg)sRu(OC(Me)(Ph)CHg) during the course of another study
and was tully characterized.20 The carbonate complex (PMe3)4Ru{CO3) (16)20 was the major
product when g THF-dg solution of 11 was heated under these conditions in the presence of
added water.

Rearrangement of 13 required prolonged heating at these lemperatures.
Thermolysis of THF solutions of 13 at 125 °C for 3 d led to formation of 2 5.7 5 0.6 1 mixture
of the O, and C bound anthraate, (PMeg)sRu(n2-0C(0)CeHaNHy) 17 and starting material
13 (96% tatat yield, 'H NMA spectroscopy, CpaFe internal standard), as shown in Scheme V1.

Neither the direct insertion product 11, nor it thermolysis product, carboxamide 15 was
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observed during the course of the reaction. Campound 17 could not be isolated in pure
{orm; roughly the samae ratio of 13 and 17 was obtained after crystallization. However, the
connectivity of this compound could be datermined by TH, 31P(1H), and 13C{'H}, NMR, as
well as infrared spectroscopy of the mixture since the data of pure 13 had been obtained.
The 3'P{'H) NMR spectrum displayed an AzBC pattem, with one resonance upfield and ona
resonance downfield of the mutually trans phosphine, indicating one Ru-X, X=0 or N and one
Ru-C bond. An. NHz résonance was observed in the 'H NMR spectrum at §5.88, and
integrated to twice the intensity of each of the three aryl resonances observed between
§6.11 and §6.82. Consistent with these data, the 13C{1H) NMR spectrum displayed three
quarternary resonances and three C-H resonances in the aromatic region, as determined by a
DEPT pulse sequence. The infrared spectrum contained a strong absorption at 1584 ¢cm-!
corrzsponding to the carboxylate carbonyl, similar to the irequency of analogous abso‘rptions
o 6 and 9. Two shamp N-H bands were observed at 3384 and 3281 cm,

Complete conversion of 13 to 17 was never observed, and it was not straightforward
to determine if the 5.7:1 distribution of isomers was an equilibrium ratio. Obtaining samples of
13 and 17 wkich contained significantly more 17 than the 5.7:1 mixture would have allowed
us to clearly demonstrate that this is an equilibrium distrihution by observing increasing
amounts of 13. Unfortunately, all samples we obtained by wiystalliztion contained between
3.7:1 and 5.7:1 ratios of the 17 to 13. However, results of kinetic studies on the conversion
ot 1310 17 provide evidence that the 5.7:1 mixture is an equilibriuum ratio. A first order piot of
the disappearance ot 13 showed significant curvature after 2 hait-lives for each of several
runs, whereas first order plots for approach to equilibrium showed good linearity. The kinetic
experiments were ccnducted with three concentrations of added phosphine. The rate
constants decreased slightly with increasing phosphine concentration (see experimental
section for phosphine concentrations and rate constants), although our data do not clearly
demonstrate the role of adced phosphine in this rearrangement. In addition, the crystailized

sample of 13 and 17 obtained as a 1:3.7 ratio was heated to 120 °C for 24 h, and 'H NMA



spectroscopy again showed a '1:5.6 ratio of the two compounds, providing convincing
evidence that this ratio reflects an equilibrium distriubution and that it does not result from
decomposition of a trace catalyst.

We attempted to ;ynthesize the insertion products opposite 1o thosa observed with
CQ2z anc 1 and 2. Addition of phenylacetic acid to 12 led to formation of
{PMea)4Ru(Me)(OC(Q)CH2Ph) (equation 2). However, this complex remained stable for 2 d at
135 °C; no formation of metha:.c and the dasired orthometailated produc-t was c;bser‘/ed. The

addition of KOC(Q)OCgHsMe lo (PMeg)sRu(Me)Cl led to decarboxylation before

orthometallaticn and formed {PMea)aRu(Me){OCgH4Me)2! (equation 3).

Discussion

Mechanism. Many mechanistic studies have been conducted concerning the
insertion of CO intn metai-carbon bonds.22 These investigations have demonstrated that
such reactions normally proceed by initial coordination of the small organic molecule followed
by migration of the alky! or aryl substituent. Qur observations on the CQ insertion reactions of
1,2. and 3 are consistent with this mechanism. Although these ara coordinatively saturated,
18 electron complexes, an open coordination site is readily available by dissociation of
phasphine, as demonstrated by the complete exchange of coordinated with uncoordinated
phesphine over two hours at room temperature with compound 3.

Less mechanistic information is available concerning insertion reactions of C02.23. 24
Sludies on the reactions of anionic transition metal alkyl ccmplexes with GO have shown
insertion rates which are faster than that ¢f figand dissociation, preciuding a mechanism
involving coerdination of th2 CO2 and migration of the alkyl group. Yat, mechanistic
inforrnation on COg deinserticn reactions from formate complexes to form the metal hydride
and free COp provide evidence that these processes invoive coordinated COp on the

reaction pathway 25
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A coordination and migration mechanism for the insertion of CQg inte 2 is shown in Schems
VII. The rate expression for a direct insertion mechanism which would not require phosphine
dissociation is shown in equation 4.The marked decrease in rate observed for samples
containing added phosphine is incansistent with this rate law. Rather, it is cansistent with
equation 5, derived for the mechanism in Scheme VIl involving a reversible dissociation of
phosphine preceeding the rate datermining step of the reaction. This suggests that
coordination ot COz to form intermediate 18, followed by migration of the aryt group, leads to
the final product.

In contrast to the insertion and deinsertion of COz intc the metal-arys _onds, the
reaction of 3 with CO2 must occur without phosphine dissociation, and low temperature NMR
studies suggest that it is intermediates 32a and 12b which are lirst feimed by direct reaction
of COy at the nitrogen atom; these species then rearrange to the final product 11. Thus the
formal insertion of COz into the metal-nitrogen bond in the orthometallated anilide complex 9
proceeds by a pathway different from the coordinationvmigration mechanism which appears to
operate for the metal-carbon bond insertion reactions.

Selectlvitles. The migratory aptitudes of various alkyl groups toward coordinated CO
have been well studied,25 and in general benzy! groups undergo migratory insertion reactions
slower than aryl groups. Much less studied is a comparison of the relative rates of the migration of
alkoxide and amide groups versus aryl and alkyl groups. The telrakis (phosphine) nuthenium
system provides a unigue spectrum of substituents on the metal ¢ccnter that can be used to
address this question. In addition to the reactions of the four-membered metailacycles reported in
this paper, we have recently generated another four membered metallacycle, an
oxaruthenacyclobutane complex. Upon addition of carbon monoxide, this complex undergoes
insertion of CO into the metal-carbon bond rather than the metal-oxygen band.27 Thus, in all the
(PMe3)aRu{X)(Y) compounds that we have examined, the metal-oxygen and metal-nitrogen
bonds are remarkably inert toward insertion of carbon monoxide; in all cases, migration of the akyl

or aryl substituent is faster than migration of the heteroatom containing substiluent.
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Scheme VIl
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In contrast, carbon dioxide shows different reactivity toward aryloxide and amide
substituents. CQOgz reacts with the metal-carbon bond in the cyclometallated cresolate 2, and with
the metal-nitrogen bond in cyclometallated anilide 3. Qur experments suggest that insertion of
CO2 into the metal-carbon bonds proceeds by initial coordination to the metal center, followed by
migration of the aryl substituent, 2nd reaction with 9 proceeds by direct attack of the anilide
nitrogen atom on CQ3. It appears that the relatively high nucleophilicity of the anilide nitrogen
atom relative to the aryloxide oxygen atom accounts for the mechanistic and selectivity
ditferences with these two compounds.

Rearrangements. Several of the six membered heterometallacycles prepared in this
study rearrange thermally to isomers containing smaller ring systems. Compound 6 dissociates
phosphine to form the tris phosphine tomplex 7, which crystaliizes from the reaction solution
when run in alkane solvent. When the reaction was run in arene solvents, the ratio of G to 7 was
roughly 9:1, implying that the formation of & in atkane solvents is driven by the insolubility of 7.

We believe that the rearrangements of 11 and 13, each containing 6-membered rings,
are driven by the thermodynamic stability of 4- and S-membered ring systems in the products. Our
qualitative kinetic resuits have demonstrated that the rearrangement of 13 is not catalyzed by
water. Instead, we propose that the reaction proceeds by a mechanism such as the one shown in
Scheme VIl Dissaciation of the arylamide portion of the metatlacycle provides a site of
unsaturation. Ratation of the resulting n'-bound organic ligand allows the proper geo metry to
add the aromatic C-H bond, and proton transter farms the final reamangement prcduct. Because it
appears that compounds 13 and 17 are in equilibrium, each step in Scheme VIl must be
reversible. Therelore, it the proton transfer from the metal center to the uncoordinated nitrogen
atom occurs directly, the reverse process (transfer of the N-H proton to the metal center) must also
occur directly, It seems likely that trace acid catalysts may facilitate these steps, although water
does not appear to he agidic enough to attect the reaction rates.

The conversion of 11 to 13 may also invoive proton transfer processes. Although

protonolyisis of the metal aryl bond by the amide N-H would form 13, such a direct reaction seems
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unlikely sinca the amide N-H bond and the ruthenium-aryl bond are located on opposite sides of
the ring. Proton transfer by an acid catalyst formed under the 120 °C reaction conditions may
assist this transformation.

Experimental

General. Unless otherwise noted, all manipulations were ¢arried out under an inert
atmosphera in a Vacuum Atmospheres 553-2 drybox with attached M&-40-1H Dritrain, or by using
standard Schienk or vacuum line techniques.

TH NMR spedra»were obtained on either the 250, 300, 400 or SGC MHz Fourier
Transform spectrometers at the University of California, Berkeley (UCB) NMR facility. The 250 and
300 MHz instruments were constructed by Mr. Rudi Nunlist and interfaced with zither a Nicolet
1180 or 1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series
spectrometers. TH NMR spectra were recorded relative to residual pratiated soivent. -:‘3C NMR
spectra were obtained at either 75.4 or 100.6 MHz on the 300 or 500 MHz instruments,
respectively, and chemical shifts we-e ecorded relative 1o the solvent resonance. Chemical shifts
are reported in units of parts per mtillion downlield fram tetramethylsilane and all coupling
constants are reported in Hz.

IR spectra were obtained on a Perkin-Elmer Model 283 infrared spectrometer or on a
Perkin-Elmer Mode! 1550 or 1750 FT-IR spectrometer using potassium bromide ground pellets.
Mass spectroscopic (MS) analyses were obtained at the UCB mass spectrometry facility on AE!
MS-12 and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UCB
Microanaiytical Laboratory.

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and 504-PP tubes to ground
glass joints which were then attached 10 a vacuum line with Kontes stopcocks or ajternatively, the
tubes were attached via Cajon adapters directly to Kantes vacuum stc:pcz)cks."’8 Known valume
bulb vacuum transfers were accamplished with an MKS Baratron attached to a high vacuum line.

Unless otherwise specified, ali reagents were purchased from commercial suppiiers and

used without further puritication. PMeg (Strem) was dried over NaK or a2 Na mirror and vacuum



transterred prior to use. CO and COp (bone dry) were purchased from Mathesan. Anthranilic acid
was dried by azeotroping with benzene using a Dean-Stark trap, and then purifiec oy sublimation.

Pentane and hexane (UV grade, akene free} were distilled from LiAlH4 under nitrogen..
Benzene and toluene were distilled from sedium benzophenone ketyl unider nitrogen.
Dichloromethane was either distilled under N2 or vacuum transterred from CaHz. Deuterated
solvents for use in NMR experiments were dried as their protiated analogues but were vacuum
transterred from the drying agent.

Ru(PMe3)3(CO)(n2-CH2CsH4C(0)) (5). To a glass reaction vessel fused to a
Kontes vacuum adaptor was added 82.8 mg (0.167 mmel) of Ru{PMe3)4(n2-CHoCgHg) (1)11in 12
mt of toluene. The vessel was degassed by two or three freeze-pump-thawing cycles and 450
torr of CO was added wifh the vessel submerged in liquid nitrogen. This procedure resuits in
addition of ~2 atm CO at 25° C. ;I'he vessel was hgated to 85° C tor 20 min, over which time the
solution tumed trom clear to yellow. The toluene was removed and the residue was crystallized
from pemane at 40° C 1o yield $9.4 mg (74.8%) of product. IR: 2982 (m), 2969 (m), 2907 (m),
1910 (s), 1594 (M), 1556 (s), 1528 (M), 942 (s}: MS (EI}: 476 (M*), 448 (M-CO*); Anal. Caicd. for
C1gH3302P3Ru: C, 45.47; H, 7.00; Found: C, 45.62; H, 7.06.

Ru(PMe3)4(n2-0C(0)CsH4CH2) (6). Into a glass reaction vessel fused 1o a Kontes
vacuum adapter was placed 250 mg (0.505 mmol) of Ru{PMe2)4(n2-CH2CgH4) (1)1 in 20 mL of
benzene. The vessel was degassed by two or three freeze-pump-thawing cycles, and CO2 (1.5
aq. 0.25 mmol) was added by vacuum transter. Tha vessel was heated to 85° C for 16 h. After this
time the benzene was removed under reduced pressure. Toluene {~ 2 mL) and PMe3 (0.2 mL)
were added and the vessel was heated to 85° C to dissolve the compound and convert any of 7
present to 6. Upon cooling to -40° C lor 12 h, and then -80° C for 24 h, white crystais of 6 formed.
These crystals were collected to yield 128 mg (47 0%) of product. When the crystals were
dissolved in toluene, the solution rapidly turned yellow, indicating some conversion of 6 lo 7 had
occurred. Al solution spectra of 6 were therefore taken in the presence of 2 eq of PMes. Dueto

the lability of the phosphine ligand, satistactory mass spectral and microanalytical analyses were
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not obtained. IR (KBr): 2970 {m), 2310 (m), 1598 (s). 1582 (s), 1651 (s), 1425 (m},1358 (m). 1300
(m), 1279 (M), 942 {s).

Ru(PMe3)3(m*-0C(Q)CeHaCH2) (7). To a glass reaction vessel fused to a Kontes
vacuum adaptor was added 88.0 mg (0.178 mmol) Ru(PMea)4(n2-CHzCgHa) (1)1 in a 7 mL of
pentane. The vessel was degassed by two or three freeze-pump-thawing cycles, and CQOz (1.5
eq. 0.267 mmoi) was added by vacuum transfer. The vessel was heated to 85° C for 3d. The
clear solution turned yellow, and over the course of the 3 d, yellow crystals formed. The -;rys'.taxs~
were collected to yield 78.0 mg {86.0%)of analytically pure 7. IR (KBr): 2965 (m}, 2907 (m), 2851
(m), 1625 (s}, 1604 (m), 1428 (m), 1323 (M) 1299 (M}, 12739 (M}, 957 (M), 941 (s); MS (FAB,
sulfolane) 465 (MH*), 389 (MH-PMeg*); Anal. Calcd. for C17H3302P3Ru: C, 44.06; H, 7.18.
Fcund: C, 84.22; H, 7.27.

Crystal and Molecular Structure Determination ot 7. The X-ray structure
determination was carried out by Dr. F.J. Hollander of the UC Berkeley X-ray Dilfraction Facility
(CHEXRAY). Clear yellow plate-like crystais of the compound were obtained from the pentane
reaction mixture. Some of these crystals were mounted on glass tibers using polycyanocacrylate
cement. They were then coated with epoxy to retard air oxidation. Preliminary precession
photographs indicated triclinic Laue symmetry and yielded approximate cell dimensions.

The crystal used for data coilection was then transferred 1o our Enraf-Nonius CAD-4
ditfractometer29 and centered in the beam. Automatic peak search and indexing procedures
yielded a triclinic reduced primitive ¢ell.. The final cell parameters and specific data collection
parameters for this data set are given in Table 4.

The 2796 unique raw intensity data were converted to structure factor amplitudes and
their esd's by correction tor scan speed, background and Lorentz and polarization effects.
Inspection of the Azimuthal scan data showed a vanation Imin/lmax =0.95 for the average curve.

An empincal correction based on the observed variation was applied to the data. The choice of the

centric space group P1 was contirmed by the successful solution and retinement of the structure.
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The structure was solved by Patterson methods and refined via standard least squares ‘
and Fourier techniques. A difference Fourier map was calculated following the refinement of ail
non-hydrogen atoms with anisotropic thermal hydrogen atoms. Hydrogen atoms were assigned
idealized locations 2nd values of Biso approximately 1.2 times the Bgqy 0f the atoms to which they
were attached. They were included in structure factor calculations, but not refined.

The final residuals for 209 variables refined against the 2637 data for which F2 > 30(F2)
were A = 1,77%, wR = 3.19%, and GOF = 1,84, The R value for all 1392 data points was 2.11%.
in the final cycies of refinement a secondary extinction parameter was included {maximum
correction : 7% of 7).

The quantity minimized by the least squares program was }_:w(lFal-chl)z- where w is the
weight of intense reflections, was set to .03 throughout the refinement. The p-factor, used to
reduce the weight of irtense reflections, was set 1o 0.03 throughout the refinement. The
analytical forms ot the scattering factor tables for the neutral atorns were used and all scatiering
factors were comrected for both the real and imaginary companents of anomalous dispersion.

Inspection of the residuals ordered in ranges of sin{8)/A, |Fp). and parity and value of the
individual indexes showed no unusual teatures or trends. Tha largest peak in the final difference
Fourier map had an electron density of 0.24e”7A3 and the lowest excursion -0.2167A3.

Crystat and c:al; collection parameters, intramolecular distances and intramolecutar angles
are given in Tables 4-6. Tables of pasitional parameters, anisotropic thermal parameters, root-
mean-square amplitudes of anisotropic displacement, torsion angles and least squares planes are,
available as supplementary material.

Ru(PMeg)3(CO)(n2-0CgH4(Me)C{O)) (8). To a glass reaction vessel fused to a
Kontes vacuum adaptor was added 100 mg {0.196 mmol) of Ru{PMeg)4(n2-OCgHa(Me}) (2)'2in
20 mL of toluene. The vessel was degassed by freeze-pump-thawing through either two or three
cycles and 450 torr of CO was added with the vessel submerged in liquid nitrogen. This
pracedure results in acdition ot ~2 atm CO at 25° C. The vessel was then heated to 85° C for 8 h,

over which time the solution turned darker yellow. The loluene was removed and the residue was
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crystailized from a toluene/pentane (1:1) solution at -40° C to yield 54.1 mg (51.3%) of prod .t. 1R:
2968 (m), 2911 (m), 1947 (s), 1605 (s), 1551 (s), 1475 (s}, 1284 (s), 947 (s); MS (El): 492 (M*),
464 (M-CO*), 436 (M-2C0O*); Anal. Caicd. for C1gHaa0aPaRu: C, 43.99; H, 6.77; Found: C,
43.80; H, 6.75.

Flu(PMe3)4(r1z-OCsHa(Me)C(O)O) (9). To a glass reaction vessel fused to a
Kontes vacuum adaptor was added 100 mg (0.196 minol) of Ru(PMeg)4(n2-OCgHa(Me)) (2)'2in 5
mL. of toluene {not all of the nuithenium complex dissolved in this amount of solvent; The vessel
was degassed by freeze-pump-thawing through either two or three cycles, and COg2 (1.5 equiv,
0.29 mmol) by vacuum transter. The vessel was then heated to 85° C for 8h over which time
period the solution turned clear. Upen cooling, white analytically pure crystals formed and these
crystals were collected to yield 62.5 mg (57.5%} of product. [R: 2972 (m), 2911 (m), 1614 (s),
1567 (s), 1479 (s), 1410 {s), 1329 (s), 944 (s); MS (FAB, p-nitrobenzyl alcohol): 557 (N;H*‘), 481
(MH-PMe3a*) Anal. Caicd. for CagHa2Q3P4Ru: C, 43.24; H, 7.62. Found: C, 42.92; H, 7.41.

Reaction of 3 with CO2 In the prasence of added phosphine. In a smail vial
was weighed 10.0 mg {2.0196 mmol) ot 3, which was then dissoived in 1.2 mL of CgDg. An equal
amount of the solution was added to two NMR tubes. One of these tubes was degassed by three
freeze-pump-thaw cycles, 5 equiv {0.0489 mmol) of CO2 was added by vacuum transfer, and the
tube was sealed. The other tube was degassed, and 5 equiv of CO2 was added, tollowed ty 3
equiv. {0.0294 mmoal) ot PMeg to give a concentration of 0.049 M. The samples were heated at
85° C, and monitored by 'H NMR spectroscopy at 0.5, 2, and 18 h. The half lite for the reaction
with no added phosphine was roughly 0.5 h, while that for the sample containing added
phosphing was on the order of 18 h.

Ru(PMe;;);;(CO)(rlz-NHcng(Me)C(O)) (10). To a glass reaction vessel fused to a
Kontes vacuum adaptor was acded 80.6 mg (0.163 mmol) of Ru(PMe3)a(n2-NHCsH4) (3)59in 5
mL of oluene. The vessel was degassed by freeze-pump-thawing, and CO (2 atm) was added by
exposing the vessel, submerged in liguid nitrogen, to 450 torr of CO. The vesse! was then

heated 10 85 C for 16 h, over which time the initial yellow solution turned orange. The soivent
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was removed under reduced pressure, and the residue was crystallized from a pentane/toluene
{10:1) solvent mixture at -40° C to yield 46.2 {59.7%) yield of arange crystals. IR (KBr): 3323 (m),
1922 (s), 1599 (5)1582 (<), 1538 (5)1479 (), 1463 (s): MS (E): 477 (M*), 449 (M-CO*}, 421 (M-

’ 2CO+); Anal. Calcd. for C17H32NO2P3Ru: C, 42.85; H, 6.77; N, 2.94. Found: C, 42.58; H, 6.72;
N, 2.96.

Ru(PMe3}4(n2-OC(O)NHCsH4) (11). Into a glass reaction vessel fused to a Kontes
vacuum adaplor was added 82.0 mg (0.165 mmol) Ru(PMea)a(n2-NHCgH4) (259 in a minimum
amount of toluene (~3 mL). The vessel was degassed by freeze-pump-thawing, and CO3 (1.5 eq.
0.25 mimoi) was added by vacuurn transter. The yellow solution rapidly tumed clear and over the
course of 4 h clear needles of 11 formed. The vessei was then cooled to -40° C for 12 h to yield
50.5 mg (56.8%) of preduct. IR (KBr): 3293 (m), 3187 (m), 2872 (m). 2910 (m), 1639 (s), 1575
(my), 1559 (m), 1490 (M) 1407 (m). 1368 {s), 1300 (m), 1279 (m), 944 (s).

RU(PMa3)4(n2-1SNHCgH4) (3-N15). Into a vial was placed 82.6 mg (0.172 mmol) of
1. 17.1 mg {1.1 equiv) of aniline-15N and 2 mL of benzene. The salution was then placed in a 9*
NMRA tube which was degassed and sealed. The sample was heated to 110 °C for 8 h. Upon
cooling, 58.2 mg (68.3%) of 3-15N had crystallized from the reaction solution and zil of the
starting material had been consumed as determined oy 3! P{1H} NMR spectroscopy The material
which had crystallized from solution was pure by "H NMR spectroscopy. IR (KBr) 3329 (w), 2968
(m), 2907 (m) 1591 (m), 1559 (m), 1433 (s}, 1303 (m), 1282 (s}, 943 (s).

Varlable Temperature Study on the reaction of 3 and 3.15N with COz. The
ruthenium complex Ru(PMe3)a(n2-NHCgH4) (3)59 or Ru{PMas3)4(n2-1SNHCgHa) (3-15N) (15.5
mg, 0.0313 mmal) was dissolved in 0.7 mL af toluene-dg, and transferred to a 9° medium walled
NMA ube. The sample was freeze-pump-thawed through two cycles and 5 equiv (0.156 mmol) of
CO3 was added by vacuum transter. The tube was sealed 10 give a final length of 8°. The sample
was thawed at -78° C and was placed in the NMR prabe, which had been pre-cooled to at least -30°
C Aher acquiring the data for the temperature range 0 to -80° C, the sample was warmed to 30-

35° C and the conversion of 12a and 12b to product 11 was observed over the course of 0.5h.



Thermolysls ot 11. A sample of 11 (2.4 mg, 0.0044 mmol), pregared as described
above, was dissolved in tetrahydrofuran-dg in an NMR tube equipped with a vacuum adaptor, and
1 mg of mesitylene wa s added as an internal standard. The sample was degassed, sealed, and
heated to 120 °C for 2 h. 'H and 31P{1H) NMR spect:ometry showed that 15 was the only product
formed.

(PMes)aRu(n2-NHCgH4C(Q}0) (13). (a) Addition of anthranilic acid to
(PMes)2Ru(n2-CHaPMeg)(Me} (14} To a smzil vial was added 78.2 mg ot (PMeg)aRu(n®
CHaPMeg)(Me) (14) and 2 mL of bencene. To this solution was added 38.4 mg (1.5 equiv) of
anthranilic acid (2-aminobenzoic acid) as a solid. The suspension was stirred for 2h, aiter which
time T NMR spectroscupy showed that a metal-bound methyl J-oup remained. The solutica was
then placed into a 9" NMR tube, which was equipped with a vacuum adaptor, degassed and
sealed. The sarnple was heated to 85° C for 3 h, over ‘which tirne 74.6 mg (74%) of ora.ﬁge/yehow
crystals precipitated from the reaction solution. A portion of the recovered mataria! was
recrystallized by vapor ditfusion ot ether into a tetrahydrofuran solution of 13. IR (KBr) 2364 {w),
2392 (m), 2972 (m), 2910 (m), 1539 (s}, 1380 (s), 1521 (M), 1519 (M), 1473 (s), 1453 (s), 1365
(my), 1355 (m), 1262 (s), 941 (s}. 731 {(m}, 717 {m), 700 {m), 666 {m); Aral. Calcd. for
C1aHa1NOP4RuU: C, 42.22: H, 7.65; N, 2.59. Found: C, 42.27; H, 7.73; N, 2.50.

(b) To a solution of 356 mg (0.713 mmwl} of {PMes)4Ru(CAc)(CY) in 10 mL of
tetrahydrofuran was added 232 mg (1.5 equiv) of the potassi-im salt of the dianion of anthranilic
acid, KzOC(0)CgHaNH, prepared by addition of KH to anthranilic acid in tetrahydrofuran and
isolated by filtral.ion. Ttie solution was stirred for 24 h. After roughly 0.5 h the initial pale yellow
slurry turned a darker orange/yellow and after an additional 0.5 h it turned back to a paler ye .ow.
Both the anthrarlic acid salt ard the rutheniurn anthranilate product are only sparingly soluble in
THF. The tetrahydrofuran solvent was removed under reduced pressure, and the residue was
extracted with CH2Cla and filtered through a plug of celite. Removal of CHaClp under reduced
pressure provided 292 mg (76%) of procuct which was pure enough (~95%) for preparation of

the thermolysis product 17.
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(PMe3)aRu(n2-0C({0)CsH3sNH2) (17). (a) Preparative Scale: Into a glass reagtion
vessel equipped with a Kontes vacuum adaptor was placed a suspension of 252 mg (0.467 mmoi)
of anthranilate 13 in 15 mL of tetrahydrofuran. The vessel was frozen in liquid nitragen and
exposed to vacuum before thermolysis at 135 °C for 16 h. At this temperature, the solution is
initially yellow and homogeneous. The procuct is also yellow, but is very soluble in THF. The
solution volume was reduced to 1 mL in vacuo, layered with ether, and cooled to -40 °C to provide
64.6 Mg (25.6%) of a mixture of 13 arﬁ; 17 as yellow crystats. H, 31P(1H}, and 13C{TH} NMR
spectroscopy of this recovered material showed only O- and N-baund anthranilate starting material
and the O- and C-bound product in a 1:3.7 ratic. Thermolysis of 2.1 mg of this crystalized material
in 0.6 mL of THFdg at 125 °C for 24 h provided a 5.6:1 ratio of 17 to 13. IR (KBr) 3384 (m), 3281
tw), 2971 (m), 2906 (s). 1584 (s), 1556 (s). 1523 {s), 1430 (m), 1344 (m), 1299 (m), 1278 {m}, 970
(mj), 942 (s). .

(b) Thermolysis with internal standard: Irto an NMR tube was placed Q.7 mL ot a THF-dg
solution of 10.6 mg (0.0196 mmol) of 13 and 4 mg of ferrocene as an internal standard. The tube
was degassed and sealed. An 'H NMR spectrum was obtained before thermolysis. The NMR
tube was submerged in an oil bath heated to 115° C, and NMR spectra taken periodically over the
course of three days showed that 13 was convered to a 5.7+6.0:1 ratio of 11:13 in 96% overall
yield.

Approach to Equilibelum Kinetlcs for 13 and 17. Into a 5.00 mL volumetric flask
was weighed 18.5 mg {0.0343 mmol) of anthranilate 13 and 4.5 mg of mesitylene as internal
standard. Tetrahydrafuran-dg was added to the flask ta make 3.00 mL of so‘lution whichwas 7.5
mM cancentration of mesitylene. A stirbar was added and the solution was stimed for 8 h. Not all
of 13 dissolved, so a typical experiment involved addition of 0.700 mL of the supermatant of this
solution by syringe to a thin walled, 9" NMR tube to provide homogeneous samples of 13 and
mesitylene. The tute was degassed, PMeg was added by vacuum transfer to provide 0.026,
0.059 and 0.143 M solutions, and the tube was flame sealad to give a length of 8.5°, The

concentration of 13 and added phosphine was cetermined by integrating versus the known
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concentration of mesitylene intermal standard. The tubes were heated at 125 °C in a factary-
calibrated Neslab Exocal Mode! 251 constant temperature bath filled with Dow Corming 200
silicone Fluid. Ali reactians were manitared by ambient-temperature TH NMA spectrometry by
integrating mutually trans PMes resanance of the starting material versus the mesitylene internal
standard. The spectra were taken with a single acquisition and double checked with a second
acquisition after a delay of at least 10 T1. All first order kinetic plots displayed excellent linearity
over the first two haif lives with carreiztion ¢oefficients of 0.89 or better. However, after 2to 2 1/2
halflives the first order plat deviated from linearity. and the reaction stopped in all three cases at
85% converstion. However, when the data were plolted 2s 2 first order appreach to equilibrium
(using the 5.7:1 ratio as the infinity point) geod linearity (r%=0.98) was observed for each run. The
rates obtained for the three concentrations of phosphine (2.7 0.3x 105 for 0.026 M, 1.1 2 0.1 x
10°5 tor 0.099 M, and 1.2 2 0.1 x 10°5 for 0.143 M) did not indicate a strong dependen.ce of
reaction rate on phosphine concentration.
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Chapter 6

Synthes!s and Chemistry of Ruthenlum Hydridoe Aryloxides and Arylamides. An
Investigation of Structure, N-H and O-H Elimination Processes, Protone
Catalyzed Exchange Reactlons, and Relatlve Ru-X Bond Strengths.
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Introduction.

Proccesses such as reductive elimination and oxidative addition, although well studied for
the formation and cleavage of C-H bonds at transition metal centers,! remain relatively unexplored
for the lormation and cleavage of N-H and O-H borids. In fact, few monomeric complexes have
been prepared which contain both a metal hydride and an n'-metal-OR or metal-NHR {R=alkyt or
aryl) linkage. Examples of such compounds in the late transition metal series include
Cp*Ir(FPha)(H)(OE).2 trans-(PR3)2PI(H)(XAr) whera X=0 and NH,3 (PEta)Pd(H)(OPh),4 and
[(PMeg)4lr(H)(OMe)]PF5.5 Early metal examples include CpaHI(H){XR) where XaNH and 0,5 ard
Cp*2Th{H}OR}.7

Most of the late transition metal examples have been prepared by the metathetical
replacement of a late transition metal-halide or -pseudohalide by an alkalai metal-amige or -
alkoxide. Although the preparation of aryioxide compiexes has been achieved by the reaction of
phenols or substituted phenols with late metal complexes,® few hydrido atkoxides or amides have
been achieved by this raute. 33 5 The formation of transition metal amides by addition of the N-H
bond of alkyt or ary! amines is less common than reactions with the faidy acidic O-H bond ot
phenois or alcobals. Reaction of amines to provide monomeric late transition metal alkyt or aryl
amides has been reported in only a few cases.? Rather, addition of these uractivated N-H bonds
has been reported with rinuciear osmium ¢ompournds, with a monameric indium compiex to form
products with bridging armides, and with an iridium camplex containing a chelated amine. 10

A study of ligand-inducea O-H raductive efimination of ethanol from the ethoxy hydride
(:p‘lr(F’F’ng)(OE!)(H)2 was reparted from this laboratary. This work has recently been extended to
incude the N-H reductive efimination ot aniting from Cp*ir{PPha}{NHPh){H).1! Only a few other
cases of N-H and O-H reductive elimination reactions have been observed, all of themn ligand
induced. . 4. 12

We have investigated the reactions of an electron-rich ruthenium system with N-H and C-
H bonds in the hope that such a metal system would favor oxidative addition of these bands as it

does lor the oxidative addition o C-H bonds. Formation of the hydrido aryloxide and arylamide



camplexes by these processes has allowed a comparison of the stability of these compounds with
the analogous hydrido benzyl complex.’3 In addition, the reversible addition of hydrogen to
these compournds has provided both mechanistic information anid relative thermodynamic
stabilities of the M-O, M-N, and M-H linkages in these compourds. Finally, substitution of the poor
o-donating and strong r-accepting ligand CO for one of the s-donating phosphinie ligands has
allowed us to determine the solid state structure and the solution state reactivity changes that
occur when the electron density at the metal center is reduced.

Results

{PMeg)sRu(H)}NHPR}, The synthesis of compounds (PMes)sRu(BKNHPR) (1) and
({PMeq)sRu(HY(OCgH4-p-Me) (2) is summarized in Scheme 1. Addition of aniline io the ethylene
complex {3)'4 followed by heating to 135 °C for 24h led la clean formation of the hydrido anilide
complex 1 in 66% isolated yield. Addition to the cyclometallated hydride ‘
{PMeg)aRu{CH2PMeg)(Hy (4)'5 followed by heating to 110 °C for 24h led to 1 in 93% yield by TH
NMR spectroscopy. These reaction conditions reliably led to tormation of 1, but during some
preparations from ethylene ¢complex 3, the reaction rate was markedly faster; heating to 110 °C for
3-12 h often gave complete conversion. Compound 1 was characterized by H, 31P{'H},
13¢{'Hj, and IR spectroscopy, as well as microanalysis and X-ray diffraction {vide infra). The A;BC
pattern in the 33P{*H} NMR spectrum indicated a cis configuration of the a-bound figands. The
other possible geometry, a trans relationship between the hydride and anilide substituents, would
result in a singlet.resonance in the 3‘P( H) NMR spectrum. The doublet of quartets hydride
resonance (one large trans coupling and three nearly identical cis couplings) at §-7.69 contirms
this assignment. The Ru-H linkage was corirmed by an infrared absorption at 1845 cm*!, The N-
H proton was observed at $1.71 in the "H NMA spectrum and at 3370 cm -1 in the infrared
spectrum. The aryl region of the 1H NMA spectrum contained five inequivalent resenances
between $6.43 and 57.38, and the '3C{'H} NMR spectrum displayed five inequivalent C-H

resonances between §107.39 and 5129.83 and one guaternary resonance at §161.83. These
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signals fall in the region of normal, uncompiexd aryl rings; the inegquivalence of the two sides of
the ring indicate that it is not rotating on the NMR time seale.

The addition of anilineg was conducted with and without added PMes. No rate inhibition
was observed for the sample with added phopshine. Rather, qualitative studies showed that
samples containing added PMej reacted 10-20% taster than for those with no added phosphine.
In addition, the reaction of rigorousiy dried (vide infra) p-chioroanilir was run in the presence and
abisence of added water. The sample containing added water reacted at two to three times the
rate as the sample containing no added waler.

The dideuterated analogue of 1 was prepared in 38% yield by the addition of 0.25
equivalents of lithiumaluminumdeuteride to a THF solution of the complex (PMeg)4Ru(OAc)CI),
followed by addition of the deuterated lithiumanilide, LINDPh. No hydride or anilide resonance
was observed in the 'H NMR spectrum for a 0.06 M sample, indicating at least 95% isotopic purity.
The deuteride resonance was observed at §-7.67, and the anilide deuterium was observed at
51.66 in the 2H NMR spectrum; no othar resonances were observed. An infrared absorption
band at 2497 cm’! was assigned to the N-D stretch, and a shouider at 1326 corresponded ta the
Ru-D stretch.

Thermolysis of the labelled compound at 12S °C for 4 h led to scrambling of the deuterium
into the phosphing and aryl groups, (determined by 2H NMA spectroscopy) preventing useful
mechanistic results from deuterdum labelling expariments. When N,N-dz-anilina was added to
cyclometallated hydride 4 at 110 °C (the conditions used for formation of 1) and the fate of the
deuterium fabel was determined by 2H NMR spectroscopy, signals were observed not only in the
hydride and anilide N-i4 position, but in the aromatic and phosphine regions as weill. Reversible
cyclometailation of the anilide substituent would account for incorporation of deuterium into these
positions, and orthometaitation of the anilide substituent would account for the presence of aryl
resonances.

{PMes}aRuU{H)}{OCgH-p-Me}. Addition of one equivaient of p-crasol 1o the ethylena

complex 3 at room temperature led 0 rapid formation of ethylene and {PMeg)aRu{H}{OCgH4-p-



Me) {2) in 64% isolated yield. Addition of p-cresel to the cyclometallated hydride 4 aiso eccumed
rapidiy at room temperature and provided (1) in 62% isolated yieid. Again, 3 proved to be the
more convenient starting Material. Compound 2 was characterized by 'H, 3'P{H}, 19¢({"H}, and
IR spectroscopy, as well as microanalysis. As observed for compound 2, the 21P{1H} NMA
spectrum displayed an AzBC pattern, and the 1H NMR spectrum cantained a doublet of quartets
pattemn for the hydride resonance, indicating a ¢is orientation of the hydride and aryloxide ligancis.
The Ru-H infrared absorption was observed at 1836 cm*). In contrast 1o the anilide substituent in
1, the two sides of the aryl ring in the cresolate substituent of 2 were equivalent by 'H and
13¢{"H} NMR spectroscopy (an AABB' pattern of the aryl region of the TH NMR spectrum, and two
CH resenances in the aryt region of the 13C{1H} NMR spectrum). Therefore, the ary! ring of 1 is
either located in the plane of the two mutually trans phosphine ligands and the oxygen atom of
the aryloxide substituent, or it is freely rotating on the NMR time scale, X-ray diffraction shows that
the ring is located in the plare of the hydride, ruthenium, and oxygen atoms in the solid state (vide
infra), suggesting that the twe sides of the ring are inequivalent in the lowest energy conformation
in solution, but are rapidly exchanging on the NMR time scale.
(PMae3)3{CO)Ru{H){OCgH4-p-Ma) Acddition of carbon monexide (2 atm) to
compound 2 at 55 °C tor 8 h led to farmation of the CQO ligand substitution product
{PMea)3{COJRU(H}{OCsH4-p-Me) (5}, in which the pocr a-donor and strang r-acceptor CO6 is
tocated trans to the aryloxide substituent {Equation 1j. Compound 5 was characterized by 'H,
p(iny, 19¢{1H), IR spectroscopy, microanalysis, and X-ray ditiraction (vide infra). Again, 3'P{*H}
and 'H NMA spectroscopy demonstrated the stereochemistry. A doubfet of triplets resonance
with a farge trans H-P coupling constant on the grder of that observed for 2 (117.8 Mz versus
102.8 for 2) was observed at 5-5.92 for the hydride substiluent, indicating that a phosphine ligand
is located trans to . Moreaver, an A2B pattern in the 31P{'H} NMR spectrum with Pg resonating
uplield fram Pp is consistent with Pp being lacated trans lo a substituent with a stronger trans

influence than phosphine. 17
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X-ray Structural Analyses. A suitable single crystal of 1 was obtained by allowing a
refluxing hexane solution {o coo! slowly {o room temperature. The compound crystallized in
space group P1 bar with twe independent melecules in the asymmetric unit. Crystal and data
coligction parameterss are provided in Tabie 1; intramolecular bond distances and angles are
displayed in Tables 2 and 3. An ORTEP drawirg of the molewule is shown in Figure 1.

Compound 2 crystallized in space group P2¢/n with 2 crystailographically independent molecules
in the asymmetric unit by cooling a solutian af 1 in pentane to -40 °C. An ORTEP drawing of the
malecule is provided in Figure 2. Crystal and data collection parameters are included in Table 1;
intramolecular distances and angles are provided in Tables 4 and 5. A suitable single crystal of 5
(space group Cmca) was obtained by slow coaling of a toluene/pentane {1:100) solution fo -40 °C.
An ORTEP drawing of the molecule is shown in Figure 3. Crystal and data collection parameters
are includad in Table 1; intramolecutar band distances and angles are displayed in Tables € and 7.
The structures were solved by Patterson methods and refined by least squares and Fourier
techniques.

All three structures are distorted actahedra, with 3 hydride ligand gccupying the vacant
site of molecules 1 and §: the hydrides wure not located on the Patterson map lor these two
compounds. To simplify the discussion, the distances and angies for ane of the two independent
molecules of 1 and 2 will be used; the tvio malecules are chemically equivaient in both cases.

The Ru-N bond length in 1 is 2.160(6)A, and the aryl ring is located in the plane of the ruthenium,
hydride, and nitrogen atoms, consistent with the inequivalence of the two sides af the aryi ring in
the TH and 13C({"H} NMHA spectra, The Ru-O bond length of 2 is 2.152(3)A. Although a slightly
sherter M-Q distance may be expacted, simply based on the smaller ionic radius of oxygen versus
nitrogen, the ditference in these two bond lengths is not statistically significant. Similarly, the O-C
bond length in the aryloxide substituent af 2 {1.308(7)) is slightly shorter than the N-C bond
length {1.340(9)} in 1. As observed for 1, the aryl ring is located in the plane af the hydride,

ruthenium, and oxygen atomns. As neted in the previous section, the ring must be freely rotating
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Table 1. Crystal and Data Collection Parameters.2

1 2 5
Temperature (°C) -80 25°C -89
Empirical Formula RuPaNCrgHa3 RuP40C1gHas RuP302C{7Has
Formula Weight (amu) 498.5 5135 465.5
Crystal Size (mmj} 0.20x0.21x0.36 0.20x 0.25 x 0.50 0.10 x 0.20 x 0.25
Space Group P1 bar P2i/0 mca
atA 12.364(4) 13.533(2) 13.300(2)
b (% 13.951(8) 13.7°1(2) 14.088(3)
c{A 15.062(5) 29.302(2) 24.960(3)
al 103.79(3} 90.0 90.0
B() 86.10(2) 102.50(2) 90.0
¥ (%) 90.02(3) . 90.0 90.0
V(A3 2507.9(3) 5310.2(3) 4676.9(3)
4 4 8 g
deale (ge 3 1.32 1.28 1.32
Heale (cm") 8.7 B.B B.7
Reflections Measured «+h, +k, &t +h, +k, #l +h, +k, &l
Scan Wigith AB=0.70+0.358an8 A€ =0.70+0.35tand AOB=0.80+ 0.35%an6
Scan Speed (B, 7m) 6.70 6.70 6.70
Setting Angles (28, > 24-28 24.28 22-26

{a) Parareters common to all structures: Radiation: Mo Ka fA = 0.71073 A), exceptforic A =
0.70930 A. Monachramator: highly-oriented graphite {26 = 12.2°). Detector: erystat scintillation
counter, with PHA. 28 Range: 3--»45°, except for 1¢ 2~s45°, Scan Type: 8-26. Background:
Measured over 0.25(A0) added to each end of the scan. Vertica! Aperture = 3.0 mm, Horizontal
Aperure = 2.0 + 1.0 1an8 mm. Intensity Standards: Measurvd every hour af x-ray exposure time.
Crientation: 3 reflections were checked afer every 200 measurements. Crystal oriemation was
redetermined if any of the reflections were offset fram their predicted positions by more than 0.19,
Reorientation was required twice 12 1b and 7a, and once for 8. (b) Unit ¢cell parameters and their
esd's were derivad by a least-squares fit to the sefting angles of the unresolved Mo Ka
compenents of 24 retlections with the given 20 range. In this and all subseguent tables the esd's
of ail parameters are given in parentheses, right-justified to the feast significant digit(s) of the
reporied value.
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Figure 1. ORTEP drawing of 1. The nithenium-bound hydrogen was not lecated.
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Table 2. Selected intramolecutar bond distances for 1.

ATOM 1 ATOM 2 DISTANCE

RU1 F1 2.268(2)
RU1 P2 2.363(21
RUL P3 2.325(2)
RUL Pé 2.3311(2)
Ul N1 2.16016)
PU2 PS 2.354(2)
RU2 Pé 2.271(2)
RU2 P7 2.313812)
RU2 Pe 2.34502)
RU2 N2 2.1€3¢6)
N1 ci 1.340(9)
€1 c2 1.475(10)
c1 ce 1.475(10}
c2 c3 1.324(10)
c3 ca 1.417011)
ca cs 1.378110)
cs c6 1.403(10} .
N2 c21 1.355(81
€21 c22 1.431(10%
c21 c26 1.438(9)
€22 €23 1.353(10)
c23 24 1.392021)
c24 €25 1.482411)
€25 €25 1.326(10)
Pl c7 1.83819)
Pl ce 1.858(8)
Pl cs 1.845(8)
P2 €10 1.86118}
P2 c1l 1.856¢6)
P2 €12 1.877(8)
PJ €13 1.853(9)
P3 c1s 1.864(9)
P3 €15 1.83148)
P4 €16 1.845(9)
P4 €17 1.88408)
P4 cis 1.80¢48)
PS . 27 1.861(8)
PS €28 1.89408)
PS €29 1.858(8)
73 €30 1.875¢3)
PS €31 1.8¢5(9)
P6 €32 1.834(9)
P7 €33 1.853(9)
P7 €34 1.85118)
P7 €3y 1.863(2)
Pg Cls 1.8348(9)
PR ci7 1.884%¢(9)

P8 cis 1.8414¢8)



Table 3. Selected intramotecuylar bond angles for 1.
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ATOM 1 TOM 2 ATOM 3 ANGLE
Pl RU1 P2 98.37(7})
Pl RU1 P3 94.24(7})
Pl RU1 P4 95.87(7}
P1 RU1 N1 172.09(15)
P2 RU1 P3 96.18(7)
P2 RU1 P4 $7.88(7)
P2 RU1 Nl 88.72(15)
P3 RU1 P4 161.27(8)
P3 RU1 N 81.44(16)
Pa RU1 N1 85.57{16)
PS5 RU2 P 97.93(7)
PS5 RU2 P7 92.09(7)
P5 RU2 P8 94.5217)
PS RU2 N2 90.59116)
PE RU2 P? 95.38(8)
PE RU2 Ps 95.11(8)
P& RU2 N2 170.93(16)
P7 RU2 P8 | 161.48{E) * .
P7 RU2 N2 85.97(16)
P8 RU2 N2 81.34(16)
RU1 N1 cl 134.1(5)
RU2 N2 c21 135.6(5)
N1 C1 c2 125.4(6)
N1 c1 cé 119.4(6)
c2 ci c6 115.1(6)
c1 2 c3 118.5{7)
c2 c3 cd 128.147)
c3 cs £5 114.1(7)
c4 [} cE 123.947)
c1 cé cs 120.01{7)
N2 cz1 c22 122.4(6)
N2 c21 €26 123.716)
c22 c21 c26 113.9(6)
c21 €22 c23 122.6(7)
€22 c23 c24 123.5(8)
€23 c24 €25 115.0(7)
c24 c25 c26 120.5(7)

c2 c26 €25 124.4(7)



Fiqure 2. ORTEP ing of 2. Tha muthenium bourd hydtogen was kcated but nat refined.
Mosl of Ihe ather hydrogen aloms were also localed but have been omuted lor clardy.
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Table 4. Selected intramolecutar bond distances for 2,

ATOM 1 ATOM 2 DISTANCE

RUL Pl 2.22912)
RU1 P2 2.327(2)
RU1L P3 2.32912)
RU1L P4 2.354(2)
RU1L Q1 2.152(3}
RU1L H1 1.734¢(1)
P1 cs 1.883(8)
P1 cs 1.4831018)
Pl cla 1.7290(a)
P2 Cil1 1.828(7)
P2 c12 1.882(7) -
P2 c13 1.841(7})
P3 cl4 1.825(8)
P3 (3% 1.781(8)
P3 Cla L.eiia
P4 c17 1.828(8)
P4 cis 1.893(9)
P4 ci9 1.79418)
ol c1 1.388(7)
c1 c2 1.413(7)
cl [ 1.399(7)
c2 Cc3 1.375(8)
c3 c4 1.364(7)
c4 Ccs 1.38447)
c4 c? 1.524(9)
cs cs 1.387(8)



217

Table 5. Sefected intramolecular bond angies for 2.

ATOM | ATOM 2 ATOM 3 ANGLE
Pl RU1 P2 94.,481(8)
el RU1 P3 96.16(6)
P1 RU1 Pd 99.49(7)
Pl RU1L o1 176.961(11)
Pl RUL Wl 76.31(6)
P2 RU1 P3 168.97(7)
P2 RU1 P4 96.97(8)
P2 RUL a1 oBl.A7018)
P2 RUL "1 B2.4404)
P3 RU1 P4 96.76(7)
P3 RU1 at 85.21(18)
P3 RU1 H1 84,8215}
P4 RU1 01 83.81¢(18)
P4 RU1 H1 175.6B(5)
01 RU1 H1 181.15(9}
RU1 P ca 117.2(3)
RUL Pl [ 119,4(3)
RYU1 Pl c1g 121.4(3)
=] P1 cs 96.8t4)
cs Pl c1g 99,204}
c9 Pl c1a 98.8(5)
RYU1 P2 c11 114.46(22)
RUL P2 c12 115.18(22)
RU1 P2 c13 125.15¢22)
cI1 P2 c12 99 414>
c1l P2 c13 98.9(3)
c12 p2 ci3 99.6(3)
RU1L P3 c1a 125.5(3)
RU1 P3 c1s 114.4¢3)
RU1L P3 cl6 115.8(3)
Cl4é P3 c15 98.2(4)
c14 P3 cls 188.2(4)
c15 P3 [48 99.2(6}
RU1 P4 c17 121.85¢(23)
RU1 P4 cle 128.58(25)
RU1 P4 c13 115.2(3)
ci7 P4 clie 96.,7(4}
c17 P4 c19 98.8{4}
c18 P4 c13 188,3(5)
RUIL 01 c1 133.3(3)
ol cl cz 118.6(4)
o1 c1 C§ 125.404)
€2 cl1 (X 116.9(5)
cl c2 c3 121.2(5)
c2 c3 ca 122.904)
c3 ca cs 116.5(%)
c3 ca c? 122.7¢4)
cs ca c? 128.8¢5)

'} [ cs 122.5(5}
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cn

Figure 3 ORTEP drawing of 5. The ruthenium-bound hydrogan was nol located.



Table 6. Selected imramelecular bond distances for 8

ATOM 1

1.3Y
1.3
RU
rU

[}
(=28
<l
cl
c2
€3
€4
c4
cs

ATOM 2

Pl
P2
<l
ca

DISTANCE

2.334(2}
2.396(3]
2.108(6]
1.783{10)

1.201(11)
1.333(10)
1.42%0A21
1.409(13}
1.387(13}
1.399012)
1.36741)}
1.621(15})
1.370(13)

1.860¢8}
1.822(7)
1.827(7)
1.853111)
1.8)9¢(3})

Table 7. Selected intramotecular bond angles for 8.

Ton 2

ATOM 3

cl1
€1z
€1)
c1z2
€13
€13

clo0
clo
c10

ANGLE

163.60(2)
96.43(5)
05.60¢5)
94.52(6)
B6.21(17)
34.8(3)

179.0(8)

177.91(%)
132.9(%)
117.147)
125.5¢(8)
117.41(8]
119.3(8)
121.8(9)
112.519}
119.1(9)
122.419)
12079
121.4(9:

117.9(3)
115.3(23
114.1¢(3)
104.0¢()
101.3{3)
102.04(3}
114.2{4)
117.76(28)
102.1(3)
100.6¢5}
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on the NMR time scale if this stnicture alsc corresponds to the lowest energy configuration in
solution.

The Ru-P distances of both structures reflect the weaker frans influence properties of the
aryloxide and arylamide figands relative to these of the hydride or phosphine ligands.2® The Ru-P
distance for the phosphine located trans to the aryloxide in 2 is 2.229(2) A and the distance for
the phosphine located trans to the arylamide in 1 is 2.268(2)A. The Ru-P distances for the
mutually trans phosphine ligands range from 2.327(2) A to 2.343(2)A for the two structures, and
the two Ru-P distances trans to the hydride substituents are 2.364(2) A for 2 and 2.363(2)A for 1.
The shorter distances for the phosphines located trans to the p-cresolate and trans to the anilide
are consistent with the weaker trans influence of heteroatom containing substituents as
compared to phosphine and hydride ligands.'S The Ru-O-C angle in 2is 133.3(3)° and the Ru-N-
C angle is 134.1(5)° for 1, indicating that this angle is not particularly sensitive to the difference in
r-donating abilities of the aryloxide and aryl amide ligands.

In contrast to the similarity of 1 and 2, CO substituted compound 5 has a Ru-O bond
length of 2.108(6), which is signiticantly shorter than that in 2. The O-C{aryt) bond distance in the
aryloxide ligand of 5 (1.333(10) A) is not signiticantly longer than that of 2, 1.308(7), and the Ru-
©-C bond angle of 132.9(5)° is aiso similar to that in 2, 133.3(3)°. The diference in Ru-O bond
distances in 1 and § may be attributed 1o the propensity of the arylcxide ligand in 5 o donate #-
electron density into the r-accepting CO ligand trans to it.

A similar trend in bond lengths was observed for the Pt(ll)chioride distances in a series of
square planar complexes. X-Ray structural analyses have been performed for compounds with
the general formula LL'PICla, where L is a phosphine and L' is a r-accepting figand such as CO or
an isocyanide. When L is triethylphosphine and L' is CO, the Pt-Cl bond distance trans to PElg
was longer (2.368(3) A) than trans to CO (2.296(4) A).18 When L is PEtaPh and L' is
ethylisocyanide, the Pt-Cl bond distance trans to the phosphine was longer (2.390(8) A) than
trans to the isocyanate {2 314(10) A ).19 The Pt-Cl distance trans to the phosphine in

(PEt3}{PhNC)PCl2 was 2 333(12) A.20 Therefore, whether the dilference in bond lengths



among these platinum and ruthensium compounds is largely caused by changes in the »-
accepting or o-danating properties of the dative ligands, the bonding of the aryloxide ligands in
the ruthenium complexas in this study mimics the bonding in simple PY(I1} camplexes.

Variable temperature NMR Spectra. The room temperature NMR spectra of 1 and
2 indicate that the donating properties of the heteroatom can have a significant effect on the
barrier to rotation of the aryl ring, and variable temperature NMAR experiments indicate that the
ancillary ligands have a measurable effect on the double bond character of the aryloxide O-C
linkage. The O-C(ary!) linkage in the ail phosphine complex 2 appears to contain sfightly more
double bond character than the CO substituted product 5, as determined from the lower barrier to
rotation in 5. A stacked plot of the aryl region of the TH NMR spectrum of 2 in the temperature
range -8 °C to -B8 °C is shown in Figure 4. At -88 °C, four inequivalent resonances are observed,
indicating that rotation af the ring is slow on the NMR time scale. The same reg'an in the TH NMR
specira of the CQ substitution product 5 between -78 °C and -105 °C is shown in Figure 5. Even
at -105 °C, only one of the aryl resonances of 5 has broadened, and it has not begun to separate
into two inequivalent resonances, indicating values of AG for the barrier to rotation which are lower
than observed for 2. TH NMR spectroscopy of the sterically similar benzyl hydride complex 'S
showed no change in the aryl region, even at -105 °C, indicating that the slow rotation of the ring
in compiex 1 at ream temperature and complex 2 at -88 °C is a resuit of electronic rather than steric
factors. We did not expect the substitution of CO to cause a significant perturbation in the steric
interactions of the cresolate substituent, since the substilution occurs trans to it. indeed, the X-
ray diffraction study shows that the M-O-C angle for 2 and § are almost identical. Although
differences in o-donaling properties appears lo have a larger effect on the M-O bond lengths in 2
and 5, the difterence in x-accepting ability of the figand trans to the cresolate does have a
measurabie eftect on the rotational barriers of these two compounds, presumably due o

differences in r-donation of the oxygen lone pair.
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H/D exchange reactions with (PMes)gRu(H)2 (6}. Addition of 20 equivalents of
N,N-dz-aniline to the dihydride (PMe3)sRu(H)z21 (6) & 25 °C for 1 hled to H/D exchange, forming
the dideuteride {PMe3)sRu(D)2. This assignment was based on the absence of hydride signals in
the 'H NMR spectrum, the presence of the corresponding resonances in the 2H NMR spectrum,
and the additional coupling in the 3'P(*H} NMA spectrum. To ensure that the exchange occurred
only between the hydride substituents and the NH protons of aniline, the dideuteride
{PMea)aRu{D)2 was treated with 20 equivalents of protiated aniline, leading to formation of the
dihydride and incorporation of deuterium into the N-H bonds of the aniline, as determined by the
presence of only an N-D signal in the 2H NMR spectrum of this mixture, Similarly, addition of N,N-
da-aniline to the cyclometallated hydride complex 4 at roem temperature led to incorporation of
deuterium inta the hydride position. '

When attempting to qualitatively datermine the basicity of the metal center, the
importance of trace amounts of water became evident (Scheme 2). When dideuteride 6-d2 was
treated with 20 equivalents of cyclopentadiene (PKa~16),22 2H NMR spectroscopy showed no
detectable resonance for the diene after 4 h; only a rasonance far the hydride of starting material
5-d2 was observed. Similarly, no exchange with the sterically more accessible but less acidic C-H
bond of fert-butylacetylene (pKa=~22)23 was observed after § h; dideuteride 6-dz was treated
with 20 equivalents of ternt-butylacetylene at room temperature and 2H NMA spectroscopy
showed no propargyl C-D resonance. In contrast, tha O-H proton of fert-buty! alcohol {pKa~16)
exchanged with 6-d2. Atter 10 min at room temperature, solutions of 6-d2 and 20 equivalents ot
tert-butyi aicohol showed only signals in the 2H NMR spectrum corresponding to the O-D
substituent of the organic reagent.

Exchange with diphenylamine {pKa-~22) was slower than exchange with N-methylaniline
or aniline, and led to roughly 50% exchange after 20 to 30 min at room temperature. However,
when B-dg was freated with 20 equivalents of diphenylamine, which had been dried by benzene
azeotropic distillation using a Dean-Stark trap and isolated by sublimation, no exchange was

observed after 2 h at room temperature. We attempted to stop the H/D exchange with the parent
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aniline by exhaustive drying with vacuum distillation from sodium or CaHg, or by azeotropic
distillation with benene. However, exchange of the aniline N-H with the ruthenium deuteride still
occurred over the course of 10 min. To insure that exchange in the case of aniline was a result of
the diificulty in obtaining dry arylamine which is a liquid, and not due to a steric diference between
aniline and diphenylamine, p-chloroaniline, which is a solid, was dried using the same method
employed for diphenylamine. Indeed, no exchange was observed by 2H NMR after 0.5 h at room
temperature, and addition of 8.1 uL cf water to this sample led to complete exchange after 15 min.
These resuits demonstrate that this metal center is capable of rapid uncataiyzed exchange with
alcohol O-H bonds, but exchange with less acidic N-H bonds at room temperature requires
catalysis by trace amounts of water.

A qualitative comparison of the H/D exchange rate and the phosphine dissociation rate
was pertormed to determine whether exchange also requires the ft;)rmalion of an intermediate
resulting from phosphine dissociation. Dihydride 6 was treated with 4 equivalents of PMes-dg at
25 °C. 31P(TH} NMR spectra were obtained after 1 h and 24 h at mom temperature, and in both
cases only resonances for 6-dz and free PMeg3-dg were observed. No free PMeg-dg was formed,
indicating that phosphine dissociation was significantly slower than H/D exchange.

Another possible intermediate in both the formation of 1 from 3 and in the H/D exchange
reactions is (PMeg)4Ru (7). If the exchange accurs by way of this intermediate, Da must be
incorporated into 6 at the same or faster rate than the acidic substrates. However, exchange with
D2 was much slower than it was with the amines or alcohols. Addition of 19 atm (>2000 equiv.) of
Da to the dihydride complex was conducted at 25 °C for 24 h. After this time, only partial
incorporation of déulen‘um into the hydride position had occurred. A deuteride signal was
observed in the 2H NMR spectrum, but a hydride signal was also observed in the TH NMR
spectrum.

To probe the intermediacy oi 6 in the formatian of 1, benzyl hydride compound
(PMe3}4Ru(CH2Phj(H) (8) was heated to 75 °C for 2 hin the presence of one equivalent of aniline

at the concentrations used to synthesize 1. We iiave reported previously that intermediate 7 is
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generated by thermally induced reductive elimination of (PMeg)4Ru(CH2Ph)(H) (8), and forms 4
by addition of a ligand C-H bond.22 These thermolysis conditions provided roughly 45%
conversion of B to cyclometallated hydride 4. Only small amounts (ca. 5%) of anilide hydride were
observed. Heating for an additional 16 h led o camplete disappearance of 7 and formation of a
3:1 ratio of 4 and hydrido anilide 1, undoubtedly formed from 4.

CO Induced Reductive Elimination. Addition of carbon monoxide tc 1, followed
By heating to 85 °C for 8 h, led to reductive elimination of aniline in 94% yield by THNMR
spectroscapy. as shown in Scheme 3. Addition of CO to 2, followed by heating to 135 °C for S d,
led to formation of p-cresol in 98% yield by TH NMR spectroscopy (Scheme 3). The
organometallic praduct was (FMe3)2Ru(CO)3 (10) in both cases and was formed in 79% yield for
elimination of aniline and 89% yield for elimination of p-cresol. Compound 9 was independently
prepared by successive photolysis and thermolysis of Rug(CQ)12 and PMeg during ihe course of
a separate study,2% and was characterized by TH, 13C{H}, 31P{H) NMR, and IR spectroscopy.
The NMR data are provided in Tables 8-10. The stoichiometry was confirmed by observing a
quartet in the 3'P{1H} NMR spectrum of the complex containing 13CO. Monitoring the reductive
elimination reaction of 2 showed that the reaction first formed CO substituted product S, but a bis-
CO substituted complex {PMe3)2{CO)2Ru(H){OCgH4-p-Me) (9) was not observed.

Anilide and Cresolate Exchange Reactions. Addition of 3 equivalents of p-
cresol to the anilide hydride complex 1 at 25 °C ied to complete reaction of this compound in less
than 20 min 1o form the cresolate hydride 2. Qne equivalent of free aniline was observed, along

with 2 equivalents of free p-cresol (Scheme 4).
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Discussion.

Aniiine addition reactions. Severai possible mechanisms for the H/D exchange
reactions are shown in Scheme 5. One mechanism, pathway a, involves reversible addition of a
pratan 1o the metal center, feading to a cationic metal complex. The structure of the cation is
written as Ru(lV), though it may exist as a Ru(l)-(n2-Hz) compound since several related ruthenium
hydragen complexes are known.25 Pathway b postulates Hz reductive efimination ta form the .
L4Ru intermediate, which oxidatively adds N,N-dz-aniline to form the anilide deuteride 1-dg, and
reacts with the extruded hydrogen ta reform the H/D scrambled product. Twa other mechanisms
invalve inttial dissociation of phosphine. In pathway c, the anilide nitrogen atom coordinates to the
resuiting vacant coordination site, enhancing the acidity of the aniline N-H bond {analagous o the
enhanced acidity of coordinated water in aqua ions25). In pathway d, the unsaturated
intermediale undergoes N-H axidalive addition to farm a trihydride intermediate.

Qur fesults are consistent only with the proton transfer pathway a. The rate of H/D
exchange is significantly taster than the rate of phosphine dissociatian from dihydride 6, ruling out
the possibility of reaction by pathways ¢ and d. Pathway b is ruled out by the failure of Dp to
incorparate intq the dihydride 6 on the time scale of the H/D exchange with aniline. Our résults
with a range of weak acids gemonstratas that the metal center is nct basic enough to exchange
with weak carbon acids such as terr-butyl acetylene ang cyclopentadiene, but is basic enough to
exchange rapidly with tert-butanol. Mereover, our ability to significantly slow the H/D exchange
process of arylamines by abtaining rigorously dry samples of solid amines indicates that exchange
with these substrales occurs by a water catalyzed brocess. Based on our abservations with tert-
butanoi we propese that the catalysis aperates by reversible protanation of the metal center with
water, and H/D exchange between water and aniline to the incorporate deuterium into the anilide
N-H pasition.

Mechanisms similar ta those for the H/D exchange can be invoked fqr the formation of
anilide hydride 1 from Cyclometallatzd hydride 4. The !ack of phosphine inhibition {despite rapid

phosphine dissociation at these temperatures) indicates that reaction does no! occur by pathways
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involving phosphine dissociation. Qur results do not rigorously rule out reaction by way of
intermediate {PMe3)aRu (7) to form 1 by direct oxidative addition of the aniline N-H bond.
Independent generation of 7 from benzyl hydride 8 demonstrated that intramolecutar C-H
oxidative addition with this intermediate is faster than reaction with aniline, disfavoring formation of
1 by oxidative addition of the aniline N-H bond to intermediate 7. However, our data do not
rigorously rule out the possibility that intermediate 7 is formed reversibly from cyclometallated
hydride 4 and eventually reacts with aniline to form the thermodynamic product 1.

The results of the H/D exchange study suggest that trace amounts of water are likely to be
important it a mechanism for formation of 1 from 4 invoives proton transfer processes. The lack of
a dramatic rate increase for reaction of rigorously dried p-chloroaniline with 4 in the presence of
added water, suggest that water catalyzed proton transfer is not as important in the forrnation of 4
as itis in the H/D exchange. This may reflect a rate determining step which does not involve
proton transfer. Consistent with this hypothesis, addition of aniline-dz2 to 4 led to H/D exchange
with the hydride substituent at 25 °C, a much lower temperature than required for formation ot 1.
We tentatively propose that this N-H addition reaction proceeds by a proton transter mechanism,
in analogy to the H/D exchange processes and the cresol addition reaction, aithough we have no
clearcut means to ruie out N-H oxidative addition to the (PMes)gRu intarmediate 7.27 We hope
that future studies with this compound and others will help clarity the role proton transter
processes play in N-H addition reactions to transition metal centers.

Additlon of p-cresol. We have reparted that addition of p-cresol to the benzyne
complex (PMe3)4Ru(n2-CGH4) occurs faster than phosphine dissociation, implying direct
protonation of the electron rich metal center by this acidic substrate, {ollowed by C-H reductive
elimination to form the observed phenyl aryloxide intermediate (PMe3)aRu{Ph)(OCgH4-p-Me).28
Addition of pcresol to either 3 or 4 aiso occurs rapidly 1t room temperature (< 5 mir.;. . 1ggesting
that protonation by the creso! occurs to form cationic intermediate 11 {Scheme 6), followed by
reductive elimination to lorm the ethyl cresolate (PMe3)yRu(El){CCsHy-p-Me) (12) and B-

hydrogen elimination to lorm the product 2. Protonation of 4 toliowed by C-H reductive
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elimination and ion-pair coilapse would form 2 directly. Moreover, the reaction of
(PMea)aRu{CzHg) with p-cresol cannot occur via the Au0 intermediate 7 because ethylene
dissociation is much slower than the cresol addition. The addition of one equivatent of ethylene-
d4 10 3 was monitored over the course of 12h at 25° C. After this time no resonance for tree
athylene was observed in the 'H NMR spectrum, and the chemical shift of bound ethylene did not
change, indicating that dissaciaticn of ethylene from 3 does not occur on this time scale.2? Field
has reported the addition of alcohols to the iron dihydride (DMPE)aFe{H)2 to form a cationic
complex containing three metal-bound hydrogen atoms,20 an intermediate analogous to the one
involved in the protonation of 3.

CO-Induced Reductive Elimination. Reductive elimination of aniline from 1 is
markedly faster than elimi;\aﬁnn of p-cresol from 2, However, we were not able to observe or
isolate the bis-CO adduct (PMe3)2(CO)aRu({H)(OCgH4-p-Me), the precurser to the O-H elimination
reaction, and so the marked difference in rates for the reductive elimination of aniline from 1 and
p-cresol trom 2 may reflect canditions necessary for a second CO substitution reaction rather than
a difterence in rates of the two reductive elimination processes.

However, it is evident that substitution of the poor a-donor and strong r-acceptor CQ for
the strong a-donor PMe3, at least kinetically, tavors reductive elimination over the ail PMeg
substituted campound. |n addition the organometallic product (PMe3)2Ru(CQ)3 is formed
irreversibly, suggesting that an electron rich metal ¢enter is crucial ;o the thermodynamic stability
of anilide and ¢resolate hydride compounds 1 and 2.

Quailltative Thermodynamic Results. This ruthenium system constitutes a rare
example of a series of compounds which undergo C-H, N-H, and O-H reductive elimination
reactions. No evidence for direct reductive elimination from 1 or 2 was obtained: only upon
addition of CQ ¢r Hz was elimination of aniline or p-cresol observed. As reporied earlier,
thermolysis of the benzyl hydride complex {PMeg)4Ru{H)(CHzPh) (8} at 85 °C for 4 h leads directly
to reductive elimination of toluene and tormation of the (PMe3)4Hu° intermediate 7 which

undergoes activation of igand C-H bonds and forms cyclomelallated hydnde 4. As illustrated in
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Scheme 7, these results demonstrate a dramatic contrast between the thermodynamic stabilities
of benzyl hydride B and heteroatom substituted compounds 1 and 2. Compounds 1 and 2 ara
formed by the addition of cresol and aniline to 4, the product of reductive elimination from 8.
Because the benzyl C-H bond of toluene (88.0 +1 kcalimol) is comparable 1o the strength of the
O-H bond of cresol (86.5 £ 2 kcal/moi for phenol) and the N-H bond of aniline {88.0 + 2 kcal/mol),
the Ru-O and Ru-N linkages in 1 and 2 must be stronger than the Ru-C linkage in 8.31 Moreover,
because dihydrogen has bean shown {0 react with 1 and 2 to form the dihydride 6 and either
aniline or pcresol,32 the Au-H bond must be at least 16 kcal stronger {the ditference between the
corresponding H-H and N-H bonds) than either the Ru-N or Ru-O bonds. Similarly, the reaction of
p-cresol with the anilide hydride 1 to form free aniline and the cresolate hydride 2 shows that the
RAu-O linkage is stronger than the Ru-N bond far these two compounds. The following trend in

bond strength then results: Lg{H)RU-H> Lg{H)Ru-OAr> Ls(H)Ru-NHPh> La(H)Ru-CHaPh.

6
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_Table 8_1H NMR spectroscocic data

Sippm)  muniplicity® J{H2) integration  assignment®
{PMea)4Ru{H)(OCgH4-p-M8) (1) 718 d 8.6 2 Amomatic
7.14 8.5 2
237 [ 3
148 1 28 18 trans-PMea
1.4 d 55 9 cis-PMe3
0.98 d 7.8 9
-7.65 dq 102.8, 27.5 1 Au-H
{PMe3)(RulH){NHCgHs! (2)¢ 6.43 t 6.8 1 Ammatic
6.59 d 8.0 1
7.20 1 75 1
735 m 2
wmn d 73 1 NH
1.81 t 2.6 18 trans-PMe;
M 1.0 d [.%.} 9 &is -PMea
0.96 d 4.3 9 .
.69 dq 9.0, 264 1 Ru-H
(PMe3)3(COJRUH)OCeHp-Me) (1€ 7.16 d ‘8.2 2 Argmatic
. 7.03 d 8.2 2
238 3 3 pMe
116 t 2.8 18 trans.-PMes
.08 d 6.4 ] cis-PMes
592 ot 1178, 265 1 RuH
{COJaRu{PMe)2¢ (3) 1.20 1 2.7 PMe;

2The mulipticitizs reporied lor the PMej rescnances ars aparert spliiings and oo not necessanly raflect true
coupling constams. bThe assignments, ofs-PMes end - ans-Phieg raler to mutually cis and mutually trans PMey

figands. <CgDg, 20 °C.
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Table 9. $3C(TH) NMR soectroscopic Data.

r—_— Too e ) aogament
(PMez)4RuH)(OC5H,-p-Me) (1)° 20.55 d 15.4 cis-PMe3
27.22 d 23.4
22.89 td 128,338 trans-PMeg
20.93 s pMe
118.26 s Aromatic
120.34 [ 3
128.77 (]
163.13 g 4.5
(PMe3)4Ru(H}NHCgHs) (2)° 21.52 gm 14.2 cis-PMe3
27.44 am 24.1
23.27 1d 129, 4.0 trans-PMea
107.38 5 Arnmaltic
114.64 L}
117.78 d 4.1
128.9 L}
129.45 [
161.83 t 3.2
{PMe3)a(CO)RU(HHOCsHs-p-Me) (5)° 17,84 d 18 cis-PMes
20.45 1d 14.6, 3.0 frans-PMe3
. 20.83 | o-Me
119.30 [ 10.3 Aromatc
119.40 [
129.79 s
168.40 d 4.9
204.78 td 142, 088 co
(CO}3RU{PMeg)© (8) 22.59 t 18.3 PMes
210.93 t 16.5 co
AThs mulipli D! for the PMe3 are aparent splitings and 4o not necessanty rellact lrue

coupling canstants. PThe assignments, ois-PMe3 and trans-PMes rater 1o mutually cis and mutually rans PMes

figands. “CgDg, 20°C.
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Table 10. 31P{1H} NMR spectroscapic data {CeDg. 20 °C).

pin system Sppm) J(Hz)
(PMe2)4Ru{H)(OCsH4-p-Me) (1) AzBC 5a=1.54 Japs32.5
bp=14.92 Jag=27.1
§c=-12.62 Jac=15.9
(PMe3)aRu(H)(NHCgHs) (2) AZBC 54=-0.95 JaB=26.4
5p=-14.55 Jac=30.8
&c=5.14 Jec=19.0
(PMe3)3(CQO)Ru(H)(OCsH4-p-Me) (7) AzB §a=0.23 Jag=25.1
8p=-15.77
(CO)aRu(PMe3) (8) A3 2.20
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Experimental

General. Uniess otherwise nated, all manipulations were carried out under an inen
atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6&-40-1H Dritrain, or by using
stancard Schlenk or vacuum line techniques.

THNMR st ~tra were obtained an efther the 250, 300, 400 or 500 MHz Fourier
Transform spectrometars at the University of California, Berkeley (UCB) NMR facility. The 250 and
300 MHz instruments were constructed by Mr. Rudi Nuniist and interfaced with either a Nicolet
1180 or 1280 computer. The 400 and 500 MHz instruments were comriercial Bruker AM serigs
spectrometers. 1H NMA spectra were recarded refative to cesidual protiated soivent. 13C NMR
spectra were obtained at either 75.4 or 100.6 MHz on the 300 cr SO0 MHz instruments,
respectively, and chemical shifts were recarded relative to the solvent resonance. 2H NMH
spectra were recorded at 76.4 MHz on the 500 MHZ instrument, and chemical shifts were
recorded relative to the solvent resonance. Chemical shifts are reperted in units of paris per
million dowﬁliéld from tetramethylsilane and all coupling constants are reported in Hz.

IR spectra were obtained an a Nicolet §10 spectrometer equipped with a Nicalet 520
processor using patassium bramide ground pellets, Nujol mull, or solution cells as stated. Mass
spectroscopic (MS) analyses were obtained at the UCB mass spectrometry facility on AEI MS-12
and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UC8
Mic;la:analytical Labaratory.

_To prepare sealed NMR tubes, the sample lube was attached via Cajon adapters directly
10 Kontes vacuum stopcocks.33  Known volume bulb vacuum transters were accomplished with
an MKS Baratron antached to a high vacuum line.

Unless otherwise specified, all reagents were purchased from commercial sugpliers and
used without turther puritication. PMe3 (Strem) was dried over NaK or a Na mirror and vacuum
transterred prior to use. CO was purchased trom Matheson. p-Creso! was dried by azeotraping
with benzene using a Dean-Siark trap, followed by vacuum distillation. Dry diphenylamine and p-

chiareaniline were obtained by refluxing a benzene solution using a Dean-Stark trap, and
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subiiming at 60 °C. Aniline was either vacuum distiiled from sodium or caicium hydride, or was
refluxed in benzene using a Oean-Stark trap and then vacuum distilled. Dry cyclopentadiene was
obtained by heating cyclopentadiene dimer fo 170 °C over CaHz, and the monomer was callected
by distillation. tert-Butylacetylene was stored under vacuum over P2Os, and was used by vacuum
transter. (PMeg)aRu({H)}{CH2PMez(4) was prepared by the method of Werner, 16
(PMe3)4Ru({C2Ha) was prepared by the addition of EIMgEr to (PMeg]4Ru(C!)z.’5 and -
(PMes)4Ru(OACc)(Cl) was preﬁared by tha methad of Andersan and Mainz.34

Pentane and hexane (UV grade, alkene tree) were distilied from LiAiH4 under nitrogen.
Benzene and toluene were distilled from sadium benzophengne ketyl under nitrogen. Ether and
tetrahydrofuran were distilled from purple solutions of sedium/benzophenone ketyl. Deuterated
solvents for use in NMR experiments were dried as their protiated analogues but were vacuum
transferred from the drying agent.

(PMa3)4RU(H)(NHCsHs) (1), (a)} Additlon of anillne to (PMea)aRu(CaHga).
The ruthenium complex {PMea)sRu(CzH4) (3) (350 mg, 0.804 mmol) was dissolved in a minimum
amount of hexane (10 mL). It was important to rur this reaction in alkane solvent; thermalysis aof 3
in benzene led to formation of predominantly (PMea)sRu{H){Ph). To this solution was added 1.5
equiv (116 mg} of aniline, The solution was transterred to a glass reaction vesse! fused to a
Kontes vacuum adaplor, and partiaily degassed by exposing to vacuum tor 2.3 seconds, The
vessel was heated to 135 °C far 24 h, over which time the clear selution turned yeliow. Upon
cooling to room terperature, 266 mg (66.3 %) of product, which was judged to be pure by 'H
NMR spectroscapy. crystallized irom the reaction mixture as pale yellow blacks. A portion of the
material was recrystallized for microanalysis and an X-ray diffraction study by allowing a refluxing
solution of 1in hexane to caol slowly to room temperature. IR (KBr) 3370 (w), 2867 {s). 2906 (s),
1845 (s}, 1588 (s}, 1484 (s}, 1463 {m}, 1426 {m}. 1338 {s}. 1297 {m}, 1276 {m), 942 (s} Anal.
Cale'd. tor CygHaaNPsRu: C, 43.37: H, 8.69: N, 2.81. Found: C, 43.18; H, 8.73; N, 2.65.

{b} Addition of aniilne to (PMegjqRu{CH2PMey)(H} (4}. The nuthenium

complex (PMea}sRu(H)CH2PMep) (12.6 mg, 0 0311 mmol) was dissolved in 0.7 mL of CgDg and



2 ul of mesitylene as an internal standard was added. A 'H NMR spectrum was obtained on the
sample. To the solution was then added 2.9 L (1.0 equiv) of aniline. The NMR tube was
aftached to a Kontes vacuum adaplor, degassed by two freeze, pump, thaw cycles and sealed.
The sample was heated to 110 °C for 24 h, after which time H NMR spectrascopy showed
formation of 1 in 93% yield as determined by comparison to the spectrum before heating.

Addition of aniline ta 4 In the presence of PMes. Ruthenium complex
{PMeg)sRu{H)(CHaPMe2) (4) (14.6 mg, 0.0355% mmel) was dissolved in 1.2 mL of CgDg and 2 pL
of mesitylene as 30 internal standard was added. To the solution was then added 16.8 ulL (5.0
equiv.) of aniiine. The sample was divided into two NMA tubes. One NMR tube was attached to a
Kontes vacuum adaptor, degassed by two freeze, pump, thaw cycles and sealed. To the other
tube was added 4.0 equiv {0.24 M} of PMe3 belare sealing by the same method. The reaction
was monitored at 1 hintervals at 110 °C for 4 h, and showed that the rates for the samp;le
containing PMeg was ca 10-20 % faster than the sample containing no PMea. Integration versus
the mesitylene internal standard showed yields for the two samples which were within 10 %.

Addition of p-chloroanlline to 4 in the prasence of Hz0. Ruthenium complex
{PMea}aRu(H)(CHaPMeg) (4} {11.9 mg, 0.0294 mmol) was dissoived in 1.2 mL of CgDg. To the
solution was then added 38 mg (10 equiv.) of p<hicroaniline. The sample was divided intc two
NMR tubes. One NMR tube was attached to a Kontes vacuum adaptor, degassed by two freeze,
pump, thaw cyctes and sealed. To the other tube was added 0.1 pl of Hp0 (0.026 mmol, 0.4
equiv, 0 009 M) before sealing by the same method. The reaction was monitored at 1 h intervals
at 85 °C for 4 h, and showed that the rates for the sampla containing HpQ was about twice that for
the sample containing no PMeg.

(PMeg)4RuU(D){NDCgHs) (1-d2). To a stirred solution of (PMes)sAu(OAc)(Cl) (202
mg, 0.404 mmol} in 8 miL of THF was added 1/4 equiv (4.2 mgj of fithium aluminum deutende as a
siurry in THF. The resulting pale yellow, cloudy solution was filtered, and to the resulting clear
yellow solution was added 1.5 equiv of LINDOPh, generated by addition of n-Buli (379 L, 1.6 M in

hexanes) ta an ether (2 mL) solution of DaNPh (57.6 mg). The pale yellow color became darker
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upon addition of the lithium anilide. After stirring for 2 h the solution was filtered, and the soivent
removed from the filtrate under reduced pressure. The resulting yellow solid was exiracted with
toluene. The toluene solution was reduced in volume to 1-2 mL, layered with hexanes, and
cooled to ~40 °C to provide 76.2 mg (38%) of 1-dz which was pure by TH and 37P{'H} NMR
spectrascopy, showed no hydride or N-H resonance in the TH NMR spectrym, and only a hydride
and N-H resanance in the 2H NMR spectrum. 2H NMR: 51.66 {br.s), -7.67 (m): IR (KBr) 2967 (s),
2906 (s), 2497 (w, N-D}, 1588 (s), 1484 (s). 1463 (m}, 1426 (m), 1340 (s), 1326 (shoulder, Ru-D),
1298 (m), 1276 {m), 949 (s). N

(PMe3)4Ru(H){OCgH4-p-Ma) (2). (a) Additlon of cresol to
{PMe3)aRu(CzH4). The uthenium complex {PMe3}aRu{C2zHa) (702 mg, 1.61 mmol) was
dissolved in a minimum amount of pentane (15 mL). To this soiution was added at rcom
temperature one equiv (174 mg) of pcresol in 3 mL of pentane. The clear solution tumed yellow,
and gas evolution (presumably ethylene) was observed. Over the course of 12 i, 527 mg (63.7
%) of product, which was pura by TH NMR spectroscopy crystallized from the reaction mixture as
pala yellow blocks. A portion of this matenal was recrystallized for microanalysis by vagor diftusing
pentane into a solution of 2 in toluene. IR (KBr) 2968 (s), 2908 (s), 1836 (s), 16800 {5), 1501 (s),
1498 (s), 1425 (m), 1323 (5)1310 (s). 1301 {s), 1290 (s), 1281 (s), 1156 (M), 943 (s); Anal. Calc'd.
for C1gH44a0OP4Ru: C, 44.44; H, 8.63. Found: C, 44.56; H, 8.53.

(b) Addition of p-cresol to {PMej)gRu{CH2PMae2)(H) (4). Ruthenium complex
(PMe1)3Ru(CHzPMe2)(H) (98.8 mg, 0.244 mmal) was dissolved in 5 mL of loluene. One equiv
(26.3 mg) of p-cresol in 0.5 mL of toluene was acded at room temperature. The clear solution
turmned yellow. Removal of toluene under vacuum, followed by crystallization from pentane at -40
°C provided 77.6 mg (62.0 %} of 2 which was judged pure by TH NMR spectroscopy.

(PMe3)3{CO)RU(H)(OCgH4-p-Me) (5). To a 125 mL glass reaction vessel lused to a
Kontes vacuum adapter was added 15 mL of a CsHg solution of 252 mg (0.491 mmol) of
{PMea)4Ru(H)(QCgH4-p-Me) (2). The entire reaction vessel was cooled in liquid nitrogen and 430

torr ot CO (calculated 1o be 2 atm at 20 °C) was acded. The vacuum adaptor was closed and the
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vessel was warmed to room temperature. The reaction was then heated to 85 °C for 12h, after
which time the volatile materials were removed under vacuum, leaving a pale yellow residue. This
residue was crystailized from pentanetoluene (100:1) at -40 °C to yield 77.2 mg (33.8 %) of
analytically pure white product containing crystals suitable for an X-ray diffraction study. IR (KBn
2981 (m), 2971 (m), 2911(m), 2901 (m), 1906 (s}, 1852 {m), 1600 (m), 1501 {s), 1429 (m), 1423
(m), 1312 {s). 1301 {s), 943 (s); Anal. Caic'd. for C17H3sCaP3Ru: C, 43.87; H, 7.58. Found: C,
43.59; H, 7.56.

(PMeg)4Ru(D}2 (6-d2). To a solution of (PMe3)aRu(QAc)(Cl) (302 mg, 0.605 mmol)
in 10 mL of ether was added at reom temperature, 16 mg of LiAID4 (0.60 equiv) as a sofid. The
suspension was stirred for 1 h after which time the initial pale yellow solution became clear; a white
solid precipitate was also observed. The solvent was removed under reduced pressure, and the
resulting white solid was extracted 3 times with a total of 25 mt of pentane. The pentane solution
was concentrated 10 1-2 mL and gooled 1o -40 °C to provide 79.1 mg (32%) of 6-d2 which was
pure by 'H and 3'P{TH} NMR spectroscopy. 2H NMR §9.75 (m); 31P{'H} NMR 5-0.19 (tm, J=26.2
Hz, 2P), 5-8.07(1t, 26.2, 5.8, 2P); IR (KBr) 1309 cm (Ru-D).

H/D exchange reactlons:

Addltlon of N,N-dz-Aniline to (PMes)sRu(CHzPMeg)(H) (4). To a solution of
4 (15.6 mg) in 0.7 mL of CgHg was added 68 uL (20 equiv) of N,N-dp-aniline. After 1 h, the
solution was transterred to an NMR tube. 2H NMR spectroscopy showed that complete exchange
had occurred. A ratio of the deuteride resonance of 4 to the N-D resonance of aniline was
roughly 1:40.

Addltion of N,N-da-Anillna to (PMej3)gRu(H)2 (6). A solution of 21 mg of
(PMea)aRu(H)z (6) in 0.6 mL of CgHg was added to 96 mg (20 equiv) of N N-dz-aniline. The
resuiting solution was placed in an NMR tube, and 2H NMR spectroscopy showed a resonance for
the dideuteride (6-dg). and lor the N-O of aniline in a ratio of roughly 1:2Q. A similar procedure,
except using CgDg solvent was used lor monitoring the reaction by 'H NMR spectroscopy. Atter

1 h atrocin temperature, No hydride resonance was observed for starting material 6.
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Additicii of anlilne to (PMeg3)4Ru(D)z (6-d2). A solution of 16.8 mg of
(PMeg)aRu(D)z (6-d2) in 0.6 mL of CgHg was added to 76 mg (20 equiv} of aniline. The resulting
solution was placed in an NMR tube, and 21 NMR spectroscopy after 6 h showed only a

resonance for the N-D of aniline.

Addltion of p-chloroanlline to (PMegz)sRu(D)2 (6-d3). A solution of 15.2 mg of
{PMa3}4Ru(D)2 (6-dg) in 0.6 mL of CgHg was added to 95 mg (20 equiv) of pchlaroaniline. The
resulting solution was placed into an NMR tube equipped with a rubber septum, and 2H NMR
spectroscopy after 30 min showed only a hydride resonance. After this time, 0.10 ul (U.15 equiv)
of HaO was added by syringe. The reaction was monitored at 5 min intervals by 2H NMR
spectroscopy and showed only an N-H resonance after 15 min.

Addition of wet diphenylamine to (PMe3)sRu(D)2 (6-d2). A solution ot 14.8
mg of (PMes)aRu(D)z (6-da) in 0.6 mL of CgDg was added ta 122 mg (20 equiv) of
diphenylamine. The resulting solution was placed info an NMR tube, and TH NMR spectroscopy
after 5 min showed that litlle exchange had occurred. After 20--30 min, TH NMR spectroscopy
showed roughly 50% exchange as determined by integration of the hydride resonance in the H
NMR spectrum relative t0 the phosphine resonances. After 24 h at room temperature the CsDg
solvent was removed under reduced pressure and replaced with CgHg. The benzene solution
was then placed inta an NMR tube, and 2H NMR spectroscopy showed only a resonance for the
N-H proton of the amine.

Additlon ot dry dlphenylamine to (PMej)4Ru(D)2 (6-d2). To a solution of 10.2
mg of 6-dz in CgHg was added 84.3 mg (20 equiv.) of dry diphenylamine. The reaction was
monitored by 24 NMR spectrascopy, and after 2 h at room temperature, no NH resonance was
observed, indicating that exchange did not occur.

Additlon of Cyclopentadiens to (PMegz)sRu(D)2 (6-d2). A soiution of 15.2 mg
of {(PMe3)aRu(D}2 (6-d3) in 0.6 mL of CgHg was added 1o 49 mq (20 equiv) of cyclopentadiene
monomer. The resulting solution was placed in an NMR tube, and 2H NMR spectroscopy after 6 h

showed only the deuteride resonance of 6-dz; no resonances were observed for the
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cyclopentaciene. A similar procedure, except using CgDg solvent was used for monitoring the
reaction by 'H NMR spectroscopy. Afer 6 h at reom temperature, no hydride resonance was
observed for starting material 6-da.

Additlan ol ftert-butylacetylene to (PMez)aRu(D)2 (6-ds}). A solution of 15.2
mg of (PMes)4Ru(D)z (6-dg) in 0.6 mL of CgHg was placed into an NMR tube. The sample was
degassed by two freeze-pump-thaw cycles. To it was added 20 equiv of tert-butylacetylene by
vacuum transizv. The resulting solution was placed into an NMR tube, and 24 NMR spectroscopy
after 6 h showed only the deuteride resonance of 6-dg; ne propargyl C-D resonance was
observed.

Additian ot Dz to (PMeg}sRu(H)z (6} Into a Fischer-Porter botile was placed a
solution of 8.2 mg ot 6in 4 mL of beHe. The solution was exposed to 19 atm of Hz (ca. 2000
equiv) for 24 h. After this time the solution was concentrated to 0.6 mL and placed into an NMR
tube for analysis by 2H NMR spectroscopy. Only a resonance for the deuteride pasition of 6 was
observed. The solvent was then remaved under reduced pressure and replaced with CgDg for TH
NMR spectroscopic analysis. A hydride resonance for 6 was observed in addition to the two
phosphine signals,

Addition of PMej-ds 10 6-d3. A solution of 8.B mg of 6-da in CgDg was placed into
an NMR tube equipped with a Kontes vacuum adaptor. The sample was degassed by two freeze-
pump-thaw cycles, and to the sample was added 4 equivaients of PMea-dg. The 31P{'H} NMR
spectra obtained after 1 h and 24 h showed only resonances for 6-d2 and PMes-dg. No free
PMea-dg was observed.

Addition of p-cresol to 1. To a solution of 6.4 mg of anilide hydride 1 in 0.6 mL of
CgDg was added 4 mg of pcresol. The solution was placed ino an NMR tube and 'H NMR
spectroscopy showed the presence of only ane equivalent of tree aniline, two equivalents of p-

cresol, and one equivalent of cresolfate hydride 2.



CO Induced Reductive Elimination of anlline from (PMeg)4RU(H){NHCgHs)
(1). Te 23" NMR tube was added a sclution of 10.2 mg {0.205 mmol) of 1 and 2 ul_ of mesftylane
as an internal standard in 0.7 mL CeDg. A 'H NMR spactrum of the initial solution was obtained.
The NMR tube was then attachied to a Kontes vacuum adaptor and the sample was degassed by
two freeze, pump, thaw cycles. The tube was ¢ooled in liquid nitrogen and exposed to 440 torr ot
CO. The tube was sealed at the level af the liquid nitragen io provide a fube of 8.5" length. The
sarnple was heated to 85 °C for 24 h, and TH NMR spectroscopy showed a 84% yield of aniline
{identified by comparisen te an authentic samglej and 79% yieid of {CQ}aRu{PMesja (10}
(icentified by comparison lo an independently prepared sample27), as determined by comparison
to the initial solution. .

CO Induced Reductlve Elimination of p-cresol from (PMe3)sRu{H)(OCgHa-
p-Me) (2). To a 9" NMR tube was added a solution ot 10.2 mg {©.205 mmol) ot 2 and 2 pL of
maesitylane as an intermnal standard in 0.7 mL CgDg. A H NMR spectrum of was obtained on the
initial selution. The NMR tube was then attached 10 a Kontes vacyumn adapter and the sample was
degassed by two freeze, pump, thaw cycles. The tuba was cooied in liquid nitrogen and was
exposed lo 440 torr of CO. The tube was sealed at the level of the liquid nitrogen to provide a
tube of 8.5” length. The sample was heated ta 85 °C for 24 h, and "H NMR spectrascopy showed
98% yield af p- cresol {identified by comparison lo an authentic sample) and 83% yield of
(CO)zRu(PMen)2 {10) (identified by comparison to an indenpendently prepared sample?7), as
determined by comparison 1o the initial sclution. '

X-ray crystal structura determination of compiexes 1,2 and §.

{a) Mounting Procedure: Pale yellow, air-sensitive crystals of 1 were obtained by allowing
a refluxing solution of 1 in hexanes to cool to rgom temperature. Clear, air sensitive crystals of 2
were obtained by slowly cooiing a pentane saiution of 2 to -40 °C. Clear, air sensitive crystals of 5
were oblained by cooling a toluene/pentane {1:100) soiution to -40 °C. End Iragmen!s cleaved

from some of these crystals were mourted in a viscous ail, and then placed in the X-ray beamn.
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The tinal cell parameters and specific data collection parameters for the data set for 1,2 and 5 are
given in Table 1.

(b) Structure Determinatign: For 1, 6540 raw intensity data were collected; for 2, 7384
were collected, and for 5, 1732 were collected. These data were converted to structure factor
amplitudes and their esd's by correction for scan speed, background and Lorentz and polarization
eHects. Inspection of the azimuthai scan data showed a variation Imin/lmax = +/~1% for the average
curve. No correction for absorption was applied for compounds 1 and 5, but was applied for 2.
Inspection of the systematic absences indicated space group P1 for 1 and P2y/n for 2, and Cmca
for 5. Removal of systematically absent and redundant data left 6540 unique data in the finaf data
set for 1, 6686 for 2 and 1608 for 5.

Each structure was solved by Patterson methods and refined via standard least-squares
and Fourier techniques. The final refinement for 1 and 5 included anisotropic refinem;ant of the
ruthenium and phosphorus atoms and isotropic refinement of the carbon and nitrogen atoms.
Hydrogen atoms were not included in the refinement. The final refinement tor 2 included
isotropic refinement of all non-hydrogen atoms.

The linal residuals for the 243 variables for 1 were refined against the 4632 accepted data
for which F2 » 30(F2) were R = 8.0%, wR = 10.8% and GOF = 4.19. The f value for all 6540
accepted data was 10.6%. The final residuals for the 451 variables for 2 were refined against the
4589 accepted data for 2 for which F2 > 36(F2) were R = 4,1%, wR = 6.3% and GOF = 2.76. The
R value for all 6686 accepted data was 10.7%. The final residuals tor the 71 variables for & were
refined against the 1094 accepted data for 5 for which F2 » 3a{F2) were 8 = 5.1%, wR 2 6.7% and
GOF = 2.47. The A value for all 1608 accepled data was 10.7%.

The positional parameters, thermal parameters of the non-hydragen atoms, and
anisotropic thermal parameters for compounds 1, 2, and § are available as supplementary

maternial.
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Chapter 7

Hydrogenolysls of Ruthenlum-Heteroatom Bonds: Evidence for an Autocatalytic
Metal-Oxygen Bond Cleavage Mechanism
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Introduction.

The acdition of dihydrogen to transition-metal alkyl complexes has been extensively
studied! because it is involved in homogeneous and heterogeneous catalytic processes such as
hydrogenation of alkenes, termination of ethylene polymarization, and hydroformylatic 7.2 In
contrast, studies involving the reaction of Hg with transition metal-oxygen and -nitrogen bonds are
rare,3 and litle mechanistic information is available on this process, even though it has heen
proposed as a primary step in several catalytic pmcesses.z-“ Wae report the reaction of
dihydrogen with ruthenium-cresolate and -anilide complexes cis-(FMeg)q4Ru(H)(XAr}, {1: XaNH,
Ar=Ph; 2: X=0, Ar=p-tol) to form aniline and p-cresol, respectively, along with the ruthenium
dihydride ¢is-(PMeaa)4Ru(H)2 (3). Mechanistic studies have ravealed that reaction of the
cresolate occurs by an autocatalytic mechanism in which 3 praduct, p-Cresol, ca:alyzes_
dissociation of the cresolate ligand, while hydrogenoclysis of the ar;ilide complex appears to occur
predominantly by initial loss of phosphine rather than aniline or anilide ion.

Results and Discussiaa.

The ruthenium hydrido anilide (1) and cre jolate (2) complexes were prepared by the
route shown in Scheme 1.5 Treatmer. I compoLnd 1 with 2 atm of dihydragen led to fonnation
of (PMea)4Ru(H)2 (3) and free aniline, both in quantitative yield by TH NMR spectroscopy.
Analysis of the reaction of Hp with 2 was not as straigitforward. The 31p{1H} NMR spectrum of
the product 17 ture at reom temperature was identical to that of dihydride 3, and the
trimethylphos_phine groups in the TH NMR spectrum of the product resonated at the same
chemical shift as those of dihydride 3. However, the hydride signal was broad at room
temperature. Variable temperature NMR analysis of the reaction mixture revealed the cccurrence
of exchange processes (Figure 1) which were identical to those observed for a solution of
indepencently prepared dihydride containing cne equivalent of p-cresol and 2 atm of dihydrogen
{Figure 2. In acdition, the temperature dependent behavior of the E) P{'H} NMR spect:a for the
hydrogenation reaction and independently prepared sample of 3 and p-cresol were identical as

shown in Figures 3 and 4. We therefore conclude that the overall reaction proceeds analogously
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to the hydrogenolysis of 1, and the mixture of dihydride 3 and p-cresol undergoes an interaction
in which hydrogen atoms are rapidly exchanged between the phenol and ruthenium center. The
lack of significant chemical shift changes relative 1o those of pure dihydride 3 indicate that this is
the predominant species in the mixture. No temperature dependent behavior of mixtures
containing dihydride 3 with Hp alone was observed between 30 °C and -80 °C.

Careful monitaring of the reaction between dihydrogen and cresolate 2 demonstrated
that thc.; rate reproducibly increased with time, as shown in Scheme 1 for an experment at 28 °C.
Suspecting that this behavior was due to autocatalysis, we repeated the reaction with small
quantities {1 equiv} ¢! p-cresol added to samples of 2. Addition of Hg in this case led to
complete reaction in less than 5 min (data also illustrated in Scheme 1), Similar experiments
carried out with dihydride 3 (but no p-cresol) added initially to the hycdrogenolysis Mixture
provided no such acceleration. We therefore conclude that the organic product p-cresol
catalyzes the nydrogenolysis.

Addition of labelled and unlabeled phosphine provided further mechanistic information.
Treatment of cresolate 2 with PMe3-dg showed that the rate of phosphine exchange was
signiticantly siower than hydrogenolysis; only small amounts (<5%) of labelled phosphine were
incorporated into 2 alter the 2 h necessary for complete reaction with hydrogen. In the absence
of p-cresol, adding PMeg to the reaction solution inhibited the rate of disappearance of starting
material. In the presence of added PMeg and pcresol, all of the starting material again reacted
within 5 min. Mowever, uncer these conditions the added phasphine diverted the course of
reaction {rom hydrogenolysis product 3 to the formation aof a new material. This compound was
identitied as the salt 4 {see S~heme 1) on the basis of spectroscopic teatures similar to those of
the salt [{(PMeg)sRu(H)|PFg (S). The 31P({TH} NMR spectrum ot 4 in CgDg displayed a PMeg
region identical to that of 5 in CD2CIz solvent8 (all rescnances identical to within 0,05 ppm).
Because of the insolutility of § in CgDg, TH NMR spectra {and 3'P(1H} NMR spectra) were

comgared by
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generating complex 4 in CD2CI2 by the addition of one equiv of pcresol and four equiv of PMe3
to 2 in the absance of hydrogen. A TH NMR spectrum identical (£0.02 ppm}) to that of § was
observed. Compound 4 was also prepared by the addition of potassiumn cresolate and cresol to
the PFg salt 5 in a CD2CI/THF-dg solvent system.

Two passible mechanisms for these hydrogenolysis raactions, ane invalving a
conventional phasphine dissaciaticn and Hz oxidative addition pathway,1¢ and the other
proceeding by praton catalysis, ara shown in Schema 1. Qur data demanstrate that the
hydrogenoiysis of 2 proceeds principally by mechanism b. The autocatalytic kinetic behavior and
the dramatic rate increase upon deliberate addition of p-cresol demonstrates that the reaction of
this molecule with dihydregen is catalyzed by the phenol. In addition, diversion of the product to
cationic species 4 when the reaction is run in the presence of added phosphine provit.ﬂes strong
evidence for intermediate 6.

It is not yet clear how the small amounts of p-cresol needed to catalyze the
hydrogenolysis of 2 are formed during the indurtion period observed for this reaction. However,
inhibition of the disappearance of starting material in the presence of added PMeg (but no added
p-cresal), supports generation of a small amount of p-cresal by path a, which operates slowly in
this case as indicated by the slow rate of phosphine exchange for this system; only catalytic
quantities of p-cresol are required to make the process proceed at a significant rate.

The weaker acidity of iniline would lead ona to expect that autocatalytic pathway b is less
fikely 1o operate in the hydrogenolysis of anilide 1. In fact, addition of aniline to this reaction led to
only mild rate increases (2-3 times faster), and first order plots dispiayed increasing values for kghs
during oniy the third halt-iife of this reaction. Preliminary phosphine inhibition experiments are
consistent with hydrogenation of 1 by path a during the lirst two half-lives, though we are
concemed that trace amounts of a hycregen-bonding species such as water may catalyze the
hydrogenation of 1.

it is ironic that the reaction of metal-carbon bonds with Hz has also been shown lo be

autccatalytic in centain casas.” but in such systems the compound responsible for autocatalysis is
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the metal hydride rather than the organic product of the hydrogenolysis reaction. The results
reported here emphasize that the polarity of metal-heteroatom bonds can maks accessible a
range of mechanisms for M-X bond cleavage substantially wider than those available to reactions
in which M-C and M-H bonds are broken. We believe that future mechanistic investigations will
show that reactions of such systems are especially susceptible o catalysis by weak acids such as

alcahols and water.



Table 1. YH NMR spectroscopic data.

264

8 (ppm) muttiolicityd  J(Hz} Int  assignment®
(PMeg)4Ru(H)(NHCgHg) (1)3 6.43 t 6.8 1 Ammat 3
. 6.59 d 8.0 1
7.20 t 7.5 1
7.35 m 2
1.71 d 7.3 1 NH
1.81 t 2.6 18  trans-PMes
1.03 d 6.8 9 ¢is -PMeg
0.96 d 4.9 9
-7.69 dq 88,26 1 Ru-H
{PMe3)aRu(H)(QCgMa-p-Me) (2)2 7.18 d 8.6 2 Aromatic
7.14 8.5 2
2.37 s 3. p~Me
1.18 t 28 18 trans-PMeg
1.14 d 55 9 cis-PMeg
Q.98 d 7.5 -]
-7.65 dq 102,27 1 Ru-H
{(PMez)sRu(H)) 8.69 brs 1 oH
{OCgH4p-Me-HOCgHy-p-Me} (4)°  6.80 d 8.0 4 Aromatic
6.63 d 8.1 4 Aromatic
2.16 s ] .p-Me
1.52 brs 38 PMeg
1.36 d 5.7 9 PMes
-11.42 dquint 74,25 1 Ru-H
((PMe3)sAU(H)|[PFg] (5)2 1.54 brs 38 PMeg
1.38 d 5.6 9 Pheg
-11.39 d quint 73. 24 1 Ru-H

aThe multipticities d and ( refer to apparant splitting patterns. Accordingly the values reparted for
J do not necessarily reflect true coupling canstants, BThe assignment trans-PMe3 refers to the
two mutually trans PMeg ligands. The other two PMeg3 groups are assigned as cis-PMe3. “CgDg.

21 °C. 9C0C1p, 21 °C.



Table 2. 13C{1H) NMA soectrascapic Data,

8 (ppmy) multd  J(Hz) assignment®
(PMeg)4Ru(H)(NHCgHs) (1)¢ 21.52 dm 14.2 cis-PMeg
27.44 dm 24.1
23.27 td 12.9, 4.0 trans-FMe3
107.38 H Aromatic
114.64 s
. 117.78 d 4.1
128.91 s
129.45 s
161.83 t 3.2
{PMeg)sRu(H){OCgHa-p-Me) (2)¢ 20.55 d 15.4 cis-PMe3
27.22 d 23.4
22.89 td 128, 38 trans-PMes
20.93 S p-Me
118.26 - Aromatic
120.34 -
. 129.77 s
168.13 d 4.5
[(PMea)sRu(H)|[PFs] (5)¢ 26.66 m PMe3
26.04 d 19.8, 2.0 PMea
quint

aThe multiplicities d and t refer 10 apparent splitting patterns. Accordingly the values reported for
J do not necessarily reflect true coupling constants, BThe assignment frans-PMeq refers to the
two mutually trans PMes ligands. The other two PMeg groups are assigned as cis-PMea. ©CgDs,

21 °C. 9CDzClp, 21°C.

Table 3. 3'P{'H} NMR speciroscooic data.

scin svstem 8(ocm) J(Hz)
(PMes)sRu(H)(NHCgHs) (1)3 AzBC 54=-0.98 Jap=26.4
§p=-14.55 Jac=308
5c=5.14 Jac=18.0
(PMe3)4Ru(H){OCgH4-p-Me) (2)3 AzBC 5a=1.54 Jag=325
8§g=14.92 Jac=27.1
Sc=-12.62 Jgc=15.9
[(PMes)sRu(H)] A8 5a=-9.47 Jag=26.1

{OCsHap-Me-HOCgH4-p-Me] (4)0 Sg=-22.85

{(PMe3)sRu(H)I(PFs® A4BMX5 Sa=-9.52 Jag=26.3

(X=19F) §g=-22.92 Jam=0

SM=143.85 Jem=0

Jax=0

Jgx=0
JMxa710

aCgDg, 21 °C. OCD2CI2, 21 °C.
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Experimentai

Genaral. Unlass otherwise noted, all manipulations were carried aut undar an .
inert atmosphere in a Vacuumn Atmospheres 553-2 drybox with attached M6-40-1H Dritrain, or by
using standard Schlenk ar vacuum line techniques.

1H NMR spectra were obtained on aither the 250, 300, 400 or 500 MMz Fourier
Transtorm spectrameters at the University of California, Barkeley (UCB) NMR tacility. The 250 and
300 MHz instruments were constructed‘by Mr. Rudi Nunlist and interfaced with gither a Nicolet
1180 or 1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series
spectrometers. 'H NMR spectra were recorded refative to residuai protiated soivent. 13C NMR
spectra were obtained at either 75.4 ar 100.6 MHz on the 300 or 500 MHz instrurnents,
respectively, and chemical shifts were recorded relative to the solvent resonance. Chemical shifts
are reported in units of parts per million downfield frem tetramethylsilane and all coupli'r;g
constants are reported in Hz. 31P({1H} NMR spectra were recarded at 76.4 MHz on the 300 MHz
instrument, and chemical shilts were recorded relative to H3PQ4. 19F NMR spectra were recorded
at 376.498 MHz in the 400 MHz instrument and chemical shifts were recorded relative to CFCla.

IR spectra were qttained on a Nicalet 510 spectrometer equipped with a Nicalet 6§20
processor using potassium bromide ground pellets. Elemantal analyses were obtained from the
UCB Microanaiytical Laboratory.

To prepare sealed NMR tubes, the sample tube was attached via Cajon adapters directly
to Kontes vacuum su:pc:z:c:ks.8 Known volume tulb vacuum transfers were accomplished with an
MKS Baratr.n attached to a high vacuum line.

Unless atherwise specitied, all reagents were purchased from commercial sunpliers and
used without further purification. PMeg (Strem) was dried aver Nak or 3 Na mirror and vacuurm
transterred pricr lo use. Hp was purchased from Air Products and used as received. p-Cresol was
dred by azeotroping with tenzene using a Dean-Stark trap, followed by vacuum distillation.
Antline was ¢ned over sedium and vacuum gistilled. (PMes)sRu(H)2(3) was prepared as

descnbed eartierd and (PMeq)aRu(CHaPMeg){H) was prepared by literature methods.§
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Pentane and hexans (UV grade, aikane free) wera distilled from LiAlH4 under nitrogen.~
Benzene and toluene were distilled from sodium benzophenone kety! under nitrogen.
Methylene chloride was distilled from CaHg under nitregen. Ether and tetrahydrofuran were
distilled from purple solutions ot sodiunvieenzophenone ketyl, Deuterated solvents for usa in
NMR experiments wera dried as their protiated analogues but were vacuum transferred from the
drying agent.

Hydrogenolysis of 1. Into a thin-walled NMR tube was placed a soiution containing
between 2.5 and 6 mg {0.0050-0.012 mmol) of 1in 0.6 mL of CgDs. The tube was equipped with
a Kontes vacuum adaptor, degased by two freeze, pump, thaw cycles, treated with 450 torr of Hz
while submerged in liquid nitrogen, and sealed. This procedure provides a sample containing 2.2
atm of Hz at 25 °C. The reaction was monitored by TH NMR spectroscopy while shaking with an
overhead stir motor,

Kinetlc Evaluation of Hydrogenoclysis of 1. A stock soiution was prepared
containing 26.6 mg {0.0534 mmal) of 1 and 10 mg of mesitylena as an internal standard in 5.00
mL of C0g to provida a 0.011 M solution of 1. Samples for kinetic analysis wera prepared in 9*
thin walled NMR tubes containing 0.5 mL. of the stock solution. The solutions were degassed by
two freeze, pump, thaw cycles, Belora sealing, appropriate amounts of PMeg were added by
vacuum Iransfer and the samples were exposed to 450 torr of H2 while submerged in liquid
nitrogen. The tubes were shaken with an overhead stir motor at room temperature (22 °C -24 °C),
and the rates were measured by integrating the disappearance of the PMeg resonances relative
1o the internal standard. Linear first order plots were abserved for the first two haif-iives (2> 0.97),
but increasing values for kgphy Were observed during the third hall-lile. A typical plot for the
samples containing no PMegz is shown in Figure 5, and the values fur kobs and [PMeg) are
provided in Table 4.

Hydrogenolysis of 2. Into a thin-wallad NMR tube was placed a soiction cortaining
tatween 5 4 and 5.6 mg (0.011 mmol) of 1 and 1 mg of mesitylene as an internal standard in 0.6

mL of C5Dg The tube was equipped with a Kentes vacuum adaptor, degased by two freeze,
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Figure 5. Typical first order plol for the reaction of 1 with hydrogen under condiions that were
pseude lirst order in nuthenium cornplex.

Table 4. Kinetic data for the hydrogenolysis of 1.

1) {mmal-Ty _kobs x 103 {sec’)
411 1.920.3
262 1.120.2
222 0.9320.14
85.7 0.6620.10




pump, thaw cycles, treated with 450 torr of Hp while submerged in liquid nitragen, and sealed.
This procedure provides a sample containing 2.2 atm of Hg at 25 °C. The reaction was monitored
by TH NMR spectroscopy either in the NMR spectrometer probe at 28°C, or while shaking with an
overhead stir motor at room temperature and obtaining NMR spectra at 0.5 to 1.0 h intervals. A
plot of in[2] versus time for the reaction canducted in the spec’rometer probe is shown in
Scheme 1.

Hydrogenolysis of 2 In the presenca of added p-¢resol. Inte a thin-walled
NMR tube was placed a solution containing 5.6 mg (0.011 mmal) of 1 and 1 mg (0.01 mmal) of o
cresol in 0.6 mL of CgDg. The tude was equipped with a Kontes vacuum adaptor, degased by two
freeze, pump, thaw cycles, treated with 450 lorr of Hz while submerged in liquid nitrogen, and
sealed. This procedure provides a sample cantaining 2.2 atm of Hp at 25 °C. The reaction was
monitored by 1H NMR spectroscopy in the NMR spectrometer probe at 22°C. A plot of In(2]
versus time is shown in Schame 1.

Addltion of pcresal, Hg, and Pides to 2 In CsDg. Into 3 thin-walled NMR tube
was placed a solution containing 5.6 mg (0.011 mmol} of 2, 1.5 mg (0.014 mmol) of p=<resol in 0.5
mi of CgDg. The tube was equipped with a Konles vacuum adaptor, degased by two freeze,
pump, thaw cycles and, before sealing, 4 equiv of PMez, and 450 torr of Hz were added lo the
sample while it was submerged in liquid nitrogen. A TH NMR specirum obtained 5 min after
warming to raom temperature showed a spectrum r.antaining cation 4, and atter this time an oif
was observed in the tottom of the sample. This Jil was dissolvec by opening the sample and
acding 0.1 mL of CH2Cl>. 31P(1H] NMA spectrometry of the resulting sample showed cation 4 in
a greater than 20:1 ratio with any other species. .

Addition of pcresol and PMeg to 2 In CD3Ci2. Into a thin-walled NMR tube was
placed a selution containing 5.6 mg (0.011 mmol) of 2 and 1.5 mg (0.014 mg) of p-cresal in
C02Cl. The tube was equipped with a Kontes vacuum adaptor, degased by two lreeze, gump.

*haw cycles and, before sealing, 4 equiv of PMas was adced ty vacuum transter. 'H and 3'P{'H)
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NMR spectra obtained 5 min after warming to room temperature showed a specirum containing
resonances for anly cation 4.

Cenversion of 5 to 4 and KPFg. In one vial was prepared 0.1 mL of a CDClp
selution containing 10.5 mg (0.0157) of 5. [n another vial was prepared 0.5 mL of a solution
containing 2.5 mg (0.0170 mg) of KOCgH4-g-Me and 2.1 mg (0.0194 mmol) of HOCgH4-p-Me in a
4:1 mixture of CD2Clz and THF-dg. The two solutions were placed inte an NMR tube and
immediate formation of a white precipitate was observed. A TH NMR spectrum of the resulting
solution shawed a simitar pattern ta those for 4 and 5. A 3TP{TH) NMR spectrum showed the
appropriate 448 pattern in the PMea region, while no resenances were observed in the PFy
regian,

[(PMe;}sRu(H)][PFEJ {5) To a sgiution of 80.6 mg (0.198 mmol} of dihydr.ide 3in3
ml, of THF-dg was added 32.3 mg (1.0 equiv) of NH4PF5, immediate formation of gas was
observed. The sample was then placed into a glass reaction vesse! tused to a‘Kontes vacuum
adeptor, and 4 equiv of PMeg was added by vacuum transter. Over the course of 8 h, 62.4 mg
(50.3%) of pure 5 crystallized from the reactian sclution 28 srall white blocks. 19F{H) {CDaCl,
21 °C, relative to CFCI3) §73.32 (d, Ja712 Hz). R(KBr} 1854 em*}(Ru-H).
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Oxygen- and Carbon-bound Ruthenlum Erolates: Migratory Insertion,
Reductive Ellmination, B-Hydrogen Ellmination, and Cyclometallatlbn
Reactions
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Introduction

Until recently, the organometallic chemistry of late transition metal systems has focused on
metal-carbon and -hydrogen tonds. Many routes to formation of metal alky!, aryl, allyl, and hydride
complexes have been investigated, and reactions such as §-hydrogen elimination, reductive
elimination, and migratory insertion are well documented. The preparation and reactivity af
compounds containing late transition metal-oxygen bonds is less common. it has been proposed
that combining a hard ligand with soft late metal center may lead to weak late metal-heteroatom
linkages and result in reactive late metal-heteroatom bonds. !

Several research groups have been interested in transition metal enolate complexes from
the perspective of using the metal center as a potential site of asymmetry in the design of chiral
catalysts for aldoi reactions. Indeed, transition metal meciated aldol reactions have been
observed,? and some systems undergo catalytic aldol reactions.3 Transition metal-en;:)late
complexes aiso provide a unigue system for comparing the structure and reactivity of late metal- |
oxygen bonds to late metal-carbon bonds. Enolates have been shown to bind to metat centers in
an n'-mode through the oxygen atom? or methylane group,5 or in an n3-mode as an oxaally!.§
Tygically. early transition metal enolates exist in the O-bound torm, while late meta! enolates ara C-
tound. Oniy atew cases of late transition metal O-bound enolates are known.3: 4 &

During the course of our studies with the LsRu metal system (L=PAe3) we discovered the
propensily of enclate substituents to bind to the ruthenium center through the oxygen atom
rather than the memylene.7 Initial studies indicaled that this unusua! bonding mode gives rise o
unprecedented reactivity, and we decided to investigate the synthesis and reactivity of a series of
O-bound ruthenium enoclates. Wa provica here a general method tor the preparatior: of a series
of O-bound ruthenwum enolates and regort their rich reactivity which includes processes such as
recuctive elimination, 8-ghenyl migration, B-hydregen elimination, and cyclometailation to form

oxametallacycles. Studies of the siructure and reactivity of the resulting metallacycles is reported

in the next chapter.8
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Results.

Synthesis of O-bound Enclates. The general synthesis of the ruthenium snolate

complexes is shown in equation 1. Addition of the potassium enolates of a varlety of ketones and

L L
,,,,”| « KOC(=CRR)R" """Iu“'“R CR’, (
- "
v | e | Yo R
L - L
1 R=Ph 4a R=Ph, R=H, R=Me
2 R=Me - - "
3 RoH 5a R=Me, R=Me, R =H

Sb R=Me, R'=H, R"=H
5¢ R=Me, A'=H, R"=tert-Bu
6a R=H, R'=H, R"=Me

aldehydes at room lemperature to ruthenium hydrido, alkyl, and ary! halide complexes led in most
cases o the generation of O-bound anolates. Exceptions are the addition of the potassium
enolate of acetone and 4,4-dimethyl-2-pentanone (methyl neopentyl ketone) to
(PMea)4Ru(Me)(Cl) which provided equilibrium mixtures of both the O- and C-bound forms of

enolates 8 and 9 (equation 2). The potassium counterion was important for these substiution

L L L
Lo, | «Me koo@rgR Loy | oMecH, L., | Moo
/’Flu‘ —— /’ Ru * /’ Ru J\
R | Yo ~g | Y SR @

L L L H

2 8a R=Me 8b R=Me

9a R=CH,CMe; Sb R=CH;CMe,
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reactions. Addition of the lithium enolate of acetone to the ruthenium phenyi chioride (1) fed to.
no reaction, even in THF solvent or with the addition of the appropriate crown ether. The
potassium enolates were isolated as solids in the drybox, and they were stored for up to a week in

a -40 °C freezer.

The compounds (PMez)4Ru(Me)}{QC(CMez)Ms) (5a) and (PMe3)sRu(H}QC(CHa)Me) (6a)
were isclated in pure form and were characterized by microanalysis, as well as 1H, 31p(1H}, and
13C{1H} NMR and infrared spectroscopy. The orthemetallated enclate 7 was prepared by addition
of the potassium enolate of acetophenone to methy! chioride 2% as shown in Scheme 1 or by
addition of acetophenone 1o the benzyne complex (PMea)4Ru(n2-CgHy).10 This gnolate was
characterized by X-ray diffraction, as well 2s microanalysis, TH, 31P{"H}, and 13C{H} NMR and
infrared spectroscopy. The other Q-bound ruthenium enolates in this study were not'stab(e
enough at room temperature to iselate, and so these were characterized by solution NMR
spectroscopy. ‘

NMR spectroscopic data for the compounds prepared in thise study are included in Tables
6-8. The 'H NMR spectrum of all the O-bound enolates contained iwo inequivalent resonances
between 53.4 and 84.2 for the alefinic hydragens. In addition, the 13C{H) NMR spectra
contained CH3 resonances (confirmed by DEPT pulse sequence) between §73 and §34. The
STP{1H} spectra of the hycrido, alky!, and aryl Athenium enolates all displayed AgBC 31P{H} NMR
specira with Pg resonating downfield and Pg resonating upfield of Pa. The 31P(1Hj NMR
chemical shift of each ligand reflects the trans intlueace of the ligand located trans to it.'! For
example, the chemical shifts for the phosphines trans to alkoxide,'2 amide,% 17 halide, and
pseucohalides® 4 in this metal-ligand system lie substantially downfield from thosa of the
mutually trans phosphines, and the chemical shifts of the phosphines trans to hydride, 315
alkyi®-15 and ary!'5.18 substituents lie uplield of the mutually trans phasphines. Therefore
FIP(1H} NMR specimscapy is a useful indicator of the O- or C-bound form of these nuthenium

enolates.




276

Scheme 1
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The solid state structure of 7 confirmed the assignments of these O-bound enolates by solution
NMR spectroscopy, and it provides ihe first X-ray structural information on a Jate metal O-bound
enolate. Compound 7 crystallized in space group P1 bar with ne abnormally short intermolecular
contacts. An ORTEP drawing of the molecule is shown in Fijure 1; ¢rystal and data collection
parameters are included in Table 1 and intramolecular distances and angles are provided in Tables
2 and 3. The ruthenium atom in this complex is ¢eordinated in an approximately actahedral
tashion. The Ru-O distance is 2.120(1) A, similar to a Ru-Q disténce in a menomeric cresolate
complex (2.161(4) A)11 and in a monomeric phenyl hydroxide complex (2.145(4) A)12 of this
metal-ligand system. The Ru-C bond length (2.100(1) A} is similar to that observed in the
analagous orthometallated benzyl (2.118(3) A7 and benzyne complexes (2.072{2), 2.111(2)
A).9 The n'-ary! distance of (PMe3)4Ru(Ph)(OH) (2.159(5) A)12 is slightly longer than thase in the
metallacycles. The surface defined by the organic figand, P1 and P2 is planar to 20.06 A.
Detailed analysis of the ligand geometry, however, shows that there is a slight twist {3.0 (9)°) of the
C-C{O)CH3 group around the C2-C7 bond. The two axial Au-P bonds are the same length, but
the phasphine trans to the oxygen is significantly shorter than the other three Ru-P distances,
reflecting the usual trans influence series in these molecules and in others.'d

The idantity of the oxygen and CHz groups was based on the unequivogai location of the
two hydrogens on C3 in the difference Fourier map, and is cansistent with solution NMA data.
The bond distances C7-Q and C7-C8 indicate that some delacalization may be occurring.
Howevér, the distances in the phenyl group are mest likely due 1o systematic effects of thermal
matian, rather than 10 any peculiar electranic elfecis.

Synthesls of O- and C-Bound Enoiates in Equllibrlum. Two enolate complexes
were abtained as an equilibrium mixture of their O- and C-bound farms. The addition of the
potassium enalate of acetone to (PMes)qRu{Me}(Ch8 (2) in aromalic or ethereal solvents led to 8a
and 8b (Equation 2). These two compounds were always cserved in the same 3:1 ratio in CgDg
scivent at rcom temperature, suggesting that this is the equilibrium mixture. Indeed, the two

isomers were stown 1o rapicly intercanvert on the lakoratory time scale (vide infra.). Therefore,
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Figure 1 ORTEP gra»ng ¢f 7 The hydrogen dtams of the PMej ligands have been removed
for daray
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Tabte 1. Crystal and Data Collection Parameters.?

7 10
Temperature {°C) 25 -20
Empirical Formula RuPgOCagHe2 AuP4OC25H4g
Formuia Weight {amu)  523.5 559.7
Crystal Size (mm) 1).25x 0.28 x 0.30 0.25 x 0.30 x 0.50
Space Group P f2¢/n
aA) 9.3452(9) 8.918(2)
b A 9.7161(9) 37.441(9)
c(A 16.278{2) 9.204(9)
a(® §7.511(10) §0.0
B 117.000(8) 110.71(2)
7(°) 90.576 30.0
v (A3) 2301.5(6) 2505.7(26)
2z 2 4
deale (gem™) 1.34 1.43
Heaic {em™'} 8.4 74
Rellections Measured +h, 2k, | +h, +k, 21
Scan Width 48 =055+035tan8 A0 = 0.60 + 0.35tan@
Scan Speed (6, ¥m)  6.70 6.70
Sening Angles (260, °)° 26-30 22-26

a) Parameters common to all structures: Radiation: Mo Ka (A = 0.71073

}, except for 1¢ A = 0.70830 A. Monachromator: highly-oriented
graphite (20 = 12.2°). Detector: crystal scintillation counter, with PHA. 28
Range: 3->457, except for 1¢ 2->45°, Scan Type: 8-28. Background:
Measured over 0.25(A8) added to each end of the scan. Vertical
Aperture = 3.0 mm, Herizontal Agerture = 2.0 + 1.0 tané mm. Intensity
Standards: Measured every hour of x-ray expasure time. Orientation* ?
reflections ware checkad aftar every 200 measurements. Crystal
orientation was redetermined it any of the reflections were offset fron
their precicted positions by more than 0.1°, Reorientation was requir.
twice for 1b and 7a, and ance for 8. (b} Unit cell parameters and their
esd's were derived by a least-squares [it to the satting angles of the
Lnresolved Mo Ka components of 24 reflactions with the given 28 range.
in this and all subsequent tables the esd's of all parameters are given in
pan['e nthesas, right-justifisd to the least significant digit(s] of the reported
value.



Table 2. Imramoleaular distances for 7

ATONM 1

RU
RU
RU
RU
RU
RU

c?
c7
c2
c1
cl
c2
c3
[}
c5

Pl
Pl
Pl
F2
P2
P2
P3
P3
]
P4
P4
P4

ATOM 2

Pl
P2
P2
P4
o]

cl

(]
(]

c7
c2
cé
c3
cd
c5
c6

c3

clo0
Cl1l
[ ¥
€13
cl4
€15
Cl6
c1?
c18
cli9
caa

DISTANCE

2,275(1)
2.37%1(1)
2.35713)
2.35711)
2.120(1)
2.100(1)

1.351(2)
1.33142)
1.4781{2)
1.419(2)
1.400(2)
1.392(2)
1.376(3)
1.3881(3)
1.391(2)

1.843(2)
1.838(2)
1.839(2)
1.813{2}
1.838(2)
1.835(2)
1.820(2)
1.822¢(2)
l.81142}
1.829(2)
1.835(2)
1.823(2)
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Table 3. imramolecular Angles for 7

o 1 ATOM 2

Pl
Pl

RU
RY
RY

ATOH 2

P2
P3
Pd
Pl
P4
4

Cc12
€13
cl4d
c1l
€14
Cl4
Cl53
Cla
cl7
Clé
c17
cL7
cls
cl9
c20
cl9
co
c20

ANGLE

97.

97.

9d.

93,
93,
164.
174.
88.
83,
83,
95.
167,
84.
83,
78.

112,
130,
116.
116.
120.
116.
122.
120.
119.
120.
122.
123.
115.
120,

117.
118,
12a.
98.
94,
7.
111.
121.
123,
93,
99.
96,
112,
124,
118,
99.
9a.
98.
113,
1312,
117.
99.
100,
99,

17(1}
38(2}
T1{1}
81(2})
83(1}
T7 s
53(3)
05(3)
47(3
6402}
80(4)
03(4)
304}
0{4}
95(5)

8811}
91(12)
16(9)

20({14)
76 (16}
48(123)
76(1S)
93(17)
68(16)
2217}
19017
416}
39010
67(16)

901(7)
91(6)
26(71
37(9}
9310}
54(9)
1817)
93{8}
27}
38(12)
11{.1)
83{(11)
77181
T208)
47473
4213}
500141
44012}
104{6}
461(7)
65(6})
90(9}
29(9}
18(9)
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they wera characterized as 4 311 mixture by selution NMA and infrared spectroscopy, as well as
microanalysis, The O-bound isomer 8a displayed spectroscopic faatures analogous to those of'
the other O-bound enolates. Resonances for three phosphine methy! grsups in a ratio of 2:4:1
wera ohserved in the TH NMR spectrum, along with two alefinic hydrogens at 83.50 and 53.96
and an enolate methy! group at §2.06. A metal bound methy! group resonated at 50.40.

The C-beund isomer 8b exhibited three phasphine methyl groups in a 2;1:1 ratio and an
enolate methyl group at §2.00, aleng with a secund metal bound methyl group at 8-0.26, The
13G{H} NMR spectrum indicated the presance of a Ru-C bond in this compound. A CHp
resonance in the ¥3C{1H} NMR spectrum was observed at §22.83, clearly out of the range of
methyiene resonances for Q-bound enolates. In addition, the resonance appeared as a multiplet
which displayed coupling to saveral phaspharus atoms, indicating that this carbon atom is bound
1o the ruthenium center. The 3'P(TH} NMR spectrum was also consistent with a mixture af Q- and
C-bound enclates. In addition to the typical 31P[TH) NMR spectrum for the O-bound enolate
complexes, the 31P{'H} NMR spectrum of this mixture displayed an AgBC pattern in which both
Pg and Pg resonated signiticantly upfield of the phasphines located trans to O-bound enolates in
this system. The chemical shitt of these phosphines was closer to the region of PMeq ligands
trans to simple LyRu alkyls.

Aridition of the tert-butyl substituted analogue, KOC(CHz)CHaCMeg, to (PMea) sRu(Me)(Cl)
{2) also led to formation of a mixiure of O- and C;bound ruthenium enolates 9a and 8b. Two
necpenyy! groups wera abserved in the "H and *3C{'H} NMR spectra, as well as two metal-sound
methyl groups. The methylerie resenances of the Q-bound form were ubserved at 53.05 and
53.78 inthe TH NMR spectrum, and at §79.45 in the 13C{'H} NMR spectrum. The CHp portian of
the C-bound enolate resonated as a multiptet at £1.86 in the 'H NMR spectrum and as a doublet
of multiplets (Jpg=42.2 H2) in the 13C{1H} NMR spectrum. The two pattems in the 3'P{1H} NMR
spectrum were nearly identicaf to those of the acetone enolates 8a and 8b.

In orcer to demonstrate that the ratio of these iscmers resulted tram rapid equilibration, it

was necessary to obtain mixtures cantaining enhanced amounts of each isomer, and then show



that these both return to the equilibrium ratio. Te do this in a simple way, a solution of these
isomers was monitored by 'H and 31P{1H} NMR spectroscopy at different temperatures. At 5 9C
the observed ratio of 8a to 8B by TH NMR spectroscopy was 2.78, and at 60 °C it was 4.46. Both
of these mixtures retumed rapidly to a 3.50 ratio at 25 °C. At 5 °C equilibrium was established over
the course of 10 to 15 min; non-gquilibrium ratios were never chserved above 40 °C, indicating
that interconversion occurs r.apidly on the laboratory time scale at these temperatures.

A plot of InK versus 1/T for the equilibrium written in Schema 2 is displayed in Figure 2, and
indicates that AH {1.5+.2 kcal/mol) favors the C-bound form and AS (7.6+2.0) favors the O-bound
form. The values for both of these parameters are smalil but significantly different from zero. The
equilibrium ratios were reproducible to within 5-10%, and the slope of the InK versus 1/T plot for
the equilibrium indicated in Scheme 2 is clearly negative. Since the dominant form of {his complex
at room temperature is O-bound, the value of AS must be positive, although the absolute value is
small. We did not perform this experiment with the fert-buty! substituted analogue 2, but we
presume that the ratio of isomers observed with this compound at room temperature is also a
result of tacile equilibration.

A qualitative comparison of the rates of phosphine dissociation and approach 1o equilibrium
was performed by adding 4 equiv of PMes-dg to a sampie of the two isomers and monitoring the
solution at 0 °C by 3’P[‘H) NMR spectroscopy. Over the course of 5-10 minutes, complete
exchange of the frae, labelled phosphine and unlabeled, ¢oordinated phosphine was observed,
as determined by observing a 1:1 ratio of free PMe3-dg and free PMeg-dg. Thus, the rate of
phosphine dissociation is faster than the interconversion of 8a and 8b.

Synthesis of an nz-Enolate. A complex centaining an oxaaliyt (n3-bound enoiate)
ligand is a possible intermediate in this exchange process. We setout to isol te an n3-enolate
bound to the LyRu(R) metal center by using a large enciate substituent which would favor
disscciation of phosphune. indeed, addition of the potassium enolate of 3,3,5,5-
tetramethylcyclohaxanone to the phenyl chioride 1 led to formation of a 1:1.4 ratio of a compound

containing 4 phosphines to which we assign the simple O-tound structure shown in Scheme 3,
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1.6+ AH=1.52 £ 0.15 kcal/mo! .
AS=7.57 + 1.58.u.

In Keq

0.9 T T T T T
0.0030 0.0031 ©0.0032 0.0033 0.0034 0.0035 0.0036

uT

Figure 2. glol: of InK vs. 1/T 1o obtain thermadynamic parameters for the equilibium shown in
cheme 2,
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and a compaund 10, containing 3 phosphines. The 31P{1H} NMA spectrum of the LyAu complex
was consistent with those of the other n1-Q-tound enolate complexas. Ramoval of toluene

solvent under vacuum at 65 °C led ta complete conversion to 10. This material possesses two

mutually trans phosphines and one resonating in the region characteristic of phosphines located -

trans ta other oxygen-containing substituents. However, several spectroscopic characteristics
were inconsistent with an na-binding made. First, only two enolate methyl groups and two
methylenes were observed in the 1H NMA spectrum, indicating that the two sides of the six
membered ring are chemically equivalent. Either interconversion between binding to the two
sides of the 73-bound enolate occurs rapidly an the NMR time scale, or the ligand is bound in a
more symmetrical fashion. Second, the CH group of the enclate was observed at §-1.25 in the 'H
NMR spectrum, far from the chemical shitt region usual for vinylic hydrogens. Howeve.r, the
13¢{tH) NMA chemical shift of the methine carbon was §76.97, similar to the vinylic resonances of
the other ennlates reparted abeove. .

A single crystal suitable for an X-ray difraction study was obtained by slow evaperation aof a
pentane solution of 10. The structure was solved by standard Patterson and least squares
Techniques. An OATEP drawing of the molecule is shown in Figure 3. Crystal and data ¢ollection
parameters are included in Table 1; intramolecular distances and angles are provided in Tables 4
and 5. Censistent with the solution NMR data, the enolate is bound symmetrically, and an
apparent agostic interaction exists detween the metal center and the vinylic C-H bond. The
hydrogen atom was not located or refined. Its assumed position is based on idealized sp?
geometry, but the existence of an agostic interaction is consistent with the 'H and 13C{'H} NMR
chemical shifts, indicating that this nz-binding mode exists in solution as well as in the solid state.
The overall geometry is pseudooctahedral with the agostic C-H bond occupying one coordination
site. As deduced from the 31P{"H} NMR spectrum, two phosphines are bound trans to each other
and the other is located trans to the oxygen atom of the enclate. The ring is distorted from
planarity, as is expected for a six membered ring system; rapid inversion accounts for the

equivalence of C23 and C24 as well as C25 and C26 in the TH and 13¢({'H} NMR spectrum. The
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Table 4. Inframolecular distances for 10

ATOM 1

RU
RU
RU
RU
RU

RU ...
RU ...
RU ...

ol

c1?
€17
c1isg
cils
cl9
c19
c20
€21
c21
c21

Cl1
cl1
c12
€13
Cl4
C15

Pl
Pl
Pl
P2
P2
P2
P3
]
P3

ATOM 2

Pl
B2
P3
ol
cll1

C17
cis
Hig

€17
c1is
c22
c19
c20
€23
c24
c21
c22
c25
c26

€12
Cle
C13
Cl4
€15
clé

cl
c2
C3
c4
c5
(<1
c7
Cs
c9

DISTANCE

2.349{1)
2.332(1)
2.251(1)
2.127(3)
2.030(8)

2.7761(4)
2.766(4)
2.14

1.314(4)
1.352(5)
1.526(%)
1.534(5)
1.562(6)
1.553(s)
1.549(6)
%.550(6)
1.556(6)
1.560(6)
1.539(6)

1.415(6)
1.423(6)
1.408(6)
1.364(6)
1.423(6)
1.403(6)

1.855(5)
1.862(5)
1.844(5)
1.849(5)
1.824(5)
1.834(4)
1.856(4})
1.855(4)
1.8481(4)
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ATOX 1 ATOM 2 ATOM 2

Pl
Pl
Pl
Pl
P2
F2
P2
Pl
P3
ol

€17

RU

RU

12
crl
€12
[SE)
14
cil

RU
RU
RrU
RU
RU
RU
RU
RO
RU
RU

o1.
<17
<11
€17
cl8
€19
€19
19
(8]
€19
€139
€20
el
c21
c21
(3}
(3}
c2l
cz2

cll
€11
Cit
c12
€13
14
c15
clé

P2
Bl
o1
Cl1
b ]
o1
<11
01
€1t
(8}

c1?
c18
c22
22
Cl9
c20
€
c24
€2}
€2
€24
c21
€22
€25
€26
€25
(1
€26
ca1

€12
cié
C16
€13
Cl4
c15
€16
c1s

Tabie 5. Intramelecular Angles lor 10

ANGLE

170,664}
93,0704}
26.59(1)
82.47(11)
95.5444)
45.77{0
26.71(11)

167,78(7)
92.27(11)
93.93(13}

105,08122)
133.144)
114.603}
122.3{4)
125.5(4)
104.6(3)
110.643)
110.5(3)
106.443)
212,140
107.4{4)
116.2(3)
108.3(3)
108.8(3)
113,50
108.5(3}
109.8(3)
107.8{))
112.0{)})

123.0(3}
116.0())
il6.0(4)
122.1{4)
121108
118.9(4)
120.7{4)
121.344)

ATOK 1 ATOM 2 ATOM 3

U
RU
R0
€l
cL
c2
U
) 1]
N

51
"
”n
n
Pl
rn
| 7]
P2
rn
P2
rn
r2
P3
3]
r3
P
P3
B3

ANGLE

113.55{15}
119.70(15}
117.46(15)

100.41(21)-

100.21¢20)
101.95(213
117.65(15)
111.68115)
12052024}
101.43(21)
102.49(20}
100.05(20)
123.97(15)
109.74(14)
122.23(15)

93.04(20)

97.80(20)
100.99{20}
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Au-O distance (2.127(3) A) is similar to the Ru-O distance {2.120(1) A) in the orthometallated

enolate 7. The Ru-C17 and Ru-C18 distances of 2.776(4) and 2.768(4) indicate that the olefinic °

portion of the enalate is not directly bonded to the metal center. Consistent with an
uncoordinated C-C double bond, the C17-C18 distance is not unusually long (1.352(5) A), and is
similar to the uncoordinated C-C double bond distance of 1.351(2) Ain 7.

Synthasis of Metallacycles. The addition of the potassium enolate of acetone to
phenyl chicride (1} at room temperature led to lormation of the oxametaliacylobutane compiex?3
(PMe3)4RU({OC{Me){Ph)CH2) (113}, as determined by TH, 13C[TH) and 31P{'H} NMR

spectroscopy at 40 °C (equation 3). The rvom temperature TH NMR specirum of this material
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displayed broad resonances and the room femperature 21P{1H) NMR spectrum contained no
observable re:sénances. We presume that rapid, reversile dissociation of phosphine is
responsible for the speciroscopic changes between reom temperature and -48 °C. Removal of
solvent led to decamposition of the cuthenium complex, thus preventing isalation of this material

in pure form.
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However, an isolable analogue of 11a was obtained by the addition of 2 equivalents of
DMPE (1,2-bis-dimethylphosphinvethane) to a benzene solution of 11a, and confirms the
structurail assignment of the PMeg complex. This simple ligand substitution product
(OMPE)2RuU{OC(Me){Ph)CHg) (11b), was isolated after reacting for 2 h at room temperature

(equation 4). The chelating phosphine prevented the problem of phosphine dissociation

DMPE
U (4
L -
l Me AT, 4h Me,P I Me
L PMe,
11a 11b

experenced when attempling to isolate metaliacycle 11a. Therelore, it was possible to obtain
pure samples of 11b, and this complex was characterized by solution NMR spectroscnpy. solid
slate infrared spectroscopy, and microanalysis. The material was obtained as a white, air sensitive
solig which was crystalline, but tended to form thin plates, precluding an X-ray diftraction study.
The compound was stored indefinitely at ropm temperalure in the drybox without decompaosition.
The "H and 13C{TH} NMR spectra of 2 showed eight DMPM methy! groups, and the 31P{TH} NMR
spectrum displayed an ABCD pattesn. The connectivity of the metallacycle portion of the
molecule was clear from 'H NMR and 13C{*H} NMR spectroscopy, with 13C{1H} NMR assignments
pased on specira obtained with a DEPT puise sequence. The methyd group was identified by a
singlet resonance at §1.22 in the TH NMR spectrum and one at 541.79 in the 13C({"H} NMA
spectrum. The appropriate resonances lor a static, terminal aryl group were chserved in the H
and '3C{'H) NMR spectrum, and the singlet resonance for the ipso casbon indicated that it was no

longer bound Io the metai center. instead, the CHz group was bound to ruthenium, as indicated



by the multiplet resonance at 50.62 in the TH NMR spectrum and the doublet of muttiplets (J=44.7
Hz) at §1.50 in the 13C{H} NMR spectrum.

The metallacycle portion of 11a showed features in the 1H and 31P{1H} NMR spectrum
similar to those of 11b. Data for these resonances in 11a are included in Tables & and 7, with the
exceplion of the expected 15 line metai-bound CHz resonance, which could not be clearly
distinguished from phosphine methyl and impurity resonances in the H NMR spectrum. The
phosphine methyi resonances could not be unambiguously distinguished from those of
impuitties; coupling of these methyi groups to four different phosphorus atoms reduced the peak
heights. However, the presence a metal-bound CHa group was clear from a 13C{1H} NMR
spectrum obtained with a DEPT pulse sequence, and the presence of four phosphine ligands
was clear from the ABCD pattern in the 31P{1H} NMR spectrum. A large trans coupling canstant of
363 Hz was obtained from 4 computer simulation of the spet:trurﬂ.18 The inequivalence of the two
trans phosphinas is consistent with tha phenyi and methy! group bound 2o the B-position, one on
each side of the metalfacycle.

A likely intermediate in the conversion of 1 to oxametallacycle 11 is the product of simple
substitution 4a, and we were able to directly obsarve 4a spectroscapically. Compound 4a wasv
generated by addition of the potassium enolate of acetone to the phenyl chloride complex in
THF-dg solvent at room temperature for <1 min. TH NMR spectroscopic analysis at -40 °C
displayed olefinic resanances characteristic of an O-bound enolate, as we'l as a static, terminal ary!
group. The 31P{TH} NMR spectrum displayed an AgBC pattern with chemicai shifts similar to those
of the other enciate complexes described in the synthesis section. Allowing this solution to warm
to 20 °C resuited in the conversion of 4a to 11 in a yield similar to those resulting from simplé
room temperature addition of the potassium enolate of acetone to 1 in arene solvents.

A study was pertormed 1o determine the rale phosphine dissaciation plays during this
rearrangement. A solution of the phenyl enclate complex 4a was generated by the above
procedure and was divided into two NMR tubes. The samples were frozen in liquid nitrogen and

to one of them was added 5 equivalents of timethylphosphine {0.12 M). The rate of formation of
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metallacycle 8 was measured at 20 °C for the sample containing no added phosphine, by
monitoring the disappearance of starling material resonances in the 'H NMR spectrum. A linear
first order plot for this reaction was obtained over greater than three half-lives and provided a rate
constant of 4.55 x 104 sec*}. Thus, the halt-life of this reaction was on the order of 25 min. In
contrast, the haif-life of the sample containing four equivalents of added phosphine was on the
order of 9 h, though a piecise rate constant was not obtained for this sample. The rate of this
pheny! migration step is, therefore, strongly dependent on the concentration of free PMe3.

The room temperature addition of two equivalents of the potassium enolate of 4,4-dimethyl-
2-pentanone to (PMes)sRu(OACHC!) (12)?2 led to formation of the oxametallacyclobutane
(PMe3)4aRu(OC{aCHCMe3)CHp) (13) in 34% isolated yield, as shown in Scheme 4. This
compound was characterized by microanalysis, solution NMR and solid state infrared .
spectroscopy. The TH NMR speétmm displayed a multiplet CHz resanance at §1.36 and a vinylic
C-H resonance at 53.75. Similarly the 13C{H} NMR spectrum contained a doublet of triplet of
doublets CHg rescnance at 5-1.57, and a vinylic C-H resonance at §102.64. The 3'P{1H} NMR
spectrum consisted of an A2BC pattern with one phosphing resonating upfieid and one
downtfield of the mutually trans phosphines, consistent with one Ru-O and one Ru-C linkage.
Results from an X-ray difiraction study on this compound are reported in a companion paper which
covers structure and reactivity of the ruthenacycles.d

Addition of two equivalents of the potassium enolate of acetone to (PMes)aRu(OAc)(Cl)
(12) fed to formation of (PMes)aRu(n2-(CH2)2CQ) (14) and (PMea)3Ru(n4-(CHz)2CO; (18] in
roughly equal Quantities and in 35-55% total yield by 'H NMR spectroscopy (Scheme 4).7% The
n? complex 15 was isolated in 45-50% yield by sublimation, but we were not able to obtain
synthetically useful quantities of 14 due to rapid phosphine dissociation. These two compounds
were lormed in similar yields by warming a benzene solution of the equilibrium mixture of O- and C-
bound enolates 8a and 8b to 65 °C for 6 h. The methane byproduct was formed in 95% yield as

determined by Toepler pump techniques.
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Clean samples cf metalfacycle 14 were generated in solution for NMR speciroscopic
characterization by the addiion of excess PMe3 1o a solution containing purified tris phosphine
complex 15. At 10 °C in toluene solution, compound 14 cisplayed an AgBp 31P(TH} NMR
spectrum. The TH NMR spectrum is simple, and cantains only one pseudo-triplet CHa resonance
in addition to the two phosphine methyl resonances. The symmetry required for these two
spectra indicates that the ring is planar or is inverting rapidly on the NMR time scale at this
temperature. The 13C{"H} NMR spectrum containsd a doublet of quartets fer the metal bound
CHz and a doublet for the uncocrdinated carbony! ﬁmup. This structural assignment was
confirmed by an X-ray diffraction study on a single crystal obtained by removing the reaction
solvent at low temperature and cooling a pentane solution to 40 °C. A detailed description of the
crystal structure of this metallacycle is provided in the following paper. .

Warming a solution of [PMezs)gRu(Me)(OC(CH)CMeg) {5¢) to 65 °C for 8 h led lc.fonnaticn
of the oxametallacyclobutenie (PMes)4Ru(OC{CMe3)CH) (16} in 39% isolated yield, as displayed

in Equation §. Evidence for metallation was obtained from the doublet of triplet of doublets C-H
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resonance in the 13C{*H} NMA spectrum (confirmed by DEPT pulse sequence) at §90.86, as well
as the doublet ot doublet C-H resonance at 55.00. ir: addiion, a methane resonance was
cbserved by TH NMR speciroscopy when the thermalysis was performed in a sealed NMR {ube.
These splitting patterns, resulting from coupling o the phesphine tigands, ndicate that the CH

group is bound tu the Metal center. The 3'P{1H} NMA spectrum displayed an A2BC pattern with
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one phosphine resonating upfiek! and one downfield of the mutually trans phosphine, indicating

that one phosphine is located trans to a Ru-O linkage, and one trans to a Ru-C linkage.
Reductive Elimination Reactlons. Thermalysis of the hydrido enolate complex 6a
led to no reaction up to 85 °C. At 110 *C, decomposition of 6a cccurred to form dihydride
(PMes)4Ru(H)2 in low yield, and no fc-mation of acetone was observed. However, addition of 2
atm of CO followed by heating to 85 °C for 8 h led lo formation of acetone in 73% yield by THNMR

spectroscopy and (PMea)zRu(CQ)3 in 62% yield, as shawn in equation 6.
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B-Hydrogen Eliminatlon Reactlons. Addition of the potassium enolate of
acetaldehyde to the phenyl chloride complex 1 (Scheme 5) led to formation of twe isomeric
complexes 17 and 18, each containing three phosphines. Warming these two compounds to 45
*C for 4 h led to complete conversion to the major isomer, containing the CO ‘ocated trans to the
futhenium-bound methyl, (PMe3)3(CO}Ru(Me)(Ph) (17) in 95% overall yield by TH NMR
spectroscopy and 23% isolated yield. This compound was characterized by microanalysis, 'H,
13¢{1H), and 31P(H} NMR and infrared spectroscopy. Samples of compound 17 were prepared
independently by the addition of one equivalent of CO to a CgDg solution of (PMes)4Ru(Me)(Ph)
at 65 °C, and the TH and 3'P{TH} NMR spectra were identical to those of the isolated material.

The CQ ligand of 17 was identitied by a quaret resorance in the 13C{'H} NMR spectrum at

5200.56 and an intrared band at 1898 cm!. A quartet methyl resanance in the YH NMR spectrum
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at 50.33 and a quartet methyl resonance in the 13C{TH} NMR speztrum (contirmed by DEPT pulse
sequence) at 5-6.55 indicated the presence of a ruthenium bound methyl group. Resonances for
a terminal aryl group wera aiso observed, although all five C-H resonances were inequivalent,
indicating that rotation of the phenyl group was slow on the TH and 3C{H} NMR time scales. The
geometry of the molecule was evident from the jpso carbon resonance (a doublet of triplets
panern, with a large Jpg of 73 Hz). and the AzB 31P{'H} NMR spectrum. The large coupling in the
ipso carbon resonanca indicates that it is located trans 10 a phosphine, and the 3'P{*H} NMR
spectrum indicates the presence of two aquivalent phosphines. Thus, the phosphines must be
located trans to each other and the CO ligand must be bound trans to the methyl group,
consistent with the pseudoquartet splitting pattern for the resonances corresponding to this
substituent.

Warming (65 °C, 1h) a solution of (PMe3}sRu(Me)(QC{CH2)H) (5b), generated fram methyi
chloride 2 and tha potassium enolate of acetaldehyde, led to an 80:14 ratio of methyl hydride
(PMea)sRu(Me)(H) (17) and the CQ substituted dimethyl complex {(PMeg)a{CO)Ru(Me)}2 (20), as
shown in Scheme 6. The icial yield of these two compounds was 94% by YH NMR spectroscopy.
The me_t"ﬁyl hydride complex 19 has been previously pre;:area:!.g and was also generated in our

. laboratory from the g'ddilio!p of C3HyMgBr to the methy! chloride complex. The CO substituted
dimethyl complex 2o\was identitied by 'H and 3'P{1H) NMR spectroscopy as well as independent
synthesis. Two metal bound methy! groups were observed at 5-0.62 dnd §-0.38 in the 'H NMR
spectrum. An AgB pattern in the 3'P(*H} NMR spectrum with chemical shifts simitar to those of the
CO substituted phenyl methy! compound 18 indicated the presence of two mutually trans
phosphines and one phosphine located trans to a methyl group. This compound was also
generated by the addition of one equivalent of CO to the dimethyl complex (PMea)sRu(Me)2.
followed by heating to 45°Ctor2 d.

The stoichiometry of this reaction raised the possibility that ketene CHaCO might have been
formed as a byproduct of B-hydrogen elimination in b. To test this hypothesis we generated a

CgDg solution of the methy! enclate complex §b, in the presence of 20 equivalents (0.66M) tert-
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butanol as a ketene trap.19 This hindered alcohol did net react with the starting ruthenium enolate
at room temperature and did not significantly affect the total yield or ratio of the two thermolysis
products. However, the formation of tert-butylacetate was observed in similar yields {10-15%} for
repeated experiments. Increasing the concentration of starting materiai to 0.1 M and fert-butanol
to 2.1 M {20 equiv) with the hope of achieving a higher trapping rate, led to low yields of the
organometallic product, perhaps cue 1o reaction of the fert-butanol with the starting ruthenium
enolate. The reaction was also run in the presence of cyclopentadiene as a ketene trap, but this
reagent led to decomposition of methyl enofate Sb and formation of Cp-futhenium compounds.

Discusslon.

Bonding mode. The usual binding mode for late transition metal enolate comnpiexes is
the !, C-tound form A shown in Figure 4.5 Recently, an extensive report of the synthesis and
catalytic reactivity of rhodium 0-bound enolates (B in Figura 4) was reported from our laboratory.3
Two oiher late transition metal O-bound anolates have been reported, aithough the only
spectroscopic data provided for these materials was a TH NMR spectrum in one case and an
infrared spectrum in the other.4i: X Examples of isolated n3-bound enolates are rare.5 but they
have often been invoked as intermediates.2?

Qur results indicate that the frea energy difference between the O- and C-bound forms is
small for this ruthenium system. The observation of an equilibrium mixture of O- and C-bound
enolates and the thermodynamic pararmeters obtained by variable temperature NMR
spectroscopic studies provided values for AH and AS which were close to zero. The taster rate of
phosphine dissociation, as compared to tha rate of interconversion, shows that exchange by way
of an n3-oxallyl intermediate is possible, as shown in Scheme 2. If this Is the case, the low barrier
to interconversion suggests that even the n3-form is kinetically accessible fram both of the 11«
forms, and therefore is within 25 or 30 kcal of the ground state structures.

The n2-binding made of the enolate of 3,3.5,5-tetramethylcyclohexanone, which
incorporates an agostic metalvinyl hydrogen interaction, reveals a novel form of transition metal-

enolate binding. Once again, a mixture af two forms (n' and §2; 1:1.4) were observed in the
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Figure 4. Documented bonding modes for transition metal enolates.
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crude reaction mixture. The n2-enolate results from (presumably reversible) dissociation of
phosphine from the n'-complex, and indicates that the difterence in free energy between the two
forms is smail. We attribute the unusual qz-binding maode to the steric bulk of the enolate
substituent. We betieve that steric interaction with the phosphines causes ligand dissociation,
but also pravents na-coordination. which woutld bring the methyi groups on the ring prohibitively
close to the phosphine methyi greups. .

Pheny| Migration. Thrée possible mechanisms {or the formation of
oxametallacylobutane 11a from phenyi enolate 4a are shown in Scheme 7. Path a involves
migration of the phenyl group directly to the central carbon of the O-bound enolate 4a. Similarly,
path ¢ involves migration within an LgAu complex, but to the central carbon of the C-pound
enolate 4b. Since the methyl (acetone} enolate complexes 8a and 8b rapidly interconvert on
the laboratory timescale the C-bound phenyi (acetons) enolate 4b may also be present although
its concentration may be too small to detect. Path b proposes that 11a is formed from 22 in an
irrgversible step in which the phenyl group migrates to the central carbon of the n3-bound
enolate.

The rate expressions for pathways a and ¢ are both first order in ruthenium complex and do
not involve the concentration of free phosphine. Pathway a involves migration of the phenyl
group directly to the O-bound isomer 4a, and would display simple first orde- kinetic behavior.
Reaction by pathway ¢ requires either no phosphine dissociation (if 4a and 4b interconvert
directly) or both phosphine dissogiation and recaordination before the rate determining step,
either of which resuits in a rate expression which does not invelve igand concentration. The rate
of reaction by pathway ¢ would be dependent on phosphine concentration i the formation of
21b from 22 is irreversible. “owever, irreversibie conversion of 21a to 21b seems uniikely
since phosphine dissociation with methyl(acetone)enolate cornpounds 8a and b occurs faster
than intercenversion, and equilibration of these two O- and C-tbound isomers is cor.'plete after 15
min, much laster than the 2 h necessary for conversion of enolate 4a to metallacycle 11. We

therefore surmise that pathway b

303



Scheme 7

ol
LBRU\

L, | “_,o_/
= I,IRU\ \
st | e
Pathb, ¢ L
4a \Path a
\\"'o Me L .
—— LgHu ><
rent Yewy Ph L 7
L 0
-L L | \\“,.__<
- R

L

304



involves both dissociation and reassociation of phosphine before the rate determining step, and
as a result phosphine terms in the rate expression cancel each other out. However, pathway b
invoives only dissoaciation of phosphine before the rate determining step, and the rate
expression for this pathway includes an inversa dependence of rate on phosphina concentration.

Qur observation of a marked inverse dependence of rate on phosphine concentration is
inconsistent with pathways a and c, in which the rate determining step involves complexes
containing four phosphines. Instead, our results are consistent with a rate determining step which
involves a species resulting from phosphine dissociation. 1t is possible that phenyl migration
occurs in coordinatively unsaturated intermediates 21a or 21b containing n1-bound enolates,
but we favor migration to the n3-enolate of intermediate 22 for two reasons. First, it seems
unlikely that migration to an n'-enclate would require predissociation of phosphine. Seco;\d. the
overall transformation of 4a to 11a can be viewad as an insertion of a tethered alefin into the
ruthenium-phenyl bond, and many previous studies have demonstrated that olefin insertions into
late metal-alkyl bonds typically proceed by coordination of the olefin followed by migration of the
alkyl group.2!  Coardination of the olefin of the gnotate in intermediate 21a before insertion
forms oxaallyl 22.

Metallatlon Reactions. When the group located cis to the enolate is a methyl group
rather than a phenyl ring, a variety of cyclometaliation reactions occur t¢ produce oxametailacycles
and methane. Metallation of aryl groups is a comman process,22 and metallation of aliyl groups by
yeliminalion has been observed with this system and several related ones.?3 Studies with this®
and other late metal systems2'2 are consistent with cyclometallation reactions which proceed by
way of phosphine dissociation, tollowed by intramolecular C-H oxidative addition.

Theretore, the type of metallacycle formed by cyclometaliation of these ruthenium enolates
reflects the selectivity observed in other C-H oxidative addition processes. Formation of
metallacycle 14 from the equiliorium mixture of 8a and 8b (Scheme 4) shows that either the allylic
C-H bond of the O-bound enolate Ba or the C-H bond a to the carbonyl in the C-bound form 8b is

tavored over addition of the vinylic C-H bond of 8a. Similary, the {ormatian of 7 (Scheme 1) from
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the methy! enolate intermediate (PMez3)4Ru{Me}(QC(CH2)Ph) (§d) demonstrates that addition of
the aryl C-H bond to form a 5-membered ring is favored over addition of the vinylic C-H bond to
form a 4-membered ring. In contrast to these results, the vinylic C-H bond in complex Sc reacts
preterentially over the sp3 C-H bond of the fert-buty! group (Equaticn 4). This selectivity forms a
4.membered ring over the 5-membered ring which would result from addition of the sp? C-H
bond, and it parallels previous results2¢ which have demonstrated the greater reactivity of vinylic
C-H bonds over alkyi C-H bonds in oxidative addition reactions.

Reductive Ellmination Reactlons, C-H reductive eliminations are common in alkyl
hydride complexes, 25 including an octahedral d€ rhodium complex containing a C-bound
enolate and a hydride ligand.28 Moreover, we have previously shown that reductive elimination of
toluene from the benzy! hydride camplex (PMea)4Ru(H)(CH2Ph) occurs cleanly at 85°C.14
Therefore, it is interesting to note that C-H reductive elimination from 6a preceded by conversion
of the O-bound enolate to its C-bound {orm does not occur at temperatures lower than those
which lead to other decomposition pathways.

Direct observation of H-X reductive eliminations (X= N, O) are rare,27 but when observed
they have occurred upon addition of an external ligand. CQ-induced H-X reductive elimination
reactions, similar to that observed with the O-bound enclate 6a, have been observed to occur
from LyRu(hydrido)aryloxide and -arylamide complexes.28 However, in none of these cases
does irreversible etimination occur directly from the tetrakisphosphine complex. Reductive
elimination reactions are often favored when electron density at the metal center is reduced, and
so perhaps this is why elimination of acetone from 6a occurs only aftar initial substitution of the
poor o-donating and strong x-accepting CQ for a phosphine ligand.

f-Hydrogen Elimination. Our results with the aldehyde enolates provide evidence that
B-hydrogen elimination processes occur with these enolate compounds, in contrast to the
aldehyde enclates of tanium.#d Warming a solution of the methyl enolate 5b yielded
predominantly methyl hydride 19 {Scheme 8). Simple B-hydrogen elimination wou'd form the

intermediale 23 with a coordinated ketene, and dissociation of ketene followed L+ <;00rdination
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of phosphine would form the final product 19, as shown in Scheme 8. Although we have not
obtained extensive evidence for the formation of free ketene during these reactions, our
observation of the trapping product tert-butylacetate in 10-15% yield when running the
thermolysis of §b in the presence of tert-butanol provide some aevidence that either free or
coordinated ketene is formed during the course of the reaction.

. The CQ-substituted dimethyl complex 20 was formed in lower yields by this thermolysis
than was methyl hydride complex 20. However, the analogous CO-substututed methy! phenyt
complex 17 was formed in nearly quantitative yield from the addition of the potassium enolate of
acetaldehyde to phenyl chioride 1. A similar cleavage of the enolate of acetaldehyde was
observed with cobalt to form a CO and methylene bridged dimer.29 A probable mechanism for
formation of 17 is shown in Scheme 9, and we attribute the formation of 20 to an analogous
pathway. Although the phenyl enoclate complex 4¢ was not observed, the generality of the
enolate substitution reactions provides convincing evidence that this compound is the initiat
intermediate. As proposed for meihyl enolate Sb, we suggest that B-hydrogen elimination forms
phenyl hydride 24, containing a coorcinated ketene. Insertion of the ketene C=C bond into the
metal hydride bond larms acyt complex 22, and deinsertian of the acyl carbonyl! farms
compounds 17 and 18.

B-hydrogen elimination reactions from alkyl and alkoxide complexes are common reaction
pathways.20 but elimination of an sp2-hybridized f-hydrogen is rare. Relevart examplzs include
the deinsertion of CO2 from formate complexes.3! Mechanistic studies of this B-elimination from
alkyl groups has demonstrated the importance of an open caordination site on the metal.27 In
addition, the mechanistic information available on the formation of hydrides trom formate
complexes has pointed to a mechanism which invelves coordination of the deinserted CO2 to an
open coordinatian site.28 Therefare, we propose mechanisms for the enolate B-hydrogen
elimination reactions which invoive a coordinated ketene that results from initial phosphine

dissociation.
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Table 6. YH NMR spectroscopic data.!
picdata,

310

Compound S(ppm) _ muhd J(Hz) int assignmentO
cis-(PMe3)Ru(Ph)(Cl)¢.9 1.13 d 7.0 9 cis-PMes
{cis-1) 1.14 t 3.0 18 trans-PMe3
1.25 d 5.6 9 cis-PMe3
7.04 m Aromatic!
7.58 m Aromatic!
trans-(PMeg)4Ru(Ph)(Cl) ¢d 1.33 brs 36 PMes
(trans-1) 7.04 m Aromaticl
7.58 m Aromatic!
(PMes)sRu(Me}(OC(CMep)H)d  0.20 m 3 Ru-Me
(5a) 0.87 d 7.2 9 cis-PMes
1.14 1 2.8 18 trans-PMes
1.17 d 5.6 9 cis-PMe;
2.12 s 3 OC(CMeaMep)H
2.15 s 3 0OC;ZaieaMeg)H
6.73 brs 1 OC{CMez)H
(PMes)sRu(Me){OC(CH2)H)d 0.16 m 3 Ru-Me
(5b) 0.84 d 7.3 9 cis-PMeg
1.12 d 5.7 9 cis-PMeg
1.15 t 2.7 18 trans-PMes
3.90 m 1 QC(CHaHp)H
4.25 dd 132,20 1 QOC(CHaHpH
7.25 dd 146,48 1 OC(CHx)H
{PMe3)sRu- -0.1§ m 3 Ru-Me
(Me}{OC(CH2)CMeq)9 0.98 s 9 OC(CHz)CMe3
(5c) 1.23 d 7.3 9 cis-PMeg
1.39 1 2.7 18 trans-PMes
1.45 d 5.6 9 cis-PMe3
3.41 d 1.2 1 OC(CHaHp)CMe3
3.58 brs 1 OC(CHaHp)CMeq
(PMes)sRu(H)(QC(CHz)Me)d  -7.74 dq 104, 174 1 Ru-H
{6a) 1.01 d 7.3 9 cis-PMeg
1.13 d g5 9 cis-PMeg
1.37 t 29 18 trans-P*e3
2.07 s 3 OC(CHg)Me
3.9t d 2.9 1 OC(CHaHp)Me
4.16 d 2.9 1 OC(CHgHu)Me
(PMe3}sRu(OC{CH_2)CgH4)9 1.02 t 6 18 trans-PMes
{7} 1.42 d 6.9 9 ¢is-PMes
1.45 d 6.0 9 cis-PMes
3.39 d 1.2 1 OC({CHaHp)CeHa
3.85 brs 1 OC(CHzHR)CgH4
6.61 1q 73,10 1 OC(CH2)Caus
6.63 1 7.1 1 OC(CH)CgH.:
7.11 dt 76,16 1 OC(CHa)CsH
7.46 m 1 OC{CHa)CgH.




Table 6. {cont'd)

(PMes)4Ru(Me)(OC(CHp)Me)d
(8a)

{PMea)4Ru(Me}{CHaC(0)Me)d
{8b)

(PMes)sRu-
(Me}{OC(CH2)CHzCMeg)
and
{PMegz)sRu- .
(Me)(CH2C{O)CHaCMeg)d:h
(9a and 9u)

(PMe3)3Ru{Ph}-
(O{CCHCMeaCHaCMeaCHa))!
(10}

{PMe3)4Ru-
(OC{Mej{PhyCH2) (119

0.40
0.86
1.18
1.27
2.06
3.50
3.96

-0.26
0.95
.96
1.25
2.00

not abs.

-0.33
+0.15
a.88
0.97
0.98
1.29
1.96
2.08
2.15
3.05
3.78

~1.29
0.99
1.12
1.28
1.46
1.48
1.79
6.56
6.76
7.65

1.60
7.06
7.15
7.30
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Ru-Me
ris-PMes
cis-PMea

trans-PMes

OC(CHz)Me
OC(CHaHp)Me
OC(CHzHp)Me

Ru-Me
cis-PMe3
cis-PMes

trans-PMes
CH2C{O)Mé
CHaC{OMe

Ru-Me
Ru-Me
cis-PMeak
cis-PMegk
cis-PMegk
tert-8u, trans and cis -PMes®
CH2C(O)CHzCMe3
CHaC{0)CHACMey
OC(CH2)CHaCMes
CHaC(O)CHaHRCMea
CHC(O)CHaHLCMes

{O{CCHCMeaCHaCMeaCHR})
cis-PMea
trans-PMeg
{O(CCHCMezCH2CMezCHy))
{O{CCHCMesCHaCMeCH2))
{O{CCHCMeoCH2CMe2CH3))
(O{CCHCMepCHaCMeCHa))
Aromatic
Aromatic
Aromatic

(OC(Me)(Ph)CHz)
{OC{Me)(EhICH3)
(OC(Me)(En)CH)
(OC{Me} ECHy)
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Table €. {cont'd)

(DMPE)zRU{OC(Me)(Ph)CH2)  0.29 d 5.8 3 MesPCHCH2PMeR
(11b)! 1.19 d 6.4 3
1.26 d 7.9 3
1.47 d 5.2 3
1.50 d 7.1 3
1.59 dd 6.9, 2.1 3
1.70 d 6.8 3
1.79 dd 6.7, 2.0 3
1.22 s 3 (OC{Mg)(Ph)CHy)
0.62 m 2 (OC(Me)(Ph)CHo)
1.5-2.2 m 8 MeaPCHaCHaPMe2
7.06 t 7.2 1 (OC(Me}(Fh)CHp)
7.29 m 2
7.42 d 7.2 1
8.15 d 7.2 1
(PMe3)4Ru- 0.83 d 7.1 9 cis-PMe3
(CH2C(=CHCMe3)0)d 1.05 d 5.4 9 cis-PMes
(13) 1.33 t 2.8 18 trans-PMes
1.36 m 2 {CHaC{=CHCMe3)0)
1.61 s 9 {CH2C({=CHCMe1)0}
3.75 s 1 {CHaC(=CHCMe3)0)
(PMe3g)4Ru((CH2)2CO)! 1.05 d 5.4 18" cis-PMes
(14} 1.13 t 2.4 18 trans-PMes
1.54 t 7.9 4 (CH2)zCO
(PMe3)4Ru(OCCMesCH)¢ 0.97 d 7.3 9 cis-PMe3
(16) 1.12 d 5.5 9 cis-°Me3
1.38 t 2.7 18 trans-PMeg
1.40 s g (OCCMasCH)
5.00 dd 112,41 1 {OCCMeaCH)
(PMe3)3(CO}Ru(Ph)(Me)d 0.33 q 42.4 3 Au-Me
7 0.89 t 2.7 18 trans-PMes
1.02 d 6.2 ] cis-PMe3
7.13 m 2 Aramatic
7.23 m 1 Aramatic
7.88 d 6.3 1 Aramatic
8.21 br, s 1 Aramatic
(PMe3)3(CO)RuiMe)2d -0.62 dt 9.0,8.4 3 Ru-Me
(20) -0.38 td 77,38 3 Ru-Me
1.04 d 6.2 9 cis-PMes
1.12 t 2.8 18 trans-PMes




“12a

2The assignments d and t, when applied to thd PMe3 resonances are observed patterns, not true
multipicity patterns, Accordingly, the values reported as coupling constants for these resonances
are the separations between lines and do not necessarily reflect the true coupling constants.
BThe assignment trans-PMej refers to mutually trans PMes ligands. The other phosphines are
assigned as cis-PMes3. Scis-and trans-(PMe3)4Ru(Ph(Cl) was obtained as a 1:1.1 ratio of the c¢is
and trans isomers. Qverlap of the J:henyl resonances of these two isomers prevented integration
relative to the PMeg resonances. 9CgDg, 20 °C. This complex was generated in solution and
used in situ. We were able to assign the methyl and phenyl groups of the metallacycle. The
phosphire and methylene resonances could not be unambiguously distinguished from impurity
resonances. (THF-dg, -40 °C. 9THF-dg, 20 °C. hSome of the resonances for the O- and C-bound
isomers could not be distinguished because of the nearly 1:1 ratio of isomers. Assignments are
indicated when unambiguous. toluene-dg, 10 °C. lAccurate integrals for the aromatic
resonances were prevented by overlap of the signals for tzans-1 and ¢is-1. kaccurate integrals
were prevented by overlap of the PMeg and tert-butyl groups for 9a and 9b. The
stereochemistry at the metal certer is cis unless stated otherwise.



Table 7. '30('H) NMR spectroscopic data,
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Compound S(ppm)  mui® JiHz) assignment®
{PMeg)sRu(Me}OS(CMegH)E  -2.75 dg 82.2, 11.5 Ru-Me
(5a) 18.27 id 22.0, 28 trans.PMey
21.82 d 15.3 cis-PMes
- 23.90 dd 237,19 cis-PMes
16,47 ] (OC(CMesMep)H)
21.69 H (OC(CMeaMep)H)
93.79 d 3.6 {OC(CMepyH)
149,94 d 4.3 {OC{CMez)}H)
(PMea)sRu(Me)(OC(CHgjH)S  1.12 dq 587, 115 Au-Me
(5b) 18,39  td 12.1, 2.6 trans-PMeg
21.62 dd 16.4, 2.0 cis-PMeg
23.77 d 25.1 cis-PMeg
78.39 o 3.5 (OC(CH2IH)
162.13 d 4.9 (OG(CHa)H)
(PMea)qRu(H)(OC(CHa)Me)e  20.53 dt 175, 2.4 cis-PMes
(6a} 27.27 dm 26.9 cis-PMeg
22.86 td 12.7, 4.0 trans.PMeq
25.79 d 4.4 {OC{CH)Me)
77.30 s (OC(CHo)Me)
168.99 d 4.7 (OC(CH2)Me}
(PMe3)aRU{QC(CH2)CsHq)  19.40 d 12.6, 2.6 Irans-PMes
{7) 22.28 dt 17.0, 1.7 cis-PMes
25,23 dm 23.6 cis-FMe3d
72.90 5 (OC{CHa)CgHa)
120.68 d 13 [{OCICHp)CgH4) and
122.61 d 1.4 Aromatic]
125.23 m
141.27 m
162.86 d 3.1
176.90 dm 7.7
177.71 dg 85.0, 8.2
(PMeg)sRu(Me)(OC(CHyMe)®  -4.26 dq 60.9, 11.5 Ru-Me
(8a) 19.05 t 8.0 trans-PMez
22.74 d 15.8 cis-PMea
13.50 d 26.1 cis-PMe;
27.63 d 3.7 (OC{CHo)Me)
75.68 s (OC(CHz)Me)
169.23 s {OCICHMe)
(PMea)sAu(Me)(CH2C{OMe)¢  -9.73 dq 58, 12 Ru-Me
(8b) 20.88 1 11.9 trans-PMe3
23.40 d 18.0 cis-PMes
24.17 d 15.4 cis-PMea
22.83 m (CHaC(OMe)
33.15 s (CH2C(O)M2)
not obs. {CHaC{OMe)




Table 7. (cont'd)

{PMea)sRu-
{Me)(QC(CH2)CH2CMe3)
and
{PMe3}aRu-
(Me)(CH2C({O)CH2CMea)s: 9
{9a and 9b)

{PMe3jqRu-
(O(CCHCMezCH CMezCH2))®
(10)

{PMe3isRu-
(OC{Me)(PhJCH2)d. @
{11a)

19.33
20.91
23.33
23.56
24.53
24,57
25.23
31.16
31.29
31.53
31.58
54.27
58.27
79.45
172.07
218.10

15.64
22.50
31.27
32.30
33.13
35.13
47.67
51.72
76.97
119.29
124.65
12597
133.94
142.22
162.51
164.98

0.99
40.88
93.12
123.88
125.46
126.55
126.86
129.07
164.41

3la
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v non -

a
3

aunQanvy na

12,3, 1.6
12.1, 24
20.7
275
16
16
42.2

6.0

128
23.0

3.0

49

19.2

trans-PMe3
trans-PMe3
cis-PMes
cis-PMea
cis-PMes
cis-PMes
(CHaC{O}CHzCMes)
CHoC)
CHaCMeg
CHaCMeg
CHaCMes
CHaCMeg
CHoCMes
{OC{CH3)CH2CMeg)
(OC(CH2}CH2CMeg)
(CH2C(O)CH2CMe3)

trans-PMes

Cis-PMe3s
(Q(CCHCMeaCHaCMeaCHo)}
{O(CCHCMeaCH2GMeaCH2))
(O(CCHEMe2CHa2CMesCH2))
{O(CCHCMgaCHaCMeaCH))
{O(CCHCMeaCHzCMeaCH2))
(O(CCHCMeaCHzCMeaCH3)
(O{CCHCMeaCHoCMeoCHO))

Aromatic

(O{ECHCMeaCHaCMeaCHR))

{OC{Me)PRICH2)

(OC{Me)Ph)CHp)

(OC{Me)(Ph)CHp)
Aromatic




Table 7. (cont'd)

(OMPE)2Ru(OC(Me)(Ph)CH2)
(11b)c

(PMeg)sRu-
(OC(=CHCMNeg)CHa)¢
(13)

(PMe3)4Ru((CH2)2CO)P
(14)

(PMe3)2Ru(OC(CMe3)CH)E
(16)

315

1.50
12.32

13.28

14.02

15.99

17.38

19.97

20.16

23.13

29.62

30.72

34.44

35.22

41.79

92.62
123.98
126.30
126.84
126.99
127.10
164.21

-1.57
18.54
22.65
24.85
31.56
32.88
102.64
179.88

19.06
26.23
29.13
184.00

19.27
22.93
25.46
29.29
38.88
90.886
174.37

dm
dd
pent

did
t

44.7
204,39
5.9
17.6
8.1
15.5

20.9, 4.7
16.6
21.6

24.9, 13.7

26.4, 23.7

31.6, 19.3

51,37, 51
12.0, 3.1
16.3
249, 22

2.8

124, 1.5

38,6
3.0

131, 2.7
15.7
25.1, 31

64, 16, 6.0
58

(OC(Me)(Ph)CH)
MesPCHpCH2PMen

Me2PCHoCGHoPMe2

(OC(Me)(Ph)CHa)
(OC(Me)(Eh)CH2)
(OC(Me)(Eh)CHR)

(OC(=CHCMe3)CH)p)
trans-PMe3
cis-PMe3s
cis-PMe3s
(OC(=CHCMe3)CHp)
{OC(=CHCMe3)CHa)
{OC(=CHCMe3)CHg)
(OG(=CHCMe3)CHa)

trans-PMes
cis-PMes

{(CH2)2C0)

{(CH2)2C0)

trans-PMe3
cis-PMe3
cis-PMe3
(OC({CMe3)CH)
{OC(CMe3z)CH)
(OC(CMe3)CH)
(OG(CMea)CH)
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Table 7. (cont'd)
(PMe3)a(CO)Ru(Me)(Ph)¢ -6.55 q 11.5 RAu-Me
(17) 18.27 t 14.0 frans-PMes

20.71 d 19.7 cis-PMe3s
121.71 s Aromatic
126.37 d 4.8
126.48 s
138.59 d 2.1
146.83 5
166.78 dt 72.7, 173
200.56 g 10.2 Ru-CO

aThe assignments d and 1, when applied o thd PMe3 resonances are observed patterns, not true
multipicity patterns. Accordingly, the values reported as coupling constants for these resonances
are the separations between lines and do not necessarily reflect the true coupling constants.
bThe assignment trans-PMes refers to mutually trans PMea ligands. The other phosphines are
assigned as cis-PMea. “CgDg, 20 °C. IThis complex was generated in solution and used in situ.
We were able to assign the resonances of the metaliacycle. The phosphine resonances could
not be unambiguously distinguished from impurity resonances. STHF-dg, -40 °C. 'THF-dg, 20 °C.
9Some of the resonances for the O- and C-bound isomers could not be distinguished because of
the nearly 1:1 ratio of isomers. Assignments are indicated when unambigucus. Moluene-dg. 10
°C.



Table 8. 31P{1H) NMR soectroscosic data.

Compound i soin system 8(opm) J{Hz)

cis-(PMea)aRu(Ph}{(CY) {cis-1)3 A-8C 5A=-8.08 JAg=33
58=12.02 Jag=22

§C=-15.60 Jac=25

trans-(PMea)aRu(Ph)(CI) (1rans-1)3 Agq -7.94

{PMe3)sRu(Me)(OC(CMez)H) (5a)d AzBC JA=-0.46 Jag=32.4
5B=14.55 Jac=26.2

5Ca-11.41 Jee=16.1
(PMe3)4RuMe){OC(CHaIH) (Sb)2 A2BC 5A=0.26 Jag=33.2
5B=15.41 JaC=26.1
SC=-12.01 Jpc=16.6
(PMea) aRu(Me)(OC(CHz)CMeg) (56)7 A2BC 5A=-0.83 Jag=30.6
5B=9.37 Jac=26.0
5C=-8.91 Jpe=16.5
{PMeq)4Ru(H)(OC(CH2)Me) (6a)2 A28BC §A=2.12 Jap=33.0
5B=14.18 JaC=26.7
5Ca-12.63 Jpe=16.4
{PMe3)sRu{OC(CH2)(CgHa) (719 AZBC 5A=0.69 Jaz=25.3
58=-13.71 Jac=32.2
5C=6.86 Jac=14.3
(PMeg)aAu{Me}(OC(CH2)Me} (Ba)? A2BC §A=0.49 Jag=34.7
58=16.89 Jac=24.1
§C=-13.20 Jgc=16.8

(PMes)4Ru(Me)(CHaC(O)Me) (Bb)2 AgBC 5A=-4.88 Jag=30.1
5B=-0.73 Jac=275
5C=-16.93 Jpg=14.7

(PMe3)sAu{Me){OC(CHz)CHaCMe3) (9a)2 A2BC 5A=0.70  Jag=36.2
58=16.94 Jac=21.4

§C=-14.26 Jac=13.0
(PMea)sRu(Me){CHzC(O)CH2CMe3) (9b)2 AZBC §A=-4.75 Jag=22 9
8B=-0.42 Jac=277
§5C=-17.06 Jpg=14.5

{PMe3)aRu(O{CCHCMa,CHaCMe2CH) AzB 5A=0 82 Jap=32.6

(10)® 88=13.54
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Table 8. (cont'd)
(PMe3)sAu{QC(Me)(Ph)CHp) (11)B: € ABCD 5A=11.36 JAp=34.7
§B=0.46 Jac=34.8
C=-2.02 Jap=5.8
8D=-12.12 Jpc=363.4
Jep=26.3
Jcp=26.5
{PMe3)4Ru{O{C=CHCMe3)CHy) (13)3 A2BC 5A=1.09 JAg=32.5
) §B=11.97 Jac=23.9
8C=-12.27 Jac=8.9
(PMe3)4Hu((CH2)CO) (14)° Asz 5A-2.17 JAB-33.6
§B8-9.17
(PMe3)sRu({OCCMe3CH) (1€)3 AzBC §As=-3.43 Jag=35.0
§B=15.58 Jac=26.2
5C=-13.28 Jec=14.47
(PMeg)3(CO)Ru(Me)(Ph) (17)2 A2B 8A-4.07 Jap=24.6
5B=-13.00 .
(PMe3)3(CO)Ru(Me)z (20)3 A28 5A-0.25 Jag=24.0
5B=-12.56

3CgDg, 20 °C. PTHF-dg, -40 °C. Schemical shiits and coupling canstants were abtained from a

simutated spectrum. 9THF-dg, 20 °C. %oluene-dg, 10 °C.
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Experimental.

General. Unless otherwise noted, ail manipulations were carried out under an inert
atmosphera in a Vacuum Atmospheres 553-2 drybox with arached M8-40-1H Dritrain, or by using
standard Schienk or vacuum line techniques.

TH NMR spectra were cobtained on either the 250, 300, 400 or 500 MHz Fourier Transform
spectrometers at the University o California, Berkeley (UCB) NMR facility. The 250 and 300 MHz
instruments were constructed by Mr. Rudi Nuniist and interfaced with either a Nicolet 1180 or
1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series
spectrometers. 1H NMR spectra were recorded relative to residual protiated solvent. 13C{'H}
NMR spectra were obtained at gither 75.4, 100.6, or 125.7 MHz en the 300, 400, ar 500 MHz
instruments, respectively, and chemi.cal shifts were recorded relative to the solvent resonance.
31p(TH} NMR spectra were obtained at either 120.8 or 161.9 MHz on the 300 or 400 instruments.
tH and 13C{'H} NMR chemica! shifts are reported in units of parts per million downfiefd from
tetramethylsilane and 2!'P{*H} NMR chemical shilts are reported in units of parts per million
downfield from 87% HaPQ4. All coupling constants are reported in Hz.

IR spectra were obtained on a Perkin-Eimer Mode! 283 infrared spectrometer or on 2 Perkin-
Elmer Model 1550 or 1750 FT-IR spectrometer using potassium bremide ground pellets. Mass
spectroscopic {(MS) analyses were abtained at the UCB mass spectrometry facility on AEI MS-12
and Kratos MS-50 mass spectrometers. Elemental analyses were obtainec from the UCB
Microanalytical Laboratory. *

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and 504-PP tubes to ground
glass joints which were then attached to a vacuum line with Kontes stopcocks. Aftemnatively, the
tubes were anached via Cajon adapters directly to Kontes vacuum stopcocks. 32 Known volume
bulb vacuum transfers were accamplished with an MKS Baratron attached to a high vacuum line.

Unless otherwise specified, all reagents were purchased trom commercial suppliers and
used without further puntication. PMeg {Strem) was dned over NaK or a Na mimor and vacuum

transfemed prior to use. Mesitylene was dried over sodiurvbenzophenone ketyt and distilted prior



to use. Acetophenone was dried by refluxing over CaHz, followed by distillation under nitrogen.
Hydrogen was purchased from Air Products and was used as received. Acetone was dried with
magnesium sulfate before refluxing over magnesium and isolating by vacuum distilfation. Carbon
monoxide and carbon dioxide were purchased from Matheson and used as received.
Trimethylsilane was purchased from Petrarch and used as recsived. 4,4-dimethyl-2-pentanone
and pinacolone were purchased from Aldrich and used as received. fart-Butylacetylacetone was
prepared by the addition of the potassium enclate of 4,4-dimethyl-2-pentanone to tert-butylacetyl
chioride. cis-(PMea)aRu(Me)(C),8 cis-(PMea)4Ru(OAC)CI), 13 and (PMea)sRun2-CeHa) 19 were
prepared according to methods reported previously. ‘

Many of the satisfactory microanalyses were obtained from sample that were pure by NMR,
but recrystallized before submission. Due te the high selubility of these L4yRu complexes and the
small amounts of material used, yields of recrystallized material were not informative. Yields are
reported for crystallized samples which provided samples which were pure by NMR spectroscopy.

Potassium enolates of ketones were farmed by the addition of a pentane solution of the

ketone to a stirred homogeneous solution of KN(SiMea)2 in toluene/pentane 1:100. The

precipitated enolate was isolated by filtration and stored in the drybox at -40 °C for up to one week.

The potassium enolate of 2-methylpropanal was prepared by the addition of KCHzPh33 to
Me3SiOCH(=CMeg), which was prepared by standard methods.34 The potassium enolate of
acetaldehyde was formed by allowing a solution of KO-tert-Bu and n-Buli in dry tetrahydrofuran to
warm 1o room temperature.35 The lithium-containing products were remaved by washing with
toluene and the potassium enolate was isolated by filtration and stored in the drybox at -4 °C for

up 0 several weeks.

Pentane and hexane (UV grade, alkene free) were distilled from LiAlH4 under nitrogen.
Benzene, toluene, and tetrahydrofuran were distilled from sodium benzophenone ketyl under
nitrogen. Dichloromethane was either distilled under N2 or vacuum transferred from CaHp.
Deuterated solvents for use in NMR experiments were dried as their protiated analogues but were

vacuum translemred from the drying agent.
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cls- and rans- {PMeg)sRu(Ph)(Cl) (1). To a solution of 100 mg (0.208 mmol} of
(PMea)gRu(n2-SgHa) in 2 mL of ether was added 19.9 mg (1.0 equiv) of MesNHCI as a solid. Tiie
sturry was stirred for 8 h over which time a yellow solid formed. After this time the solid product
(pura 1 by 'H NMR spectroscopy) was filtered, and the resulting clear solution was cooled 1o -40
°C to provide yellow blocks of analyticaily pure product, The solids were combined to yield 63.4
mg (59%) of total product which was a mixture of the ¢is and trans isomers. Anal. Caic'd for
C1gH4zCIPsRu: C, 41.74; H, 7.95. Found: C, 41.46; H, 7.95.

cls-(PMe3)sRu(Ma){OC(CMe3z}H) (5a). To a solution of 152 mg (0.334 mmol) of
(PMeg)sRu(Me)(Cl) in 4 mL of benzene was added 48 mg (1.3 equiv) of KOC(CMe2)H as a solid.
The slurry was stirred for 4 h at room temperature, and then fitered through a medium fritted glass
filter using celite filler aid. The solvent was removed from the clear yellow filtrate under reduced
pressure, and the resulting solid was extracted three times with 4 total of 10 mL of pentane. The
solution volume was reduced to 3 mL in vacuo and cooled to-40 °C to provide 72.4 mg (44%) of
analytically pure product. IR{KBr) 1620 (m); Anal. Cald'd for C17HsgOP4Ru: C, 41.54; H, 9.43.
Found: C, 41.61; H, 9.23.

Generation and Spectrascoplic Characterization of
(PMe3}sRu(Me)(OC(CH2)H) (Sb). To a seolution of 154 mg (0.335 mmol) of
(PMeg)aRu(Me)(Cl) in 6 mL of benzene was added 54 mg (1.9 equiv) of KOC(CMep)H as a solid.
The slurmy was stirred for 4 h at room temperature atter which time an unlocked 3P({H) NMR of an
atiquot showed clean conversion to 5b. The solution was filtered through a medium fritted glass
filter using cetfite filter aid. The solvent was removed from the clear yellow/orange fittrate under
reduced pressure, and the resuiting orange solid was extracted three times with a total of 10 mL of
pentane. The solution volume was reduced to 5 mL in vacueo and cooled to-40 °C to provide 16.4
mg (11%)} of powder which was roughly 95% pure by solution NMR. Attempts to obtain analyticaily
pure material were unsuccessful due to partial conversion of §b to methyl hydride 19.

Generation and Spectroscoplc Characterlzation of

{(PMeg)3Ru(Me){OC(CH2)CMe3) (5¢). To a solution of 8.2 mg of (PMes)sRu(Me)(Cl) in 0.6
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mi of THF-dg was added 7.5 mg (3.1 equiv) of KOC(CH2)CMe3 as a sofid. The resulting solution
was placed in an NMR tube and analyzed by TH and 3P(1H} NMR spectroscopy. It was not
possible to isolate pure sariples of ¢ due to formation of significant quantities of 16 after several
hours at room temperature. Data on 5¢ are provided in Tables 6 and 8.

{PMe3)aRu(H)(OC(CH2)Me) (Ga). Into a 1 L glass reaction vessel fused to a Kontes
vacuum adaptor was placed a magn.etir.‘ stir bar and a solution of 350 m3 (0.768 mmol) of °
(PMes)aRu(Me)(Cl) in 10 mL of CgDg. The solution was frozen by immersing the entire vessel in
fiquid nitrogen, exposed to vacuum, and then treated with 400 torr of hydrogen. The vessel was
closed and warmed to mom temperatute to provide ~2 atm of hydrogen. The solution was stirred
for 24 h after which time the reaction vessel was opened ynder argon. KOCCH2Me {162 mg, 2.2
equiv) was added, and the slurry was stirred for an additional 6 h. An unlockee 31P(1 H} NMR
spectrum of an aliquot showed clean conversion to 6a. The solvent was removed under reduced
pressure, and the resulting yellow residue was extracted three times with a a total of 20 mL of
pentane. The volume was reduced to 5-6 mL and ceoled to -40 °C to provide 176 mg (49%) of
analytically pure product. IR(Nujol) 1850 {Ru-H), 1579 (C~C); Anal. Cale'd. for C15H4320P4Ru: C,
38.87; H, 9.13. Foung: C, 38.55; H, 8.99.

Ru(PMagh(nZ-OC(CH2)65H4) {7). (a) preparitive scale. Into a glass reaction vessel
fused to a Kentes vacuum adaptor was weighed 31.6 mg (0.0656 mmol) of (PMez)4Ru(n2-CgHg).
Benzene (5 mL) was added, and to the resulting solution was added 7.9 mg (1 equiv) of
acetophenone. The vessel wac-heated to 45 °C for 8h, after which time the initial clear solution
had turned yeilow. The solvent was removed in vacuo and the product was crystallized from a
pentanentoluene (10:1) solvent mixtyre to yield 13.6 mg (39.5%) of yellow product. IR (KBr) 3103
(m), 3050 (s), 3043 (s). 3028 (M), 2969 (s), 2903 (s), 1977 (w), 1934 (w), 1624 (w), 1568 (s), 1548
{m), 1431 (s), 1395 (s), 1338 (s), 1316 {s), 1298 (s}, 1278 (s}, 1262 (s}, 1238 (M), 1122 {s), 1021
(m), 890 (s), 938 (). 854 (s), B41 (s), 784 3s), 736 {s), 712 (), 700 (5), 662 (s), 647 (s), 634 (m),

498 (m), MS (FAB) nve 525 (MH*).



{PMa3)sRu{Me)(OC(CH2)Me) (8a and Bh). To a solution of 243 (0.533 mmol) mg of
{PMe3)4Ru(Me)(Cl) in 4 mL of benzene was added 77 mg (1.5 equiv) of KOGC(CHz)Me as a solid.
The sluy was stirred for 4 h at room temperature atter which time an uniocked 3'P{1H} NMR of an
aliquot showed clean canversion to 8a and 8b. The aliquot was retumed to the reaction mixture,
and the solution was filterad through a medium fritted glass filter using celite filter aid. The solvent
was removed from the clear yellow filtrate under reduced pressure, and the resulting sofid was
extracted three times with a total of 10 mL of pentane. The solution voluma was reducedto 3 ml.
and ceoled t0-40 °C to provide 94.2 mg (37%) of analytically pure enolate product as a mixture of
Q- and C-bound forms. IR(CgHg) 1611 (m), 1583 (s); Anal. Cald'd for C1gH440P4Ru: C, 40.24; H,
9.29. Found: C, 40.50; H, 9.14.

Varlabie Temperatura NMR spectroscopy of 8a and 8b. A solution of 24.6 mg of
8a and 8b in 0.6 mL of THF-dg was placed into an NMR tube equipped with a Kantes vacuum
adaptor. The sample was degassed by three freeze, pump, thaw cycles and sealed. Ratios of the
two isomers were determined by integrating the metal-bound methy! groups. To insure that the
equilibrium ratio was measured, spectra were obtained in three minute intervals at one
temperature until the integrated spectra from one pulse acquisitions gave ratios within 10% of one
another for three successive spectra. Equilibrium ratios were obtained over the temperature
range from §-60 °C. At 5 °C, equilbrium was established over a 15 min time pericd, and at 60 °C a
non-equilibrium ratio was never observed, indicating that equilibrium was established in less than
1 minute. The reversibility of the equilierium was established by obtaining ratios on the same
sample at each temperature twice; a second value was measured after initial values were obtained
for each tempe. Mure. A plot of In K versus 1/T is provided in Figure 2.

(PMe3)sRu(Me)(OC(CH2)CH2CMeg) (9a and 9b). To a solution of 150 mg (0.329
mmal} of (PMe3)4Ru{Me)(Cl) in 4 mL of benzene was added 59 mgq (1.2 equiv) of
KOC(CHg)CHaCMeg as a solid. The resund.g siumy was stirred for 4 h at room temperature after
which time an unlocked 3'P{H} NMR of an aliquot showed clean conversion to 9a and 9b. The

aliquot was returned 10 the reaction mixture, and the solution was filtered through a medium fritted
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glass filter using celite filter aid. The solverit was removed from the clear yellow fiitrate under
reduced pressure, and the resulting sclid was extracted three times with a total of 10 mL of
pentane. The solution volume was reduced to 1.5 mL and cooled t0-40 °C to provide 76.2 mg
(43%) of anaiytically pure product as a mixture of O- and C-bound forms. IR(Nujol) 1610 (m), 1581
(s); Anal. Cald'd for CagHs20P4Ru: C, 45.02; H, 9.82. Found: C, 44.71; H, 9.97.

(PMe3)4Ru(Ph)(OC(CHC(Ma2)CH2C(Me2)CH2) (10). To a solution of 126 mg
(0.243 mmol) of {PMeg)4Ru(Ph){Cl) in 5 mL of CgHg was added 180 mg (2.0 equiv) of
K{OC(CHC(Me2)CH2C{Mez)CHp) as a solid. The solution was stirred for 6 h at mom temperature,
and an unlocked 3P{H) NMR spectrum of an aliquot showed clean conversion to a praduct
containing four phosphines with an A2BC spin system (5A=-5.98, 5B=5.86, §C=-14.24, JAp=37,
Jac=22, Jgc=17) and 10 in a ratio of 1:1.4. The aliquot was returmed to the reaction njixture: the
solvent was removed under reduced pressura, and the yellow residue was redissolved in 20 mL
of toluene and placed into a 100 mL Schienk flask. The toluene was removed over a 15 min
period under reduced pressure while heating the flask at 65 °C. A 31P{1H} NMR spectrum
obtained on a small portion (S mg) of the yellow residue showed complete conversion to the tris-
phosphing complex 10. The remaining rasidue was extracted into ether and filtered to provide a
clear yellow sqlution. The solution was reduced to 2-3 mL and cooled to <40 °C to provide 66.2
mg (45%) of analytically pure yellow blocks suitabie for X-ray structural analysis. IR{THF) 1601
Anal. Calc'd. for Ca5HggQP4Au: C, §3.65; H, 8.83. Found: C, 5§3.42; 8.86.

Generatlon and Spectroscople Obsarvation of (PMa3}aRu{OC(CH2)Me){Ph)
{4a). To a small vial containing 10.6 mg (0.110 mmol) of KOC(CH2)Me was added a solution of
32.4 mg (0.0626 mmol) of 1in 0.6 mL of THF-dg. The yellow solution of 1 immediately turned
orange, and was placed into an NMR tube equipped with a Kontes vacuum adaptor. The sample
was quickly frozen in liquid nitrogen and sealed under vacuum. The tube was then placed into the
NMR spectrometer proke at 40 °C. TH, 3'P('H}, and 13C{'H} NMR spectroscopy showed clean

converstion to phenyl enolate 4a, and the data cbtained are included in Tables 6-8.



Generation and spectroscopic Observation of (PMa3)sRu(OC{Me)(Ph)CHy)
(11a). To a solution ot 24.6 mg (0.0475 mmol) cis- and frans-{PMe3)4Ru(Ph)Cl) in 0.6 mL of .
THF-dg was added an excess (3.4 mg, 0.0879 mmol) of KOC(CHz)Me as a solid at room
temperature. The suspension was stired for 2 h over which tima the initial yellow solution turned
a darker orange, with a tine precipitate. The reaction was then passed through a small plug of
celite, and the resulting clear orange solution was placed into an NMR tube. The lube was
equipped with a Kontes vacuurm adaptor and sealed under vacuum. TH, 3'P{1H}, and 13C('H}
NMR spectra were obtained at -40 °C.

(DMPE)2Ru{OC{Me){PR)CH32) (11b). To a solution of 85.0 mg (0.164 mmo!) of a
mixture of ¢is and trans-(PMes)sRu(Ph)(Cl) in 8 mL of CgHg was added an excess (40 mg, 0.417
mmol) of KOC({CH2)Me as a solid at room temperature. The resulting yellow suspensiqn was
stirred for 2 h over which time it tumed darker orange and a fine precipitate formed. The reaction
mixture was then forced through a iritted glas filter with pressure {not vacuum). To the resulting
clear orange filtrate was added dropwise at room temperature 2.5 equiv (61.6 mg) of OMPE in 2
mL of Et20 and the resulting solution cooled 1o -40 °C to yield 38.6 mg {43.9%) of white solid.

This material was recrystallized from ether to provide 15.2 mg (17.3%) of analytically pure white

crystals. IR(KBr) 2966(m), 2904(m), 1596(m), 1495(m), 1421(m), 1292(m), 1275(m), 929(s); Anal.

Caled for C1gH420P2Ru: C, 47.10; H, 7.81. Found: C, 46.81; H, 8.00.
(PMa3)4Ru{OC{=CHCM23)CH3) (13). To a solution of (PMeg)sRu(CAc)(CI) (465 mg
0.930 mmol) in 15 mbL of THF was added 311 mg (2.2 equiv) of KOC{CH2)CH2CMe; as a solid.
After 10 min the solution turned a darker yellow caior and an unlocked 31P{1H} NMR spectrum of
an aliquot showed clean conversion to 13. The solvent was removed under reduced pressure
and the yellow residue was extracted three times with a total of 10 mL of pentane. The resulting
slurry was vacumm filtered, and the filtrate was concentrated to 34 mL and cooled to 40 °C to
pravide 162 mg (34%) of product which was pure by soiution NMR spectroscopy. This material
was recrystallized Irom pentane at <40 °C pefore submitting for microanalysis. IR(KBr) 1584; Anal.

Calc'¢ tor C1gH4gOP4Ru: C, 44.09; H, 9.35. Found: C, 43.79; H, 9.40.
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(PMeg)3Ru({CH2)2C0) (15). (a) by lhermolysis. of (PMea)aRu(Me)((OCCHzMe). Into a
glass reaction vessel fused to a Kontes vacuum adaptor was placed a solution of 94.2 mg of
(PMe3)4Ru{Me)({(OCCHzMe) (8a, 8b) in 4 mL of CgHg. The solution was degassed using three
freeze pump thaw cycles and heated to 65 °C for 24 h. The solvent was then removed under
reduced pressure while warming the reaction vessel to 45 °C. The resulting solid was extracted
three times with a lotal of 10 mL of pentane. The yellow solution was then concentrated to ~1 mL
and cooled to -40 °C to provide 38.2 mg (42%) of product which was pure by 1H NMR
spectrascopy. This material was recryslallizeg from pentane before submitting for microanalysis.
\R(KBr) 1586; MS(FAB, sulfolane) 387 (MH*), 330 (M-(CH2)2CC*): Anal. Calc'd. for
C12H310P4Ru: C, 37.40; H, 8.10. Found: C, 37.15; H, 8.13.

Allemalively, 15 was be prepared without isolation of the enolate intermediate. A solution
of the enclale was generated on a 500 mg scale by addition of excess (1.5-3 equiv) potassium
enolate to {PMe3)sRu(Me)(Cl), using the procedure outlined in synthesis of isolated
{PMes)sRu(Me){OC(CH2)Me) (8a, 8b). This solution was then filtered and placed into a glass
raaction vessel fused to a Kontes vacuum adaptor and heated to €5 °C for 10 h. The product was
isolated in 45-55 % yield either by isolation and crystallization tfrom pentane as described earfier of
by removal of solvent under vacuum and sublimation at 65 °C.

(b) by addition of KOCH2Ms 1o (PMe3)4Ru(OAc)(Cl). To a solution of 512 mg (0.335 mmol)
of (PMea)aRu(OAg)(Cl) in & mL of toluene was added 216 mg (2.2 equiv) of KOC(CMez)Me as a
solid. The resulting slurry was stirred for 4 h at oom temperature. The solution was vacuum
filtered through a medium iritted glass filter using celite filter aid. The clear yellow/orange filtrate
was transferred to a 100 mL Schlenk flask and the soivent was removed under reduced pressure
while heating the flask 1o 65 °C. The resulting solid was transferred to a sublimation apparatus,
and the product was isolated by sublimation at 65 °C over the course of 24 h to provide 186 mg
(47%) of product which was ca. 90-100% pure by solution NMR spectroscopy.

(PMe3)4Ru((CH2)2C0) (14). (a) for X-ray diffraction: Synthetically useful quantities of

this compound were not prepared due 10 its propensity 1o dissociate phosphine, but we were
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fortunate enough to obtain a single crystal suitable for an X-ray diffraction study by the procedure
described for the formation of (PMea)aRu((CH2)2CQ) (15), with the following modification of the
isolation procedure. The benzene solution obtained from thermolysis of the miixture of 8a and
8b was frozen at -40 °C, and the solvent was removed by lyopholization. The solid residue was
extracted with 10 mL of pentane and the volume reduced to 2 mL at room temperature. Cooling
1o -40 °C provided several single crystals one of which was used for an X-ray diffraction study.
IR(KBr) 1544 cm*! (C=0).

{b) for solution spectroscopy: Into an NMR tube was placad 0.6 mL of a toluene-dg solution
containing 35 mg of crystailized tns phesphine complex 15. The lube was equipped with a
Kontes vacuum adaptor and degassed by three freeze, pump, thaw cycles. PMes (4.0 equiv) was
aaded to the .sample by vacuum transter, and H, 31P{'H}, and 1:‘C(‘H} NMR spectroscopy at 10
°C showed rapid tormation of the tetrakis phosphinve complex 14.

{PMe3)4RU(OC(CMea)CH) (156). To a solution of 150 mg (0.329 mmol) of
(PMea)aRu(Me)(Cl) in 10 mL of THF was added 68.2 mg (1.£ equiv) of KOC(CHp)CMe3 as a solid.
The solution was stirred for 4 h at room temperature. The resulting solution of 5S¢ was then
fitered and placed into a glass reaction vessel fused to a Kontes vacuum adaptor. The vessel was
heated at 65 °C for 8 h. The solvent was removed under reduced pressure and the salid was
crystallized from pentane at <40 °C fo provide 64.3 mg of product which was pure by solution NMR
spectroscopy. This material was recrystallized from pentane for microanalysis. IR(KBr) 1591(m);
Anal. Cale'd for C1gHagOP4Ru: C, 42,.94; H, 9.34. Found: C, 43.25; H, 9.19.

Reductive ellmination of acetona from (PMea)sAu(H){OC(CH2)Me) (6a). Into
an NMA tube was placed 0.6 mL of a CgDg solution containing 6.4 mg ot
(PMe3g)4Ru(H){OG(CH2)Me) and 2 mg of mesitylene as an internal standard. The lube was
equipped with a Kontes vacuum adaptor. The sample was immersed in liquid nitrogen and
exposed to vacuum, tollowed by 450 torr of CO. The tube was sealed at the top of the liquid
nitrogen. This procedure provides a sample containing 2 aim of CO at 25 °C. A 'H NMR spectrum

was obtained of this initial mixture. The solution was then heated at 85 °C for 24 h, aiter which time



TH NMR spectroscopy showed formation of acetone {79%) and (PMe3)2Ru(CO)3 in 62 % yield, as
determined by comparison to the initial sample prepared independently in our laboratory during
the course of a separate study.36

{PMe3)3(CO)Ru(Ph)(Me)} (17). (a) On a preparative scale from (PMe3}aRu{Ph)Ci) and
KO(CCH2)H. To a soiution of 156 mg (0.301 mmoi) of (PMe3)aRu(Ph)(Cl) in 6 mL of ether was
added 55 mg (2.2 equiv) of KOC{CH2)H as a solid. The solution was stirred at oom temperature

) for 4 h, attar which time the sclid was removed by filtration. The resulting clear, pale yellow
solution was concentrated to 1-2 mL, layered with 10 mL hexanes, and cooled to -40 °C to provide
30.7 mg (22.7%; of white crystais, judged pure by solution NMR spectroscopy. IR(THF) 1898 cm”
1 .

(b) From {PMe3)4Ru(Ph)(Cl) and KO(CCHz)H 10 determine NMR yield. 15.2mg (0.294
mmol) of (PMes)4Ru(Ph}{Cl) and 2 mg of mesitylene as an internal standard were dissolved in 1.2
mL THFdg. The solution was divided equally into two NMR tubes. To one sample was added 1.8
mg (1.5 equiv) of KOC(CH2)H. After 2 h at 45 °C, 'H and 3'P{*H} NMR of the two sampies showed
2 95% yield of (PMes)a(CO)Ru(Ph){Me).

(c) from {PMes)4Ru(Me)(Ph) and CO. Intc an NMR tube was placed a solution of 8.2 mg
(0.017 mmol) of (PMe3)4Ru(Me)(Ph) in 0.6 mL of CgDg. The tube was equipped with a Kentes
vacuum adaptor, and the sample was degassed by two lreeze, pump, thaw Cycles. One
equivalent of CO was added to the sample, as determined by calculating the volume of the NMR
tube and adding the appropriate pressura of CO while the NMR tube was immersed in liquid
nitrogen {77 K). The tube was then sealed at the top of the liquid nitrogen. Heating the sample to
65 °C for 24 h provided a sample whose H and 3'P{*H) NMR spectra matched those for material
isolated by procedure (a} above.

Addltion ot KOC{CH2)H to (PMej3)gRu(Me)(C!) (2). Into an NMR tube was placed
€ 7 mL of a THF-dg solution containing 8.4 mg {0.018 mmol) of (PMes)4Ru(Me)({C!) and 2 mg ot
mesitylene as an internal standard. A TH NMR spectrum was obtaired to use in calculating an

NMR yield alter addition of the enolate. To this sample was added 4 mg (3 equiv) of KOC(CHz)H
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as a sglid. The NMR tube was equipped with a Kontes vacuum adaptor and sealed under vacuum.
The sample was heated at 65 °C for 1h, atter which time 'H NMR spectroscopy showed formation
of (PMe:;)aFiu(Me)(H)‘3 in 80% yield and (PMe3)a(CQ)Ru(Me)z in 14% yield. The THF-dg solvent
was then removed under reduced pressure and replaced with CgDg for identification of the two
products by comparison of their TH and 31P{1H) NMR spectra to those reported in CgDg solvent
and those obtained by independent synthesis of (PMea)a(CO)Ru(Me)2. Samples of
(PMe3)4Ru({Me)(H) were also prepared in our laboratory by the addition of CH3CH2CHzMgBr to a
THF solution of (PMe3)aRu(Me)(Cl), and the solution NMR spectroscopic data obtained from this
preparation were consistent with literature values and those obtained by the above procedure.
Addition of KOC(CH3z)H to (PMegz)sRu{Ma)(CI) (2) In the presence of
HOCMegs. into a small vial was placed 0.7 mL of a THF solution containing 9.1 mg (0.020 mmol)
of (PMeg)4Ru(Me)(CD). To this sample was added 4.9 mg (3.0 equiv) of KOC(CHg)H as a solid.
The slurry was stired for 0.5 h atter which time TH l:lMR of this mixture showed formation of
{PMeq) sRu(Me){OC{CH2)H). The solvent was removed under reduced pressure and the resulting
crude ruthenium enolate was dissolved in 0.7 mb of CgDg. The solid remaining in this mixture was
remaoved by forcing the selution through a small plug of celite. The clear yellow/orange filtrate was
then placed into an NMR tube and 1o this sample was added 15 uL (20.0 equiv) of HOCMej to
provide a 0.66 M solution of the alcohol. The NMR tube was then equipped with a Kontes
vacuum adaptor, degassed by three freeze, pump, thaw cycles and sealed. The resulting sample
was then heated 10 65 °C for 1 h, and analysis by TH NMR spectroscopy showed that the two
organometallic products were formed in roughly the same yield as in the absence of the alcohol.
TH NMR spectroscopy also showed the presence of MezCOC(Q)Me in 16-17 % yield, as
compared 1o an 80% yield of (PMes}sRu(Me)(H). The sample was then opened and the solution
was forced through a short column of silica, eluting with 1-2 mL of ether 10 separate the melal
containing procucts lrom the organic malerials. Gas chromatographic analysis showed the

presence of MeaCOCO)Me, as determined by coinjection with an authentic sample.
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Independant generation of (PMa3)3(CO)Ru(Ma)z (20). Into an NMR {ube was
placed a soiution of 7.4 mg (0.017 mmol) of (PMes)aRu(Me)2 in 0.6 mL of CgDg. The tube was
equipped with a Kontes vacuum adaptor, and the sample was degassed by two treeze, pump,
thaw cycles. One equivalent of CO was added to the sample, as determined by calculating the
volume of the NMR tube and adding the appropriate prassure of CO while the tube was immersed
in liquid nitrogen (77 K). The tube was then sealed at the top of the liquid nitrogen. Heating to 65
°C for 48 h provided a sample whose ™M and 31P{'H) NMR spectra matched those of material
formed by the addition of KOC{CH2)H to (PMeg)4Ru(Me)(Cl).

X-ray Crystal Structure Oetermination of 7.

{a) Isolation and Mounting: Crystals of the compound were obtained by slow
crystallization from tolugne/pentane (1:100) at =40 °C. Fragments cleaved from some.of these
crystal; were mounted in thin-wall capillaries in the air. The capilltaries were then flushed with dry
nitrogen and flame-sealed. Preliminary precession photographs indicated trictinic Laue symmetry
and yielded approximate celi dimensions.

The crystal used for data collection was then transferred to our Enrat-Nonius CAD-4
diffractometer and centered in the beam. Automatic peak search and indexing procedures
yielded a triclinic reduced primitive cell. Inspectian of the Niggli values revealed no conventional
cell of higher symmetry. The final cell parameters and specific data cailection parameters
parameters for this data set are giver in Table 1.

(k) Structure Determination: The 3392 raw intensity data were converted to structure
factor amplitudes and their esd's by correction for scan speed, background and Lorentz and
polarization effects. No correction for crystal decomposition was necessary. Inspection of the
azimuthal scan data showed a variation |mir/lmax = 1% for the average curve. No cormrection for
absorption was applied. The choice of the centric space group was contirmed by the successful
solution and relinement of the structure.

The structure was solved by Patterson meathods and refined via standard least-squares

and Fourier techniques. In a difference Fourier map calculated tollowing the refinement of all non-
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hydrogen atoms with anisotropic thermal parameters, peaks were found corresponding to the
positions of most of u1e hydrogen atoms. Hydrogen atoms were assigned idealized locations and
values of 8iso approximately 1.25 times the Bgqy of the atoms to which they were attached. They
were included in structure factor calculations, but not refined. Before the last cycles of
refinement, 11 data which showed aevidence of interference by multiple diffraction were removed
from the data set.

The final residuals for 236 veriables refined against the 3174 accepted data for which
F2>3a (F2) were A = 1.80%, WR = 2.90% and GOF = 2.154. The R value for 2" 3381 data was
2.22%. In the final cycles of refinement a secondary extinction parameter was included (maximum
correction: 9% on F)

The quantity minimized by the least squares program was .".W(ng[-]Fcl)z. where w is the
weight of a given observation. The p-factor, used to reduce the weight of intense reflections, was
set 10 0.02 in the last cycles of refinement, The analytical forms of the scattering factor tables for
the neutral atoms were used and all scattering factors were corrected for boti the real and
imaginary components of anomalous dispersion.

Inspection of the residuals ordered in ranges of sine/A, |Fgl, and parity and value of the
individual indexes showed no unusual features or trends. The largest peak in the final difference
Fourier map had an electron density of 0.24 e-/ A3, and the lowest excursion —0.19 e-/A3.

The positional and thermal parameters of the non-hydregen atoms are availabie as
supplementary material.

X-ray Crystal Structure Determination ot 10.

(a) !solation and Mounting: Crystals of the compound were obtained by siow evaporation
of a pentane solution and were mounted in a viscous oil. X-ray data were collected as for 7; the
final cell parameters and specific data collection parameters are given in Table 1.

(b) Structure Determination: The 3860 raw intensity data were convened 1o stiucture
tactor amplitudes and their esd's by correction for scan speed, background and Lorentz and

polarization effects. An empirical absorption corection based on azimuthal scan data
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(Tmax=1.000, Tmin=0.959) was applied. Inspection of the systematic absences indicated space
group P2¢/n. Removal of systematically absent and redundant data left 3771 unique data in the
final data set.

The structure was salved by Patterson methods and refined via standard least-squares
and Fourier technigues. The final residuals for 141 variables refined against the 3230 data for
which F2>3¢ (F2) were R = 5.4%, wR = B.4% and GOF = 3.83. The R value for all 2890 data was
6.3%.

The quantity minimized by the least squares program was Iw(|Fal-|Fc[)2, where w is the
weight of a given abservation. The p-factor, used to reduce the weight of intense reflections, was
set 10 0.0 throughout the refinement. The analytical forms of the scattering factor tables tor the
neutral atomns were used and all scattering factors were carrected for both the real and imaginary
components of anomalous dispersion.

The pasitional and thermal parameters of the non-hydrogen atoms are provided as

supplementary materal, as well as a listing of the values of Fg and Fe.
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Chapter 9

Structure and Reactlons of Ox tallacyclobut and
Oxametallacyciobutenes of Ruthenium




Introduction

Oxametallacyclobutanes have been invoked as intermediates in several reactions that
have founc! widespread utility. For example, processes such as cartony! methylenation reactions
mediated by ransition metal complexes, asymmetric epoxidation of ailylic alcohols with titanium
catalysts, are tielieved to involve oxametallacyclobutane intermediates.! In addition, the
intermediacy of sxametallacycles in the epaxidation of olefins by cytochrome P-450 catalysts has
been a controversial topic, and the ability to prepare such metallacycles may help o address this
issue. Several other reactions of potential utility, such as the rhodium catalyzed synthesis of 8-
lactams from aziridines? and formation of a metallacyclic carbanate of platinum from epoxide and
€033 are also believed lo proceed by way of oxa- and azametallacylobutanes.

These results demonstrate that even isolable oxametallacyclobutanes should behave as
reactive species. In fact, only a few examples of stable oxametallacyclobutanes are known. Late
transition metat examples include the preparation and reactivity of iidaaza- and iridaoxacylobutane
cormplexes reported recently from our laboratories.4 the generation of an oxametallacylobutane of
iridium by reaction of a coordinated olatin with molecular oxygen,S the formation of an analogous
platinum complex from tetracyangoxirang (2.2.3.:He!racyancxmacych::pn::pane).“3 and the recent
structural characterization of a thodium oxametallacyclobutane.” Early transition metat
oxametallacyclobutanes® include titanium and tantalum examples. An oxametallacyclobutane of
platinum containing an oxygen atom in the 8-position has also been reported.8,

Even more rare are the analogous complexes containing a C=C bond, the
oxametallacyclobutenes. The only isolated examples known so far were prepared by Vaughn and
Hillhouse, by the addition of N0 to zirconocene acetylene and benzyne complexes: 19 the same
complex was reparted from our laboratories to form from addition of diphenyl acetylene to an
oxozirconocene species.’!

Both oxametallacyclotutane and -butene complexes provide the opportunity to compare
the reactivities of the metal-heteroatom and metal-carbon bonds. Metathesis with eary metal

complexes forms alkene or alkyne and metal-oxo procucts,'2 while the iridaoxacyclobutane
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complex reported from our laboratory forms ketone and metal-carbene upon photolysis.4 In
addition, insertion reactions occur with the late transition metal heteroatom bonds in both iridium
and platinum oxametallacyclobutanes, consistent with the expected reactivity based on the
mismatch of a soft metal center and a hard alkoxide or amide substituent.12

We have recently reported the unexpected insertion of CO and COg3 with the metal-
carbon bond of a ruthenium oxametallacycle formed by orthometallation of a p-cresolate
substituent.’3 We have also investigated the reactivities of oxametallacylobutane and
oxametallacylobutene complexes with the goat of understanding the factors that contro! the
selectivities these compounds in metathesis, insertion, and epoxide-torming reactions. Several
unusual reactivity patterns have been observed, including C-C bond cleavage by an apparent p-
methyl elimination process, rapid C-O bond cleavage 1o extrude alkene upon addition of protic
acids and electrophiles, and insertions into the ruthenium-oxygen and ruthenium-canibon bonds.
We reported preliminary reacti-ity with two of the metallacycles,'4 and subsequently set out to
rationalize the initially observed reactivity patterns by synthesizing compounds with ditferent
connectivity in the ring and with ditferent dative ligands. In this paper we report the results of
these reactivity studies. Metallacycles used in this study were prepared from ruthenium enolata

complexes. in most cases using methodology described in the accompanying paper.

Resulls

Most of the resulls described here focus on the oxaruthenacylobutane complex
(PMe3)4Ru(OC(Me)(Ph)CH2) (1), containing methyl and phenyl groups in the B-position of the
rng. As described in the previous paper, rapid phosphine dissociation at room temperature
preciuded isolation of this complex in pure form. Therefore, complex 1 was characterized by
solution spectroscopy. The most informative spectroscopic data included an ABCD pattem in the
31p{1H) NMR spectrum, the metal bound CHa resonance in the 13C{'H} NMR spectrum, and the
resonances for a terminal aryl group not bound to the ruthenium. Reactions with 1 were

pertormed in situ following generation of the metallacyle by addition of the potassium enolate of



338

acetone to (PMeg)4Ru(Ph){Cl) in hydrocarbon solutions, as described in the previous paper. The
DMPE analogue of 1, {DMPE)2Ru{OC(Me)(Ph)CH2) (2), was stable enough to isolate as ‘
described in the previous paper and crystaline samples of it were used for reactivity studies.

Raactions ol (PMe3)sRu(OC(Mae)(Ph)CH2) (1). Scheme 1 summarizes the
thermat chemistry of compound 1. Warming a solution containing 1 in roughly 80-30% purity at
45 °C for 8 h led to formation of methane and the cyclic enclate 3 in 51% yield by H NMR
spectroscopy (CpzFe intemal standard), and in 22% isolatea yield. Thig complex was first isolated
as the product of addition of acetone to the ruthenium benzyne complex (PMeg)sRu(n2-CgHa), 'S
a transformation that forms one carbon-carbon bond and cleaves another.'8 This reaction occurs
by way of compound 1 as described in the previous paper; it is also conveniently formed by
addition of acetophanone to the ruthenium benzyne complex (PMes)sRu(n®-CgHya).17 We
believe an intermediate in the thermolysis of 1 may be the methyl enolate complex -
(PMes)sRu(Me){QC(CH2)Ph) (4), resulting trom -methyl elimination. in order to determine it such
an intermediate forms methane and 3, 4 was generated independently by treating the methyl
chioride complex (PMeg)sRu(Me)(C118 with the potassium enolate of acetophenone. This
procedure led to the formation of methane and 2 in 7% yield by TH NMR spectroscopy, aithough
orthometailation was faster than substitution, precluding direct observation of 4.

Scheme 2 displays the reactions of 1 with hydrogen and CO. Addition of Ha (2 atm) to a
CgDpg solution of 1 cleanly formed the tertiary alc?hol HOCMeaPh (85% by *H NMR spectroscopy)
and the dihydride cis-(PMeg)sfu(H)z (5)18.19 (88%). The 'H NMR spectroscopic identification of
the alcohol was confirmed by matching the GC retention time to that of an authentic sample.

Addition of CO (2 atm) to a solution of 1 at room temperature formed compound 6 in 51%
isolated yieid, the procuct of CO substitution at the melal center and CO insertion into the metal
carbon bond. This complex was characterized by solution NMR spectroscopy, solid state intrared
spectroscopy. and microanalysis. Absorplions for coordinated CO was observed at 1507 cm*!
and for the inserted CO at 1614 cm*!. The 13C('H} NMR spectrum displayed a r2sonance at

268.3 for the inserted CO, and one at 201.4 Jor the coorcinated carbonyl. The CHz resonance of
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6 was observed as a doublet at §74.7, indicating that it was located in the position a to a carbonyl
group and that it was no longer bound to the metal center. The CHa resonance for starting
complex 1 was observed at much higher field (§0.99) and showed coupling to four phosphines.
The geometry of 6 was deduced trom the 31P[1H} NMR spectrum and the splitting pattemn of the
13G{TH} NMR rescnance comrgsponding 1o the inserted CO. Tha 31P{1H} NMR spectrum
displayed an ABC pattern, with a large trans coupling constant of 321.1 Hz. In additian, the

13¢ ({11} resonance tor the inserted CO shawed a 100.1 Hz coupling constant, indicating that it is
located trans to a phosphine ligand and that the coordinated CQ, a strong =-acceptor, is located
trans to the patentially r-donating oxygen of the metallacycle.

Additlon of protic acids 1o 1 led to the extrusion of a-methylstyrene, as shown in Scheme
3. The rmom temperature addition of p-cresol to a solution of 1 led to formation of a-
methylstyrene in 86% yield by TH NMR spectroscopy and bis-resolate complex ¢is-
(PMe3)aRu({OCgH4-p-Me) {7) in 74% yield. In order to maintain the pruper stoichiometry, water
must also be formed by this reaction, although it was not detected. Compound 7 was
independently synthesized in 57% isolated yield by the addition of p-cresol to the dimethyl
complex (PMeg)4Ru(Me)z during the course of a separate study.20 Even addition of the weak
acid acetophenone, followed by warming to 45 °C, led to exirusion of a-methylstyrene (58%) and
termation of the cyclic enolate 3 in 61% yield by 'H NMR spectroscopy. Presumably water was
also a byproduct of this reaction.

Addition of carbon electrophiles also led to the extrusion of a-methylstyrene, as shown in
Scheme 4. Addition of carbon dioxide to a solution cf 1 led to formation of a-methylstyrene in
84% yield and the ruthenium carbonate (PMe3)qRu(COa) (B} in 83% yield by TH NMR
spectroscopy. This complex was prapared in 87% isolated yield by the addition of potassium
carbonate to trans-(PMeg)sRu(Cl)2.21 This compound was isolated as a white powder and was
identtied by \H, 31P({1H}, 13C{1H) NMR, infrared and mass spectroscopy. An AzBj pattern was
observed in the 31P{1H) NMR spectrum, with the phosphines located trans 1o the carbonate

ligand resonating downfield from the mutually trans phosphines. This trend in chemical shift is
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consistent with other (PMez)4Ru(X)(Y) complexes containing ruthenium-heteroatom bonds, 14,
15, 19, 20 and reflects the weaker trans influence properties of the carbonate substituent, com-
pared to trimethylr.al'lc;sr.ahine.22 The carbanate ligand was identified by a singlet resonance at
5169.2 inthe 13C{1H} NMR spectrum, and by an infrared absorption at 1578 em'!. A parent peak
at mve = 467 in the FAB mass spectrum was consiste_nt with the assignment of 8 as a monomer.

Reaction of 1 with PANCO, a compound isoelectronic with CQjp, is shown in Scheme 5.
Addition of this reagent to 1 led to rapid extrusion of a-methylstyrene and caused precipitation of
an initial addition product (PMeg)AHu(nz-OC(NPh)O) {9). This compound stable in the solid state
but rearranged ‘o (PMe3)4Hu(n2-OC(O)NPh) (10) in solution. Compound 9 was identified by H,
31p(1Hj, and 13¢{H} NMR and infrared spectroscopy of a partion of the crude precipitate which
contained roughly 90% compound 9. The NMR spectra of 9 were temperature dependent. At
room temperature an AzB2 pattern was observed in the 21P({1H} NMR spectrum, requiring rapid
inversion at the nitrogen atom. However, at -80 °C this inversion was slow, as indicated by the
A2BC pattem in the 31P({TH} NMR spectrum, with similar chemical shifts for Pg and Pg. The
methyl groups of the phosphine ligands were not resolved in the THNMR spectrum at this
temperature, but they were resolved in the 13¢{1H} NMR spectrum. The organic substituent was
identitied by the absormption for the C-N double bond at 1706 cm-1 in the intrared spectrum, as
well as by the resonance at §171.7 in the 13C{H} NMR spectrum.

Attempts to crystallize 9 from either tetrahydrofuran or methylene chioride led to
tormation of the more stable isomer, (PMeg)sRu(n2-OC(O)NPh) (10). Simply dissolving
compound 9 in methylene chloride and warming to 45 °C for 1 h led to clean formation of 10. This
compound was isolated as a yellow/orange powder by diffusion of ether into the methylene
chioride solution of 10, and it was characterized by microanalysis, as well as 'H, 3P{1H}, and
13¢{"H) NMR and infrared spectroscopy. The room temperature 31P{H} NMR spectrum of 10
dispiayed an A2BC pattern, with the phosphines located trans to the carboxamide ligand

resenating downfield of the mutually trans phasghines. The carboxamide substituent was
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identified by the carbonyt carbon at §167.7 in the 13C({1H} NMR spectrum and by the infrared
absorption band at 1595 cm-1.

Addition of benzaldehyds to a CgDg solution of 1 followed by heating to 45 °C led to
extrusion of a-methylstyrene in 73% yield and provided the hydrido benzoate cis-
(PMea)4Ru(H)(OC(Q)Ph) (11) in §3% yield by 1+ NMR specirascopy (Scheme 6). Compound 11
was prepared independently in 14% isolated yield by the addition of benzeic acid to the ethylene
complex (PMe3)aRu(C2Hg),23 and was charameﬁzed by 1|-i, 31p{114}, and 13C{"H} NMR and
infrared spectroscapy, as well as by microanalysis. The hydride substituent was identified by the
doublet of quartets resonance (one large trans coupling and three indistinguishable cis
couplings) at 58.21 in the *H NMR spectrum and the absorption band at 1826 cm? in the intrared
spectrum. The presence of the benzoate ligand was confirmied by an absarption at 15_99 cmlin
the infrared spectrum, a carbony! rasanance in the 13C{1H} NMR at 5172.19, and appropriate
resonanices for a terminal aryl group in the TH and 13C{'H} NMR spectrum. An ApBC pattem in the
3!'p(1H} NMR spectrum established tha cis stereochemistry of this complex.

Addition of non-polarizable, unsaturated organic molecules led to no reaction. Addition
of meta-methyl-a-methylstyrene, styrene, isobutylene, dimethylacetylene, or diphenylacetylene
to Cg0g solutions of 1 led to no change in its reom temperature Y+ and 31P(TH} NMR specira.
Warming the solutions to 45 °C led fo formation of 3 in roughly the same yield as the thermolysis
conducted in the absence of the alkene or alkyne,

. Reactlons of (DMPE)2Ru(QC{Ma)(PN)CH2) (2). A comparisan of the reactivities
of 1 and 2 should provide information on the role of phosphine dissociation in these reactions,
since phosphine dissociation in 2 is less facile than in 1. The most dramatic difference between
these two metallacycles was displayed in their thermal chemistry and reactivity toward CO. While 1
forms methane and cyclometallated product 3 at 45 °C, heating CgDg Solutions of 2 1o 140 °C for 2
d provided "H and 31P(TH} NMR spectra which were indistinguishable from those of starting
matenal. No formation of methane, a-methylstyrene, or a-methylstyrene oxide was observed.

Similarty, metallacyle 2 was stable toward reaction with carbon monoxide. When a solution of 2
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was exposed 10 2 atm of CO at 85 °C for 24 h, no evidence for ligand substitution or CO insertion
was observed by TH or 31p(1H} NMR spectroscopy.

Addition of 2 equivalents of pcresal to crystalline samples of 2 in CgDg at room
temperature led to rapid, quantitative formation of a-methylistyrene in addition to the DMPE
substituted bis -cresolate complex (DMPE)2Ru{CCgHg4-p-Me)z {12) in 74% yield by TH NMR
spectroscopy (Scheme 7). Compound 12 was prepared independently in 32% yield by the
addition of p-cresol to (DMPE)2Ru(Me)2. Yellow crystals of 12 fonmed from the reaction mixture,
and these were characterized by microanalysis, as well as by 'H, 31P{1H). and 13¢(1H} NMR and
infrared spectroscopy. The cis -sterecchemistry was indicated by a pair of triplets in the 3'P{1H}
NMR spectrum and by the presence of four methy! groups in the YH and 13C(H} NMR spectra.
The AA'BB' pattern in the aryl region of the 1H NMR spectrum and the presence of two- CH and
two quaternary resonances in the aryl region of the 13C(‘H) NMR spectrum demonstrated the 1'-
binding mode of the cresoiate substituents. Because the preparation of starting dimethyi
compound 12 was reported in 1963 without the aid of NMR spectroscopy, its 1H, 31P(1H}, and
13¢{1H} NMR spectroscopic dala are included in Tables 1-3.

The reaction of metallacycle 2 with carben dioxide in CgDg at room temperature led to
extrusion of a-methyistyrene (96%) and precipitation of the DMPE substituted ruthenium
carbonate (DMPE)2Ru(COa) (13} (Scheme 8). The carbonate complex was dissolved by adding
CD2Cl2 to the reaction solution containing an internal standard, and 'H NMR speciroscopy of the
homogeneous solution showed that 13 was lormed in quantitative yield. This compound was
prepared independently in 34% yield and spectroscopically characlerized by adding an excess of
DMPE to a methanol solution of the PMega-substituted carbonate 8. Compound 13 was isolated
as a white powder; its most revealing speciroscopic features were an IR absorption band at 1566
cm! and a '3¢{'Hj NMR resonance at 5167.5, carrespanding to the carbonate substituent. The
two DMPM ligands were identified by two triplet resonances in the 3'P{TH} NMR spectrum in the
same chemical shift region as the other DMPM complexes prepared in this study, and by the four

methyl resonances observed in the 'H and 1:’C(’H) NMR spectra.
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Reaction of 2 with one equivalent of benzaldehyde, tollowed by heatingto 110 °C for2d
led to formation of a-methylstyrene in quantitative yield and hydrido benzoate trans-
{OMPE)2Ru(H}(OC(Q)Ph) (14) in 57% yield (Scheme 9), a transformation analogous to that
observed upon addition of benzaldehyde to the PMe3 substituted metallacycie 1. However, the
reaction with compound 2 required prolonged heating at elevated temperatures. Again the
product was prepared indepandently, this time in 53% isolated yield by addition of 0.25
equivalents of lithium aluminium hydride to the bis -benzoate complex 15. White, crystalline
samples of compound 14 were obtained by crystallization from ether, and were characterized by
microanalysis, as well as TH, 31P{H}, and 13C{1H} NMR and infrared spectroscopy. The hydride
substituent was iqemiiied by the quintet TH NMR resonance at §-22.47 and by the absorption at
1907 ¢cm'! in the infrared spectrum. The presence of the benzoate ligand was contirmed by the
infrzred absorption at 1601 cm?, by the 13C(TH) NMR resonance at §170.42 and by the presence
of the appropriate resonances for a terminal phenyl group in the TH and 13¢({TH} NMR spectra.
The trans stereochemistry was indicated by the singlet resonance in the 21P{1H} NMR spectrum,
the presence of two methyl groups in the H and 13¢{TH) NMR spectra, and the quintet hydride
resonance. The starting bis-benzoate complex was prepared in 80-70% isolated yield upon
addition of 2 equivalents of benzoic acid to either the naphthy! hydride complex cis-
{OMPE)2Ru(C 1gH7)(H)24 or the dimethyl complex cis-(DMPE)RuU(Me)2,25 and was
spectroscopically characterizey. Data for this complex are included in Tables 1-3.

Because CgDg solutions of metallacycle 2 were unchanged upon heating to
temperatures below 140 °C, compound 2 could be treated with alkenes and alkynes at higher
temperatures than those employed with the PMeg metallacycle 1. However, even heating
samples of 2 to 135 °C for 24 h in the prasence of meta-methyl-a-methyistyrene, styrene,
dimethylacetyleng, or dipheny! acetylene did not lead to incorporation of these substrates into
the metallacycle portiun of the molecule. No change in the 'H and 31P{"H} NMR spectra of these

reaction mixtures was observed under these conditions.
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Structure and Reactions of (PMe3)sRu(n?-OC(CHCMe3)Cng} (19). We have
not been able to crystallographically characterize a ruthenium oxamstallacyclobutane containing
two sp3 hybridized carbons in the ring. However, this has been successful with the related sp2
carbon-containing system, (PMeg)4Ru(OC(CHCMe3)CHp) (15). This oxametaliacyclobutane
complex which has a the fart-butylmethylens substituent in the B-position, was prepared by the
addition of two equivalents of the ootassium enolate of 4,4-dimethyl-2-pentanone 1o the acetate
chloride complex (PMeg)4Ru(QAc){Cl), as described in the previous paper. Single crystals
suitable for an X-ray diffraction study were obtained by cooling a pentane solution of 15 to -40 °C.
The structure was solved by Patterson methods and refined by standard least squares and
Fourier techniques. An ORTEP drawing of the molecule is shown in Figure 1. Crystal and data
collection parameters are provided in Table 1; intramolecular distances and angles are .provided in
Tables 2 and 3. The compound crystallized in space group P2y/n, with no ynusually short
intermolecular distances. The molecule possesses a pseudooZtahedal geometry, with the
mgtallacycle occupying two cis sites. The metallacyle ponion is flat; the dihedrat angle in the ring
is 1.9 °. The tert-butyl group lies far from the phosphine ligands. All non-banding distances
between the phosphine methyl groups and the fert-butyi methyl groups are signiticantly longer
han 4 A. The C2-O bond length is 1.347(7) A, similar to the C-O bond fength in enols, and the
C2-C3 distance is 1.364(9) A, also similar to the C=C distances in enol tautomers and slighly
longer than isolated CaC bonds.26 The C1-C2 distance Is 1.547(3} A, consistent with a localized
carban-carbon single band. 26 The phosphine ligands occupy the remaining four sites of the
octahedron, and the bond lengths are in the range found in ruthenium compounds of similar
structure.2” The Ru-P(1) distance trans 1o the oxygen is signilicantly shorter (2.250(2) A) than the
Ru-P(2) distance trans to the methylene {2.345(2) A), or the Ru-P(3,4) distance of the mutually
trans phosphines (2.341(2) and 2.335(2) A].

Extrusion of tert-butyl allene from 15 upon addition of grotic reagents would be
analogous 1o the reactivities of metallacycles 1 and 2. However, addition of 2 equivalents of p-

cresal to a CgDg solutian of 15 led to lormation of both the free kelone 4,4-dimethy!l-2-pentanone






Tabie 1. Crystai and Data Collection Parameters.2

1§ 17 18
Temperature (°C) -8§ -80 -80
Empirical Formula RuP40C1gHag AuP4OC15H42 RuP30C12H31
Formuia Weight (amu} 517.6 463.5 385.4
Crystal Size (mm) 0.15x¢ 0.13 x 0.55 0.20 x 0.30 x 0.60 0.12 x 0.26 2 0.27
Space Group P2¢/n P21/n Pnma
a(A) 9.785(3) 9.337(2) 14.027(2)
b (A) 19.306(6) 15.615(3) 15.175(3)
c(d) 14.715(6) 15.536(1) 8.792(1)
o % 90.0 90.0 90.0
By 102.73(2) 102.025(15) 90.0
7(°) 90.0 $0.0 . 90.0.
V{AY 2711.4(24) 2215.6(13) 1871.4(8)
z 4 4 4
deaie (gem'3) 1.27 1.43 1.88
Keale {em™?) 8.1 62.1 14.6
Reflections Measured +h, +k, ! +n, +k, +h, +k, +|
Secan Width A0=0.75+0.35tan8 A0=085+0.35t%n9 A8=1.20+ 0.351tane
Scan Speed (@, */m) 8.70 6.70 6.70
Setting Angles (26, °)® 24-28 24-28 22-26

(a) Parameters common to all structures: Radiation’ Mo Ko (A = 0.71073 A), except forici=
0.70930 A. Monochromator: highly-ariented graphite (26 = 12.2°). Detector: crystal scintillation
counter, with PHA. 26 Range: 3-->45°%, except for 1¢ 2--»45°. Scan Type: 8-26. Background:
Measured over 0.25(A8) added to each end of the scan. Vertical Aperture = 3.0 mm. Horizontal
Aperture = 2.0 + 1.0 tand mm. Intensity Standards: Measured every hour of x-ray exposure time.
Orientation: 3 refiections were checked after every 200 measurements. Crystal orientation was
redetermined if any of the relflections were offset from their predicted pasitions by more than 0.1°,
Reorientation was required twice for 1b and 7a, and once for 8. (b) Unit cell parameters and their
esd's were derived by a least-squares fit 10 the setting angles of the unresoived Mo Ka
components of 24 reflections with the g'ven 26 range. [nthis and all subsequent tabies the esd's
of alt parameters are given in parentheses, right-justified to the {east significant digit{s} of the
reported value.



Tabie 2. Intramalecular distances for 15,

ATOM 1

RU
RU
RU
RY
RU
RU

c2
c2
c2
cl
c4q
cd
cd

Pl
Pl
Pl

P2
P2
P2 -

Pl
Bl
P3

P4
P4
(X

ATOM 2

Pl
P2
Pl
P4
Q

Cl

o]

cl
c3
Cc4
cs
[=1]
c7?

cs
ce
cloa

cl1
c1l2
C13

c17
c18
c19

Ccl4
C15
c16

DISTANCE

2.250(2)
2.345(2)
2.341(2)
2.335(2)
2.146(4)
2.158(7)

1,347(7)
1.547(9)
1,364(9)
1.5261(9)
1.523(12)
1.524(11)
1.561¢(10q)

1.849(8)
1.854(8)
1.839(9)

1.859{9)
1.838{(10)
1.854(9)

1.891(11)
1.861(11)
1.860{11)

1.924(11)
1.814(10)
1.864(10)
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Table 3. imramolecuiar angles for 15,

ATOM 2 ATOM 23

RU
RU
RU
RU
RU
RU
RU
RU
RY
RU
RU
RU
RU
RU
RU

P2
P3
P4
o}

cl
Pl
P4
Q

38
P4
]

cL
[+}

[}
cl

€19
€18
c19
c19
c14
c1is
Ccl6
€15
€16
cils

ANGLE

94.59917)
96.141(8)
101.79(7}
161.74{12)
94.96(19)
167.78(7)
91.55(9)
82.71113)
87.08(19)
91,5%8(10)
85.27(11)
86.17(24Q)
96.34(11)
163.25(18)
66.92{21)

94.6(4)

88.5(4)
110.0(S)
125.5(6)
124.5(8)
125.5(6)
110.71{7})
112.5(6)
107.016)
110.5(7}
108.9(7)
107.1(6)

121.9(3)
114.9(3)
118.7(3)
101.9(4)
97.9(4)
97.3(4)
1:2.84{3)
118.81{3)
113.4(3)
99.8(4)
99.8(4)
98.3(4}
123.5(3
117,8{4)
111.8{3)
99.0(9)
100.3(5)
101.G4%)
122.6(13)
122,1(3)
111.4(3)
95.415}
101 . 7(4)
99.7 (4}
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and the bis-crasolate complex 7 in quantitative yield (Scheme 10). 1H NMR spectroscopic
identitication of the organic praduct was confirmed by comparing the GC ratantion time with that of
an authentic sample.

Aithough 15 does not extrude alkene by a C-O bond cleavage process analogous to that
observed with 1 and 2, it does undergo a differant type of ketone carbon-carbon bond cleavage.
Addition of 4,4-dimethyl-2-pentanene followed by heating to 110 °C for 12 h led to formation of
the di-fert-butyl substituted acetylacetonate complex 16 in 77% yield by TH NMR spectrascopy.
This product is again the resuit of a carbon-carbon bond formation and a subsequent carbon-
carbon bond cleavage process. Compound 16 was more conveniently generated by the addition
of 2 equivalents of the potassium enclate of 4,4-dimathyl-2-pentanone to the acetate chloride
complex (PMe3)4Ru{QAC)C1)19 which generated reactants 15 and free ketone in situ.
Alternatively, compound 16 was synthesized on a.preparative scale by the addition of 2
equivalents of 4,4-dimethyl-2-pentanone to (PMez)sRu(n2-CgHa).!5 followed by heating to 110
°C for 24 h. Yellow crystals of 16 were isolated from this reaction in 35% yield and were
characterized by microanalysis as well as by H, 33P{'H}, and 13C{'H} NMR and infrared
spectrascopy. In addition, the organic ligand was identified by treating a solution of 16 with a
slight excess of concentrated HCI to form free tert-butyl acetylacetone in quantitative yield by 1H
NMR spectroscopy. The free ketone was characterized by comparing s GC retention time and K
NMR spectrum with those of an authentic sample. The bound organic ligand was identitied by the
presence of two infrared bands at 1576 cm'! and 1561 cm-1, a methine TH NMR resonance at
85.15, and two chemically equivalent neopentyl groups, each exhibiting an AB methylene pattern
in the TH NMR spectrum. An AgB pattem in the 3'P{1H} NMR spectrum was consistent with the
presence of equivalent neopentyl groups. The metal-bound mathyl group was identitied by a
doublet of triplets resonance at §0.34 in the TH NMR spectrum, integrating to three protons, and a
CHg resonance (confirmed by a DEPT pulse sequence) with a similar splitting pattern in the

13C(1H} NMR spectrum at §4.83.
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Structura and Reactions of (PMea)sRu({CH2)CO) (17). The compound
{PMe3)aRu(CH2C(Q)) (17). a second metailacycle formed by metaliation of a ruthenium enolate,
has been prepared as described in the previous paper. Unlike its analogue, compound 185, the
acetone dianion complex 17 does not contain a ruthenium-oxygen bond; rather, the complex is
boqnd through the two CHz groups. A single crystal suitable for an X-ray diffraction study was
obtained by cooling a pentane solution to -40 °C. The structure was solved by Patterson methods
and refined by standard least squares and Fourier techniques. An ORTEP drawing of the
moleculs is shown in Figura 2. Crystal and data collection parameters are provided in Table 1;
intramolecular distances and angles are provided in Tables 4 and 5. The compound crystallized in
space group P24/n, with no unusually short intermolecular distances. Although both complexes
contain an sp2-hybridized carban at the B-position of the ring, the solid state structure of 17 is
markedly different from the planar fast-butyl substituted analogue 15. Compound 17 contains
two ruthenium-carbon linkages, and a large dihedral angle of 45.6(5)° for the metallacycle,
although the Ru-O distance remains fong. The C(3)-O distance is 1.261(3) A, significantly longer
than the average C=Q bond length in cyclobutanenes, while the C(1)-C(3) and C(2)-C(3)
distances are 1.468(7) and 1.459(7) A respectively, signiticantly shorter than typical carbon-
carbon C(Q)-C bonds in ketones, including the average of those in cyclobutanones, 1.529 A 2%
The distances between the carbanyl oxygen atom of the organic substituent and the two nearest
piwsphine methy! groups are 2.977(6) A and 3.133(7) A, much shorter than the closest
interactions of the organic substituent of 15 with tha trimethylphosphine ligands.

Compound 17 underwent facile phosphine ligand dissociation to form the
oxatrimethylenemethane complex 18, as shown in Scheme 11. Tris-phosphine compound 18
was isolated by removing solvent and excess PMe3z at 25 °C under reduced pressure, followed by
sublimation. The 'H NMR spectrum displayed two methylene resonances but the 13C('H] NMR
spectrum contained only one CH3 resenance, indicating that the two protons on each carbon are
inequivalent. The 31R{'H) NMR spectrum displayed an A28 pattern, consistent with loss ot ane

PMej ligand from 17.
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Table 4. Intramolecular distances for 17.

ATOM 1

RU
RU
RU
RU
RU
RU

cl
c2
ca

Pl
Pl
Pl
P2
P2
P2
F3
P3
P3
P4
P4
P4

ATOM 2

Pl
P2
1]
P4
cl
c2

c3
ca
0l

(<]
Cc5
cé
c7
c8
cs
cl10
Cll
cl2
Cl13
Cl4
Cls

DISTANCE

2.3081{1)
2.324(1)
2.358(1)
2.352(1}
2.217(4)
2.2221(5)

1.468(7)
1.459(7)
1.2¢611(6)

1.838(5)
1.842(9)
1.827(5)
1.835(5}
1.836(51}
1.8371{5)
1.850(5)
1.8141(%)
1.814(6)
1.838(5)
1.839(5)
1.836(S)
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Table 5. tntramolecular angles for 17.

ATOM 1 ATOM 2 ATOM 3 ANGLE

P1 RU P2 103.2314)
Pl RU P3 92.561{4)
Pl RU P4 91.72(4)
Pl RU €l 92.08{13)
Pl RU c2 158.111(14)
P2 RU B3 906.78(4)
P2 RU B4 89.77{4)
P2 RU c1 163.791{13)
P2 RU c2 96.15(14)
P3 RU P4 175.501(5,
P3 RU c1 ££.23{13)
P3 RU c2 91.86(13)
P4 RU c1 80.00{13)
P4 RU c2 83.65{(13)
cl RU c2 65.721(18)
RU B < § c3 83.5(3)
RU c2 c3 83.5(3)
ol c3 €1 124.1(9)
ol c3 c2 123.0(5)
[ c3 c2 . 110.8(4) -
RU Pl c4 115.36(18)
RU "Pl cs 120.59(19)
RU Pl cé 121.361(17)
c4 Pl 4] 95.6(23}
c4 Pl cé 101.74124)
cs Pl cé 87.5(3)
RU P2 c7 121.99017)
RU P2 cs 122.41(16)
RU P2 c9 113.67(20)
c7 P2 cs 95.93(25)
c? P2 c9 100.1(3)
cs P2 cs 98.0(3)
RU P3 clo 121.42(18})
RU P3 Ccll 118.50(18)
RU P3 cl2 115.16(19}
clo P3 cll 97.82(24)
cl0 P3 c12 100.6(3)
Cl1 P3 c12 95.4(3)
RU Pd c13 117.34(18)
RU P4 Cclé 117.66(17}
RU P4 Cl5 122.70(19}
c13 P4 cl4 98.26(24)
c13 P4 Ccl5 97.41(3)

cl4 P4 Cc15 9g.08{2%)
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An X-ray diffraction study was conducted on a single crystal of 18, obtained by
sublimatiun in a sealed tube over a period of two weeks at 55 °C. The structure was solved by
Patterson methods and refined by standard least squares and Fourier techniques. An ORTEP
drawing of the molecule is shown in Figure 3. Crystal and data collection parameters are provided
in Table 1; intramolecular distances and angles are provided in Tables 6 and 7. The compound
crystallized in space group P2¢/n, with no unusually short intermolecular distances. The study
was hampered by a poor data set, due to poor crystal quality or disorder between the methylene
and oxygen positions in the organic ligand. As a result, the data were used principally to confirm
the connectivity of 18, rather than to provide detailed information concemning the bonding mode.
Neventheless, certain overall features of the maolecule remained unambiguous. The organic
substituent and the three phosphine ligands adopt a staggered conformation, making the overali
geometry pseudooctahedral. In addition, the oxatrimethylenemethane substituent is bound in an
né-tashion. The cantral carbon is located above the plane of the other three atoms, although the
Ru-C{1) distance {1.99(2) A} remains significantly shorter than the two Ru-C(2) (2.27(1) 4)
distances and the Ru-Q distance {2.22(1) A).

3'P{1H} NMR spectroscopy of a toluene-da solution prepared from a crystalling sampie of
compound 17 and one equivalent of phosphine demonstrated that compounds 17 and 18 exist
in equilibrium under these conditions. Figure 4 displays a stacked plot of the 3'P{TH} NMR
spectra of such a solution between the temperatures -80 °C and 60 °C. At temperatures below -
20 °C, only the complex containing four phosphines (17) was observed, while at 60 °C, 18 was
the predominant species. Although interconversion of 17 and 18 did not occur rapidly enough
1o average their distincitive 31°(1H) NMR signals, equilibration of the two compounds was
complete after less than S min even at -20 °C.

Because of the instability of compound 17, only a few reactivity studies with this complex
were attempted. For example, a solution of 17 and (ree acetone, generated in situ by addition of
two equivalents ol the potassium enolate of acetone to cis-(PMeg).sHu(OAc)(Cl),‘9 led lo clean

formatinn of (PMeq)4Ru(OC(Me)CHC(Me)CH) in 45% isolated yield after heating to 85 °C for 8 h






Table 6. Intramolecular distances for 18.

ATCH 1

RU
RY
RY
RU
RU

cl
C1

Pl
Pl
P2
P2
P2

ATOM 2

Pl
P2
(o]

cl
c2

[s]
c2

c3
Cc4
c5
cé
c7

DISTANCE

2.237(4)
2.286(3)
2.224(10)
1.985(19)
2.265(12)

1.325(17)
1.338(13)

1.750(24)
1.820(15)
1.795(17})
1.790(17)
1.828(20}
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Table 7. Intramolecutar angles for 18.

ATOM 1 ATGM 2 ATOM 3 ANGLE
Pl RU P2 96.90(11)
Pl RU o 157.6(3)
P1 RU c1 121.4(5)
P1 RU c2 10¢.1¢3)
P2 RU P2 98.62(16)
P2 RU o 97.68(19)
P2 RU c1 119.0(3)
P2 RU c2 156.3(3)
0 c1 c2 115.6(9)
c2 cL c2 123.2(16)
RU Pl c3 120.8(8)
RU Pl c4 117.3(5) .
c3 Pl cd 101.6(7}
c4 Pl cé 913.6(10)
RU P2 cs 111.11(6}
RU P2 [of 124.916)
RU p2 c? 115.8(6)
(o1 P2 cé 103.7(7}
cs P2 c7 101.0¢(8}

cé P2 c7 97.11(8)
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(Scheme 12). The organic partion of 19 can be thought of as a coordinated dianion of the aldol
condensation product. This complex was isolated from cold pentane as yellow crystals which
were characterized by microanalysis, as well as 'H, 31P{'H), and '3C{'H} NMR and infrared
spectroscopy. In addition, the identity of the organic ligand was confirmed by lreaiing 19 with two
equivalents of acetic acid to form {PMeg)4Ru{OAc)2 and free mesityl oxide in 74% yield. This free
aldol product was identified by comparison of its TH NMR spectrum and GC retention time to those
of an authentic sample. The coordinated organic fragment was identified by a doublet of doublet
of triplets pattern in the TH, and 13C{1H) NMR spectra coresponding to one metal bour.d methine
group, and a singlet resonance corresponding to the other. Two resc;nances for methyl groups
not bound to nithenium were also observed inthe H and 13C{1H} NMR spectrum. All 13C{1H}
NMR assignments were confirmed by using a DEPT pulse sequence. The A2BC pattern in the
31p(H) NMR spectrum, with Pg resonating upfield and Pg resonating downfield of PA,. was
consistent with the presence of one ruthenium-carbon and one ruthenium-oxygen bond.

Reactlons ol (PMa3)4Ru(n2-0C(tert-Bu)CH) (20). Oxametallacylobutene
complex 20 was obtained by extrusion of methane from the methyl enolate complex
{PMe3)sRu(Me}(OC({CH2)CMea) at 65 °C over the course of 8 h, as described in the previous
paper. Initial reactivity studies with 20 were directed toward determining if addition of protic acids
and electrophiles would result in the elimination of tert-butylacetylene, in analogy to the behavior
of 1 and 2, or i the arganic substituent would remain intact, as it did with complex 15. The
reactions of oxametallacyclobutene 20 with p-cresol and COp are shown in Scheme 13.
Compound 20 was converted to free pinacolane {3,3-dimethyl-2-butanone) in quantitative yield
by TH NMR spectroscopy and the bis-cresolate complex 7 {(31%) when treated with p-cresol.
Again, the identification of the ketone was confirmed by comparison ot GC retention times and 'H
NMR spectra with those of an authentic samgple.

Additian of one equivaient of CO2 10 a benzene solution of 20 led rapidly to
(PMe3)4Ru(n2-0C(Q)OC tert-Bu)CH) (21), the product of insertion into the metal-oxygen bond.

No evidence lor tormation of fert-butylacetylene was observed. Compound 21 was isolated from
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the reaction mixture as clear crystals in 42% yield, and was characterized by 'H, 31P{1H}, and
13C{H} NMR and infrared spectroscopy as well as microanalysis. The inserled COz maiety was
identified by its 13C{*H} NMR resonarice at 5156.6 and an infrared absorption at 1633 cm-'.
Conclusive evidence for the preserice of a ruthenium-carban bond in the product was provided
by its TH NMR spectrum, which cantained a doublet of triplets resonance for the methine proton at
§5.34, and by its 13C("H) NMR spectrum, which contained a doublet of triplets of doublets
resonance at 5111.0 for the methine carban, An ABC pattern in the 31P(TH} NMR spectrum, with
Pg resonating upfield and Pg resanating downfield of the mutually trans phosphines, was
consistent with the presence of one ruthenium-carbon and one ruthenium-oxygen bond.

Reactions of 20 with hydrogen and trimethylsilane are shown in Scheme 14. When a
CeDg solution of 20 was exposed to 2 atm of Ha, formation of free pinacelone in 61% yield by 1H
NMR spectroscopy and dihydride 5'8. 19 (77%) was observed after 1 h. Similarly, addition of
trimethylsilane, followed by heating at 85 °C for 2 h, led to the silyl enc* "“ar of pinacolone in
43% yield as the organic product. In this case, the organometallic pre +as the praviously
reported phosphine-cyclometallated complex (PMeg)3Ru(CHaPMez)(H)18% 28 in 40% yield. TH
NMR spectroscopic identification of both tha ketone and silyl enol ether was confirmed by
matching GC retention timas to those of authentic samples.

A possible mechanism far this reaction is shown in Scheme 14. When a solutian of 20
and trimethylsilane was heated 0 45 °C, an intermediate was observed by 'H and 31P{'H} NMR
spectroscopy but not tully characterized. This intermediate may be the vinyl hydride complex 22,
since formation of cyclometallated compound (PMe3)3Ru{CH2PMe2}{H) as the organometallic
product is consistent with C-H reductive elimination fram 17 to form the silyl enct ether and
intermediate (PMea)aRu. This Ru(0) intermediate was shown to form 14 cleanly in a separate

study.29
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Dlscussion

EMact of dative ligands on reactivity.(a) Thermal reactions. The propensity of
PMeg-substituted oxametallacycle 1 to extrude methane and form 3 at 45 °C, compared to the
stability of its OMPE-substituted analogue £ at 140 °C, is consistent with a pathway for this
process that is based on the mechanism for the formation of 1 reported in the accompanyiry
paper. A complete mechanism for the C-C cleavage process {including the preparation of
metallacycle 1) is shown in Scheme 15. This mechanism invoives §-Me elimination to form
(PMea)4Ru(Me)(OC(CHg):°h) (4), a process that is the reverse of the pheny! migration step to form
1. Intermediale 4 siinply forms methane and 3 by metallation of the aryl ring.'5: 39 The
experiments rer.orted in the previous paper in this issue demonstrate that the phenyl migration
step proceeds by an initial, reversible dissociation of phosphine to form an 13-bound gnolate
substituent. The phenyl group then migrates to the central carbon of this n3-bound acetone
enolate. We therefore propese an analogous B-methyl elimination process to form 4 by way of an
n3-bound acetophenone enolate. Our results with the OMPE analogues are consistant with this
hypothesis singe the DMPE intermediate that is analogous to 4 is less likely to undergo
phosphine dissociation, resulting in the stability ot metallacycle 2. Aisiough we have not
obtained any mechanistic data regarding the carbonyl-methyl C-C bond cleavage reaction of 4.4-.
dimethyl-2-pentanang by 15, it is possible that B-methy! elimination lrom an axametallzcylobutane
complex or another oxametallacycla is invalved in this raaction. Pravious examples of B-methyl
elimination reactions have been reported with electrophilic early transition metal and lanthanide
complexes, 6" 9 and a B-cyano elimination was reported to eccur from a platinum
oxametallacyclobutane.6®

Reactions with electrophiles and pratic acids. The reactions of oxametallacycles 1 and 2
with the protic acid p-cresol and the electrophile CO2 both occur at room temperature over several
minutes. Because dissociation of phosphine would be expected to require higher temperatures
for the DMPE complex 2 than for the PMeg complex 1, we conclude that reactions with these

reagents occurs direclly at the oxygen atom of the metallacycte, and do not invoive
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coordination to the metal center by either the organic substrate or the extruded alkene, as shown
in Scheme 16, The oxygen atom connected to the electran rich metal center is apparently basic
enough {o deprotonate p-cresol and nucleophilic enough to attack CO2. Formation of a formal
positive charge at the metallacyclic oxygen atom, followed by cleavage of the C-Q bond, extrudes
alkene. This process is similar to the dehydration of tertiary alcahols catalyzed by protic and Lewis
acids.3! In contrast, the reaction of these two compounds with benzaldehyde under very
ditferent conditions may reflect the involvement of phosphine dissociation during this
transformation. At 110 °C it is possible that dissociation of one end of the DMPE ligand may allow
coordination of the aldehyde. MHowever, no experiments that would address the requirements for
ligand dissociation in this rez:tion were conducted with either complex .

The failure of the oxametallacycles to incorporate alkenes or alkynes suggests that the
reactions of these compounds do nof occur by way of a ruthenium-oxo intermediate. Our results
do not rigorously rule out reversible formation of a mithenium-oxo intermediate with alkene
coordinated to the metal center, but it seems likely that the resulting coordinated a-methylstyrene
would dissociate at 135 °C and lead to incorporation of another alkene or aikyne into the
metallacycie.

Effect of metallacycle on reactivity. In contrast to extrusion of alkene from 1 and
2, metallacylobutane 17 and metallacyclobutene 20 extrude {ree ketone upon addition of protic
acids. We propose thal the aryl group of metallacycles 1 and 2 helps to stabilize the partial
positive charge on the B-carbon of the metallacyle that occurs after addition of the acid or
electrophile, as shown iis Scheme 16. Again, our explanation is analogous to the one used to
explain the rate enhancement of ionization caused by pheny! substitution in benzyl alcohols.30

Eftect of ring substitution on structure. The tert-butyl substituent in compound
15 leads to a markedly ditferent solid state structure relative to 17, as determined by an X-ray
diffraction study. First, the enolate dianion in 17 is bound through two Ru-CHg linkages, while the
organic portion of 15 is bound by one Ru-CHz and one Ru-O linkage. The substitution of a bulky

group in the methylene position of 17 appears to cause the terf-butyl substituted cyclic enolate
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15 to bind through one methylene and one oxygen atom rather than to bind through two
methylene groups as was observed in 15.

The two different binding modes apparently give rise to a secand dramatic difierence
between the two structures: the dihedral angle of 15 is 1.9°, while that in 17 is 45.6°. The solid
state structure demonstrates that the tert-butyl substitution does not significantly atfect the steric
interactions of the metallacycle with the phophine ligands. In fact, the shortest distance between
the tert-butyl group in 15 and the'nearst‘phosphine methyl is greater than 1 A longer than the
shortest distance between the carbonyl oxygen atom of 7 and the nearest phosphine methyl
group. The 315{1H) NMR spectroscopic data indicate that the solution structures are similar to
those in the crystalline state. Ring inversion in 17 is slow on the NMR timescale at -70 °C, as
indicated by the ineguivalent trans phosphine resonances cbserved at this temperature, but
inversion of the metallacycle in 15 is rapid at -90 °C, since the mutually trans phophines are -
equivalent at this tlemperature, consistent with a nearly flat ring system for 15 or one with a
dramatically lower barrier to inversion in solution.

It seems reasonabie to attribute the difference in dihedral angles to electronic diterences
within the two rings rather than to steric or solid state effects. Theoretical studies have indicated
that the large dihedral angles in platinum metallacyciobutan-3-ones are due to a significant
contribution of the bonding description B shown in Figure 5, and our data are consistent with this
propasal.32® The CaQ bond is signiticantly longer and the C(Q)-C bonds are significantly shorter
than those in simple organic ketones, 28 including cyclobutanones. In addition the C=0 bond in
17 absorbs at 1544 cm™! (data provided in companion paper), signiticant'y lower in energy than
organic ketones. In contrast, the metallacycte portion of 15 contains C-C and C-O bond
distances which are similar to those observed for the encl form of organic ketones; 26 these
indicate liitte interaction between the n-system of the ring and the ruthenium metal center.

The:re are lew other structural data relaling to the conformation of metallacyclcbutane
rings. Although several structurally charactesized metallacyclobutan-3-ones have been reported,

all of these are bound to the metal center through the two enolate carbon atoms; compound 15 is
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the only structurally characterized example of the alternative O- and ¢-bound isorner.31
Furthermore, structural data on titanocene complexes shows a trand opposite to that observed
with these rutherium complexes: X-ray structural data for titanacyclobutanes (two Ti-CH3 linkages)
show flat metallacycles.x‘ while NMR spectroscopic data on titanaoxacyclobutanes analogous to
compound 15 (one Ti-CHz linkage and one Ti-O linkage) indicate a puckered ring structure. 82 In
contrast, the structures of a platinum®? and a thodium’ oxametailacyclobutane display rings that
are nearly flat. In addition, the organic analogues dispiay the same trend; cyclobutane is bent,
while oxetane is planar in the gas phase.34

The overall structural features of the oxatrimethylenemethane complex 18 are similar to
these observed with parent trimethylenemethane complexes.35 Principally, the centrai carbon
atom of the organit ligand is located signiticantly out of the plane of the other three atorms. This
similarity contrasts with observations made on other recently reported heteroatom-substituted
systems. In particular, an oxatrimethylenemethane complex of Fe{CQ)3 adopts a dimeric
structure,38 and a thiatrimethylenemethane complex of Fe(CQ23)37 shows an unsymetrically
bound organic ligand, perhaps due {0 phenyl substitution at one carbon and tert-butyl
substitution at the other. A nearly planar oxatrimethylenemethane fragment was observed in a
dimeric nuthenium compiex.38 The central carbon was only 0.07 A above the plane of the other
three atoms.

Insertion reactions with CO and COg2. Extensive mechanistic information
indicates that insertion of CQ into metal-alkyl bonds involves coordination of free carbon
monoxide to the metal center, followed by migration of the alkyl group.3° Therefore, it is not
surprising that the DMPE substituted metallacycle 3 is inert toward insertion of CO into the metal-
carbon bond, wrile PMe3 substituted metallacycle 1 readily reacts with CQ to form insertion
product 6. However, it is interesting to note that CO reacts with the Ru-C bond of 1 in preferens2
10 the Au-O bong, and that metallacycle 2 is inert toward insertion of CO into the metal-oxygen
bong. This demonstrates that migration of the methylene end of the metallacycle is faster than

migration of the alkoxide end. Moreover, a mechanism involving direct insertion of CQ into the
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metal-heteroatom bond or dissaciation of an alkoxide anion followed by attack of a coordinated or
tree CO does not occuyr in this ruthenium system. Such a mechanism has been reported to occur
with a square planar iridum system,49 but intramalecular migration to a coordinated ligand appears
1o occur with other systems.41

In contrast to the alkene extrusion processes that occur upon addition of CO2 to
oxametallacyclobutanes 1 and 2, as well as the propensity of 1 to undergo insertion of CQ into
the raetal-carbon bond, addition of CQ2 ta oxametallacyclobutene 20 led 1o insertion into the
ruthenium-oxygen bord. An extensive report of relative insertion rates of CO and COg with other
compounds of the (PMea)4Ru(X)(Y) system is provided in a separate study, 42 including the
insertion of CQO2 into the metal-carbon bond of (PMe3)4Ru(OCgH3Me) (23) shown in Eguation 1.

The results in that study suggested that selectivities were controlled by the
nucleophilicity of the heteroatom of the metailacycle and electrophilicity of the organic substrate.
In light of these earlier results, we propose that the greater nucleophilicity of the enolate oxygen
atom of 20 {comipared to the aryloxide oxygen atom of 23) and the greater electrophilicity of CO2
(compared to CQ) allows for direct attack of CO2 by the axygen atom of 20. Such a mechanism

would account for the observed selectivities of compounds 1, 20, and 23 for CO and CO».
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Table 8. TH NMR spectroscopic data.

Compound Sppm)  mutd  JiHz) int assignment®
{PMea)aRulOC{CH2)CgHa) 1.02 t 3.0 18 trans-PMez
(39 1.42 d 69 9 cis-PMe3
1.45 d 6.0 9 cis-PMeg
3.39 d 1.2 1 {OC{CHaHRICeHa)
395 brs 1 {OC{CrigHLICaHy)
6.61 tq 7.3,1.0 1 (OC(CHICEH )
6.63 { 7.7 1
7.1 dt 7.6.16 1
7.46 m 1
(CO)PMe3)Ru Q.87 d 73 8 PMe3
(OC(Me)(PhjCH2C{O)) (6)* 1.02 d 6.1 9
1.25 . d. 7.2 8
1.47 s 3 {OC(Me) (Ph)CH2C(0))
2.98 d 15.5 1 {(OC(Me)(Ph)CHaHLC(O))
3.09 dd 155, 4.0 1 (OC(Me){Ph)CHaHRC(O))
7.12 t 7.2 1 {OC(Me)(Bh)CHZC(O)
7.29 1 7.6 2
8.82 d 78 2
Cis-(PMea)sRu(OCgHa-p-Me)z  0.95 d 7.7 18 cis-PMes
(7)® 1.14 t A 18 trans-PMeg
2.40 L] 6 . (OCgH4-pMea)2
7.04 d 8.4 4 {OCsH-pMe)2
7.22 d 8.3 4
(PMeg)aRu(COg) (&) 1.40 t 3.3 18 trans-PMeg
1.40 m 18 cis-PMes
(PMes)sRu(OC(NPh)O) (9)9 1.37 m ae cis- and trans-PMes
6.55 i 7.7 1 (OC(NPLIO)
6.96 1 7.3 2
7.22 d 75 2
(PMe3)sRU(OC(O)NPh) (10)F 1.2 t 28 18 trans-PMeg
1.44 d 7.9 9 cis-PMes
1.47 d 7.4 9 cis-PMes
6.53 { 71 1 {OC(O)NER)
7.03 t 7.7 2
7.27 d 7.9 2
cis-{(PMe3)aRu(H)(OC(O)Ph)  -8.21 dq 101,257 1 Au-H
(11)° 1.00 d 7.4 £} cis-PMe3
1.28 d sS4 9 Cis-PMes
1.32 brs 18 trans-PMe3
7.21 t 6.8 1 (OC(C)E
7.30 1 7.5 2
B.48 d 7.7 2

%
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Table 8. (cont'd)
cis{DMPE)zfAu(Me)2®

cis{DMPE}pAu.
(OCgH4-p-Me)z(12)¢

(DMPE)zRu(CO3) (13

¢is-(DMPE)Ru(CC(O)PR) 2

trans{DMPE)>Au-
(H)(OC(O)Pn) (14)°

(PMea)3Ru-
(CH(C{O)CHaCMea)2)(Me)
(16)°

+0.36
0.95
1.02
1.04
1.18
0.87
1.23
1.38

1.24
1.24
1.37
1.44
1.68
2.06
6.50
6.55

1.26
1.28
1.32
1.44
1.7-1.9
1.9-2.05

1.16
1.35
1.76
1.84
1315
7.22
7.83

-22.47
1.14
1.36
1.34
1.97
7.19
7.29
8.4

0.34
1.06
1.16
117
1.97
2.10
515

§3g~naay

ajjewwaa J3~~aa aawja~-—u

quin

naavaal a~~3Jjuw

7.4
21.5

RNWOONO R ArODODON =ERODOOOR HNNOIOOGO

- - -
BPHPW PR aAsS S

-

Ru-Me
MeaPCHaCHzPMes

MeoPCHoCHoPMe

MeoPCHaCHaPMes

MeoPCHoCHoPMeo
(OCgHq-p-Me)
{OCgH4-p-Me)

MeoPCHaCHaPMes

MezPCH,CHoPMez

MeosPCHCHaPMeo

MeaPCHaCHaPMe2
(OC(O)2h)

Ru-H
MeoPCHaCHaPMe,

NiegPCHoCHoPMez
(OC(OJED

Au-Me

PMes

PMej3
(CH(C(O)CHCMe3)2)
(CH{C(O)CHCMea)2)
(CH(C(O1CH2CMea)2)
(CH(C{O)CHaCMea)2)
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Table 8. (cont'd)

{PMe3)4Ru- 0.98 d 7.0 s cis-PMe3
(OC(Me)CHC(MeJCH) (19/¢  1.16 d 57 9 cis-PMey
1.18 t 2.9 18 trans-PMes
2.03 s 3 (OC(M2)CHC(Me)CH)
2.34 s 3 (OC(Me)CHC{3e)CH)
4.88 d 1.9 1 (OC(Me)CHC(Me)CH)
622 dm 1.3 1 {OC{Me)CHC(Me)CH)
{PMea)sRu 0.79 d 7.5 9 cis-PMe3
{OC(0)OC(CMe3)CH) (21)9 1.04 d 5.8 9 cis-PMe3
1,06 t 1.9 18 trans-PMes
1.44 s 9 {OC(C)OC(CMeq)CH)
534  dt 71,26 1 (OC(0I0C(CMeg)CH)

3The multiplicities triplet and doublet, when applied to the PMe3 and DMFE resonances, are
apparent splitting pattems. Accordingly, the values reported for J do not necessarily reflect true
coupling constants; for example, the 1abulated coupling constant in a triplet is the separation -
beiween the central line and the outer lines. ®The assignment trans-PMej refers to the mutually
trans phosphing ligands; the other two phophines are assigned as cis-PMeg. STHF-dg, -40 °C.
9THF-dg, 20 °C. ®CgDg, 20 °C. Methanokdy, 20°C. 9CD2Clp, 62 °C. RCDaCh, 20 °C.
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Table 9. 13¢{*H} NMR spectroscooic data,

Compound
(PMeg)4Ru(OC(CHa)CeHa)
(3

(CO)(PMe3)Ru-
(OC(Me)(Ph)CHoC(Q)) (6)°

cis-(PMegj4Ru(OCgH4-p-Mej2
e

(PMe3)4Ru(CO3) (8)

(PMe3)sRu(OC(NPh)O) (9)8

&ppm)
19.40
22.28
25.23
72.80
120.68
122.61
1#5.23
141.27
152.86
176.60
177.71

17.76
18.14
18.20
38.08
74.65
76.82
124.24
126.62
127.52
157.65
201.36
268.31

18.56
22.87
20.75
118.36
120.66
129.68
169.41

16.98
22.48
169.22

15.88
21.18
21.43
116.34
122.55
127.66
152.69
171.66

muhd

%amvumanu,ggg

EXT NN NI

w3

TN I 0 -

J(H2)
12.6, 2.6
17.0, 1.7

100.1
12.6

13

131
23.3
26.2

assignmentP
trans-PMea
cis-PMes
cis-PMe3;
(OC(CHa)CgHa)
(OC(CH2)CgHa)

(OC(CH2)CgHa)
(OC(CH2)CgHY)

PMe3

(CC{Me)(PR)CHZC(0))
(OC{Me)(PRICHAC(0))
(OC(Me)(PR)CHaC(Q))
(OC(Me)(B)CHZCO))

Ru-CO
(OC{Me)(PmCH2C(0)

trans-PMeg
cis-PMeg
(NCeH4-p-Ma)2
(OggHs-p-Me)2

trans-PMe3
¢is-PMes
Ru-CO3

trans-PMe3
cis-PMe3
cis-PMes

{OC(NER)O}

(OC(NP)O)
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Table 8. (cont'd)-
(PMe3)4Ru{OC{O)NPh) (10)h

cis-(PMe3)aRu(H)(OC(O)Ph)
(1n)e

¢is-(DMPE)2Ru{Me)2*

¢is-{(DMPE)2Ru-
(OCgH4-p-Me)2(12)¢

(DMPE)2Ru(CO4) (1BHh

18.31
22.21
25.57
116.26
122.53
127.82
157.85
167.65

22.77
26.27
23.12
127.67
129.19
130.21
139.87
172.19

-8.03
9.02
15.46
19.20
22.71
29.20
33.57

11.91
t5.56
16.25
20.26
20.8%
29.99
32.17
119.07
121.56
129.01
172.66

8.39
16.04
16.35
1877
26.37
33.25

167.46

—mmuaau&&'-...

- I g

13.1
26.1, 2.0
26.4, 2.1

12.1
12.0

15.2, 123
144, 11.6

2.8

12.0
12.0
12.0
13.6

trans-PMe3
cis-PMeg
cis-PMe3

{OC{Q)NEh)

(OC({QINPh)
cis-PMeaa
cis-PMe3

trans-PMe3
(OC(O)Eh)

(OC(O)Ph)

Ru-Me
MeoPCHCHoPMes

MezPCHoCHoPMe:

MeaPCHZCHaPMes

(OCgHs-p-Me)
MeaPCHaGHoPMe;
(OCgH:-p-Me)
(OCgHs-p-Me)
{OCgH4-p-Me)
{OLgH4-p-Me)

MaoPCHaCHaPMa2

MeaPCHoCHaPMe2
Ru-CQ3
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Table 9. (cont'd)

cis-(DMPE)2Ru(CC(O)Pajz?  13.26 t 13.9 MasPCHaCHaPMes
15.74 t 12.86
17.79 t 13.5
18.84 t 1541
27.45 m MezPCHoCHoPMe
33.39 m
12762 s (OC(O)BN)
129.30 s
129.55 s
139.26 s
172.04 s (OL(O)Ph)
trans{DMPE)zRu- 15.64 pent 5.2 MesPCHZCHaPMes
[H)OC(O)PH) (13)° 22.49  pent 7.0
31.24  pent MeoPCHoCHoPMe2
12755 s (OS{OED)
128.82 s
129.92 s
139.97 s
170.42 s ({OC(O)Ph)
({PMe3)3Ru 4.83 ct 81.2, 11.86 Ru-Me
{CH(C{OJCHzCMes)2)(Me) 19.01 d 139 PMeg
16)°
{ 19.93 t 125 PMes
30.93 s (CH(C(O)CH2CMz3)2)
32.06 s (CH(C(O)CH2EMes)2)
56.53 s {CH(C(O)CH2CMes)2)
103.04 s (CH(C(OJCHaCMe3)2)
128.90 s {CH(G(0)CHaCMes)2)
(PNie3)aRu 18.66 t 9.4 trans-PMaz
(OC(Me)CHC(Me)CH) (19)®  21.52 d 15.1 cis-PMes
23.45 d 24.1 cis-PMe3z
26.30 H (OC(Me)CHC(Me)CH)
30.50 s {OC(Ma)CHC(M2)CH)
98.01 s (OC(Me)CHC{Me)CH)
138.18 dtd 64,16, 10  (OC(Me)CHC(Me)CH)
156.41 s {OC(Me)CHC(Me)CH)

not observed  (OC(Me)CHC(Me)CH)




Table 9. (cont')
(PMe3)4Ru 18.11 td 139,20 trans-PMes
(OC(C)OC(CMes)CH) (21)d  21.12 d 17.2 cis-PMe
2258 dd 270,22 cis-PMeg

29.53 s {OC(0)OC(CMEa)CH)

1820 d 6.0 {OC(0)OC(CMen)CH)

110.98 did 60, 18,8.6 (OC(O)OC(CMealCH)

15182 d 2.8 (OC(0)OL(CMe3)CH)

15658  t 5.3 (OC({0)OG{CMe3)CH)

4The multiplicities triplet and doublet, when applied to the PMe3 and DMPE resonances, are
apparent splitting pattems. Accordingly the values reparted for J do not necessarily reflect frue
coupling constants. ®The assignment trans-PMej refers ta the mutually trans phosphine ligands;
the other two phophines are assigned as cis-PMe3. STHF-dg, 40 *C. STHF-dg, 20 °C. *CgDg, 20

°C. 'Methanol-da, 26°C. 9C0Clz, 62°C. RCD2Clz, 20 °C.
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Table 10. 13P{1H) NMR spectroscopic data.

Compound $pin system? S(ppm) __ J{Hz)
(PMe3)4Ru(OC(CH)CgHa) (3)9 A2BC 5A=0.69 Jap=25.3
5Ba-13.71 Jac=32.2
8C=6.86 Jpe=14.3
(CO)(PMea)Ru(OC{Me)(Ph)CH2C{0)) (6)® ABC 5A=-0.76 Jap=26.9
5B=8.70 Jac=26.3
§C=11.26 Jpc=321.1
cis-(PMe3)4Ru(OCgH4-p-11e)2* A2B3 8A=14.89 Jap=31.8
5B=-0.98
(PMeg)4Au(CO3) (8)f AzB2 5A=23.08 Jag=30.7
5B=4.75
(PMe3)sRu(OC(NPH)Q) (9)¢ A2BC 5A=1.98 Jap=31.1
8B=18.96 Jac=32.8
§C=19.81 Jgg=32.3
{PMe3)4Ru(OC(O)NPh) (10} A2BC 5A=0.04 Jag=30.6
5B=5.66 Jac=30.6
5C=8.99 Jpc=29.8
cis-(PMe3a)4Ru(H)(OC(Q)Ph) (11)® ABC §A=-0.52 . Jag=33
§B=6.74 Jac=23
8C=-13.72 Jac=17
cis-{DMPE)2RAu(Me)2* AA'BB* 8A=45.31 Jap ag=19.1
§B8232.69
cis-(DMPE)zRu(OCgH4-p-Me)z (12)9 AA'BE' 8A=52.28  Jap ag'=17.3
5B=36.60
(DMPE)2Ru(CO3) (13)P AA'BB 8A«57.45  Jag ag=20.6
5Ba54.86
cis-(DMPE)zHu(OC(O)Ph)" AA'BB' 5A=53.99 Jagag=24.4
8B237.44
trans-(DMPE) Ru(H}(OC(Q)Ph) (11)® Ay 8A=45.90
(PMe3)3Ru(CH(C(O)CHaCMe3)z)(Me) (16)® AzB 5A=25.43 JaB=16.2

5B=-3.51
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Table 10. (cont'd)

(PMe)4Ru(OC(Me)CHC(Me)CH) (19)® A2BC 5A=-0.35  Jag=35.3
5B=11.65 JACc=21.8
§C=-15.13 Jpe=13.7

(PMeg)4Ru{OC{D)CC(CMea)CH) (21)¢ AzBC 5A=0.77 Jap=36.8
58=16.49 Jac=23.4

5C=-13.21 JBc=17.8

3 The true spin system for the &is-(DMPE)2Ru({X)2 compounds in this study is AA'BB". However,
all spectra of these compounds were observed simply as a pair of tripleis.

BTHF-dg, -40 °C. Svalues for & and J were detemnined by spectral simulation. 4THF-dg, 20 °C.
9CgDg, 20 °C. Methanoh-da, 20°C. 9CDaCh, -62°C. NCD:Clp, 20 °C.



Experimental

General. Unless otherwise noted, all manipulations were carried out under an inert
atmosphere in a Vacuum Atmospheres S53-2 drybox with attached M6-40-1H Dritrain, or by using
standard Schlenk or vacuum line techniques. Information on methods for solvent purification and
tor obtaining spectroscopic data is provided in the companion paper.

Unless otherwise specifiec, all reagents were purchased from commarciai suppliers and
used without further purification. PMeg {Strem) was dried over NaK or a Na mirro; and vacuum
transferred prior to use. DMPE (1,2-bis-dimethylphosphinoethane) (Strem) was used as
received. Ferrocene (Aldrich) was sublimed, and mesitylene was dried over
sodiunvbenzophenone ketyl and distilled prior to use. p-Cresol was dried by refluxing a solution
in benzene using a Dean-Stark trap followed by distillation under argon. Acetophanone and
benzaldehyde were dried by refluxing over CaHy, followed by distillation under nitrogen. -
Hydrogen, carbon monoxida and carton diexide wera purchased from Matheson and used as
received. Trimethylsilane was purchased from Petrarch and used as received. 4,4-dimethyi-2-
pentanone and pinacolone were purchased from Aldrich and used as received. fernt-
Butylacetylacetone was prepared by the addition of the potassium enolate of 4,4-dimethyl-2-
pentanone to fert-butylacetyl chloride. Me3SiOC(CH2)CMej was prepared by standard
methods.*3 Alkali enolates were prepared as described in the companion paper as was the
mixture of cis-and trans{PMe3)4Ru(Ph)(Cl}. (PMeg)aRu(nZ-CgHa). 1S cis-(PMea)4Ru(OAC)C),19
and trans-(PMea)aFAu(CN221 were prepared as published previously.

Pentane and hexane (UV grade, alkene free) were distilled from LiAlH4 under nitrogen.
Benzene, toluene, and tetrahydrafuran were distilled from sadium benzophenone ketyl under
nitregen. Dichloromethane was either distilled under N2 or vacuum transferred trom CaHg.
Deuterated solvents for use in NMR experiments were dried as their protiated analoques but were
vacuum transterred fram the drying agent.

(PMe3)4Ru(OC(CH2)CsHa) {3). {a) By thermolysis of 1: In 2.4 mL of CgDg was

dissolved 25.0 mg (0.0483 mmol) of ¢is- and trans-(PMes)4Ru(Ph)(Cl) and 5 mq of ferrocene as an
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intemnal standard. Into an NMA tube was placed 0.6 mL of this solution for determination of the _
relative concentrations of cis- and irans-(PMez)4Ru(Ph)(Cl) and the internal standard. To the

remaining solution was added 10.4 mg (3.0 equiv.) of KOC(CH2)Me. The resuiting suspension

was stirred for 2 h, over which tirne the yellow color turned dasker orange. The solid was removed ~

by forcing the suspension through a small plug of cefite. The resulting soiution containing 1 was
equally divided into three separate NMR tubes, ong for use in this preparation, a second for part
() below and a third for use in the preparation of 7 from 1. The first tube was equipped with a
vacuum stopcock, degassed by three freeze, pump, thaw cycles, and sealed under vacuum. The
sample was then heated to 45 °C for 8h. 1H and 31P{1H} NMR of the final reaction solution
showed formation of 3 in 51% yield, as determined by comparisan to the initial sample.

(b) By addition of KOC(CHg)Ph to (PMeg)aRu(Me)(Ci). In 1.4 mL of CgDg was dissolved
18.8 mg (0.0413 mmol) of (PMega)4Ru(Ms)(Cl) and 1.4 mL of ferrecena as an internal standard.
Half of this soiution was placed into an NMR tube and to the remaining solution was added 5 mg
(1.5 equiv.) of KOC(CR2)Ph as a solid. The resulting suspension was stirred for § min at room
temperature and then placed into a second NMR tube. The TH NMR spectrum of this solution
showed the presence of 3 and starting material. No 4 was observed. The solution was afiowed to
stand at room temperature for 24 h, atter which time the TH NMR spectrum showed the presence
of methane and the formation of 3 in 98% yield, by comparison with the sample of cis- and trans-
(PMe3a)4Ru(Ph)(Cl) and ferrocene internal standard.

(c) By addition of acetophenone 10 1: To the secend sample of 1, generated a-
descrihed in part 3, was added 2.4 pL (1.2 equiv.) of acetophenone. The lube was equipped with
a vaguum stopcock, degassed Dy three freeze, purnp, thaw cycles, and sealed under vacuum.
The sample was then heated to 45 °C for 8h. 1H and 31P(1H} NMR of the finai reaction solution
showed formation of a-methylstyrene (58%) and 3 (61%), 15 a5 determined by comparison to the
initial sample.

Hydrogenolysls of 1. In 1.2 mL of C5Dg was dissolved 15.0 mg of cis- and trans-

{PMea)4Ru(Ph)(Cl) and 2 mg of terrocene as an internal standard. Into one NMR tube was placed

394



395

haif of the reaction solution and to the remaining solution was added 1.5 mg (1.0 equiv) of
KOC(CH2)Me as a solid. The reaction was stirred for 4 h, after which time the orange solution was
filtered through a small plug of celite and the filtrate was placed into a 9" NMR fube equipped with
a Kontes vacuum adaptor. The sample was degassed by three freeze, pump, thaw cycles,
submerged in liquid nitrogen, and exposed o 450 torr of Ha. The tube was sealed at the top ot
the liquid nitrogen to give a final length of 8.5 *, and a pressure of approximately 2 atm at 25 °C.
After 2 h at 25 °C, the orange solution became pale yellow, and TH and 31P(1H} NMR
spectroscopy showed formation of the dihydride 5 in 88% yield and the alcohol HOC(Me)aPh in
84% yield, by comparison to the sample of ¢is- and trans-(PMeg)sRu(Ph)(Cl} and ferrocene
internal standard. The sample was then opened, the solution passed through a short column of
silica to remove the nuthenium complex. After elution with 1 mL of ether, gas chromatqgrzphic
analysis of the eluent showed the 2-phenyl-2-propanol as the major peak after those of the
solvent, as determined by comparison of the retention time t¢ an authentic sample and
coinjection of the eluent and a solution of the authentic sample.

{PMe3)3(CQO)Ru(OC{Me)(Ph)CH2L{0)) (6). To a suspension of 150 mg of cis-
and trans-(PMe3}4Ru(Ph)(CI) in 14 mL of n-pentane was added at room temperature 83.5 mg (3.0
equiv) of KOC(CHp)Me as a solid. The suspension was stirred for 4 h, and after this time the solid
was removed by filtration with pressura through a plug of celite. The resutting clear orange filtrate
was transterred to a 250 mL glass reaction vessel equipped with a Kontes vacuum adaptor. The
vessel was submerged in liquid nitrogen and expased to vacuum followed by 450 torr of CO.
Upon thawing, the yellow solution became clear. The volume was reduced to ~6 mL and cooled
to -40°C 1o provide 76.0 mg (50.1%) of white needles. IR (KBr) 1907 (s), 1614 (s); MS (FAB,
sulfoiane) 520 (M*); Anal. Calcd. for CagH3703P3Ru: €, 46.23%,; H, 7.18%. Found: C, 46.00%;
H, 7.38%.

Reaction of 1 with p-cresol. A solution of 5 mg (4 equiv) of p-cresol in 0.3 mL of
CgDg was prepared. To the third sample of 1, prepared as described in the section on the

tormation of 3 by thermolysis of 1 was treated with the solution of of p-cresol dropwise until the
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dark orange solution tumed yellow (approx 0.2 mL of the solution). "H and 31P[TH} NMR of the .
resuiting solution showed formation of a-mathyistyrene in 86% yield and 729 in 74% yield, by
comparison tc the sample of ¢is- and trans-{PMe3)4Ru(Ph}(C1) and ferrocene internal standard.

(PMe3)4Ru({COg3) (8). (a) From 1. In 1.8 mL of CgDs was dissolved 14.4 mg (0.0278
mmal) of ¢is- and trans-(PMe3)sRu(Ph)(Cl) and 3 mg of ferrocene as an intemal standard. Into an
NMR tube was placed 0.6 mL of this solutien for an imegration of starting material versus the
intemal standard. To the remaining solution was ackded 3.5 mg (1.3 equiv.} of KOC{CH2)Me. The
resulting suspension was stirred for 2 h, over which time the yellow color tumed darker orange.
The resulting solution containing 1 was divided equally into two NMR tubes. One of the tubes
was equipped with a vacuum stopcack, and degassed by three freeze, pump, thaw cycles. To
this sample was added 0.0556 mmol of CO2 by vacuum transfer. Upon thawing, the orange
solution tumed clear and white crystals formed from the reaction solution. TH NMR spectroscopy
of this solution: showed the presence of a-methyistyrene in 84% yield. The tube was then
opened and CD2Clp (0.2 mi.) was added to dissolve the ruthenium complex. 1H and 31P{1H}
NMR spectroscopy showed the formation of 8 in 83% yield, by comparison the the sample of cis-
and trans-{PMe3) 4Ru(Ph)(C!) and ferrocene internal standard.

(b) Preparative scale. Into a 50 mt round bottomn flask equipped with a Kontes vacuum
adaptor was placed, in air, 300 mg (0.630 mmol} of trans-(PMe3)sRu(Cl)2 and 150 mg (1.03 mmol}
of KaCO3. To these two solids was added 10 mL of methanol by vacuum transfer. The resulting
solution was carefutly degassed by three freeze, pump, thaw, cycles and then heated at 50 °C for
1.5 h with stirring. Ouring this time, the initial orange solution turned pale yellow. The solvent was
removed under reduced pressure and the resulting solid was extracted with CHaCl2. Removal of
the CHCl2 solvent provided 255 mg (85%) of white solid, which was pure by 31P{'H} NMR
spectroscopy. This material was further purilied by dissolving the material in CH2Cl2 and layering
the resulting solution with Et20 to provide 10.6 mg (3.5%) of white powder, used for infrared and
mass spectral analysis. IR(KBr): 1578 (s); MS (FAB, 1,2 nitrobenzy! alcohol matrix) 467 (MH*), 423

((M-CC2)H*), 407 ((M-CQq}H"), 391 ((M-PMeq)H*).



397

Synthesis of {(PMe3)aRu(OC(Q)NPh) (10) via (PMa3)4RU(OC(NPH)O) (9).
n 10 mi. of n-pentana was suspended 301 mg of ¢is- and trans-(PMes)aRu(Ph)(Cl) and 120 mg
{1.98 equiv.) of KOC(CHz)Me. The reaction was stirred for 4 h at room temperature, after which
time the grange suspensign was fillared with pre;sum. To the resulting clear orange solution was
added 95.0 mg PhNCO (1.98 equiv) as a solution in 1 mL of 7-pentane. Upon addition of the
isocyanate, a pale yellow solid precipitated from solution. This solid was filttered, washed twice
with 1.5 mL ot n-pentane, and dried under vacuum to provide 194 mg (63%) yield of 9 which was
roughly 90% pure by 1H and 31P({1H} NMR spectmscopy. This material was dissolved in 7 mL of
CHaClz and heated te 45°Cfor1 h ;o convert 9 to its isomer 10. The solution was concentrated
o 1 mL under reduced pressure and layered with 4 mL of pentane. After 12 h at mom
temperature, 52.6 mg (27.1%) of analytically pure yeliow powder was collected. IFI(KB[) 2912 (m),
1585 (s), 1577 (m), 1567 (m), 1550 (m), 1492 (M}, 1482 (m), 1328 (s), 1314 (m}, i304 (m) 1282
(m0, 1233 (m), 944 (s); Anal. Calcd for T 1gH41NOaP4Ru: C, 42.22; H, 7.65; N, 2.59. Found: C,
42.45; H, 7.67; N, 2.49,

{PMe3)sRu(H)(OC(O)PNh) (11), (a) From 1. In 1.2 mL of CgDg was dissolved 10.8
mg (0.0209 mmol) of cis- and trans-(PMea)qaRu(Ph)(Cl) and 2 mg af ferocene as an intemnal
standard. Half of this soiution was {ransferred 10 an NMHA tube, and to the remaining solution was
added 2 mg (1.5 equiv.) of KOC(CH2)Me as a solid. The reaction was stired for 2 h, after which
tima the sciid materials were remaved by filtration through a smail plug of calite. Benzaldehyde
(2.1 uL., 1.0 equiv) was added dropwise at room temperature as a solution in 0.3 mL of CgDg. The
resulting yellow solution was placed inta an NMR tube, equipped with a Kontes vacuum adaptor
and sealed under vacuum. The sample was then heated to 45 °C for 24 h, after which time 'H and
31p(1H) NMR spectroscory showed formation of 11 in §3 % yie!d and a-methylstyrene in 76%
yield.

(b) Preparative scale. In a glass reaction vessel equipped with a Kontes vacuum adaptor
was placed a solution of 374 mg (PMe3)gRu(C2Ha) in 10 mL of CgHg. Ta this stired solution was

added 105 mg (1.0 equiv} of benzgic acid in 2 mL of CgHg. The vesse! was then closed and
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heated to 45 °C for 24 h, after which time the solvent was removed under reduced pressure and
the rasidue was extracted with 10 mL of pentane. Concentration of the solution and cooling to -
40°C provided 64.3 mg (14%) of analytically pure white needles. 1R(KBr): 1826 (s), 1539 (s); Anal.
Calc'd. for C1gH4202P4Ru: C, 43.26; H, 8.02. Found: C, 43.12; H, 8.10.

(DMPE)2Ru(OCgH4-p-Me)z (12). (a) From 2. In 0.6 mL of CgDg was dissolved 7.1
mg (0.0133 mmol) of 2 and 2 mg of mesitylene as an internal standard. A TH NMR spectrum of
this solution was obtained. To this solution was then added 2.9 mg (2.0 equiv.) of pcresol as a
sofid. A second TH NMR and 37P{'H} NMR spectrum showed formation of a-methylstyrene in
quantitative yield and 12 in 74% yield.

(b) Preparative Scaie. In5 mL of toiuene was dissolved 325 mg (0.754 mmol) of cis-
(OMPE)zRu(Me)2. To the stirred solution was added, dropwise at room temperature, 179 mg (2.2
equiv.) of p-cresol in 1 mL of toluene. During this addition, the initial clear solution turned yeliow,
and gas evolution was observed. The solution was layered with 3 m_ of pentane, and after 12 h,
146 mg (32%} of 12, judged pure by 'H and 3'P{TH } NMR spectroscopy. was isolated. This
material was recrystallized for microanalysis by vapor diffusion of pentane into a solution of 12 in
toluene. IR(KBr) 2595(w}, 2972 (m), 2506 (s), 2855 (w). 1601 {m), 1500 (s), 1497 (s). 1420 (m),
1304 (s), 1159 (M), 1098 (M), 529 (s): Anal. Calc'd for C26Has02P¢Ru: C, $0.72: H, 7.53. Found:
C,50.26; H, 7.52.

(OMPE)2Ru{CO3)2 (13). (a) From 2. In 0.6 mL of CgDg was dissolved 7.1 mg
(0.0133 mmol) of 2 and 2 mg of mesitylene as an internal standard. A 'H NMR spectrum of this
solution was obtained. The NMA tube was then equipped with a Kontes vacuum adaptor. To the
sample was added 2.0 equiv. of COg by vacuum transter. Upon thawing, 13 crystallized from the
reaction mixture. A second 'H NMR spectrum showed formation of a-melthylstyrene in S6% yield.
The tube was then opened and CO2CI2 (~0.2 mL) was added lo the solulign to dissolve 13. 1H
ana 3'P{'H) NMR spectroscopy of the resulting solution showed formation ol 13 in quantitative

yield.



(b) Preparative scale. Into a glass reaction vessel equipped with a Kontes vacuum adaptor
was placed 250 mg {0.538 mmol) of 8, 15 mL of tetrahydrofuran, and 242 mg (3.0 equiv) of
OMPE. The reaction vessel was frozen with liquid nitrogen, exposed to vacuum, and heated to
85 °C for 24 h. After this time the 3P{H} NMR spectrum of an aliquot showed complete
conversion of 8 to 13. The solvent was removed under reduced pressure and the resulting solid
was washed with hexanes to provide 83.0 mg (33.5%) of white powder, which was roughly 95%
pure. Attempts to obtain analytically pure material by crystallization were nci successful. IR(KBr)
1566(s).

(DMPE)2Ru(H)(QC(Q)Ph) (14). From 2. In 1.2 mL of CgDg was dissolved 12.6 mg
(0.0237 mmoi) of 2 and 2 mg of mesitylene as an internal standard. Half of this solution was
piaced into an NMR tube, and 1o the remaiaing solution was added 1.3 ul (1.1 equiv.) pf
benzaldehyde. The reaction was then placed into an NMR tube equipped with a Kontes vacuum
adaptor and degassed by three freeze, pump, thaw cycles. The sarple was then heated at 110
C for 2 d, and 'H NMR spectroscopy showed formation of a-methylstyrene in quantitative yield
and 14 in 57% yieid.

(b) Preparalive scale. In 4 mL of hexanes was dissolved 78.4 mg of cis-(DMPE}2Ru(Me)2.
To this solution was added 44.4 mg (2 equiv.) of benzoic acid. The reaction was stirred for 24 h at
room temperature, over which time the product LsRu{OC(Q)PH)2 precipitated from the reaction as
a white solid. This solid was isolated by tiltration and washed twice with 2 mL of pentane to provide
83.5 mg (71.4%) of product which was pure enough (~30%) for preparation ot 14. The bis-
benzoate (0.130 mmol) was dissolved in 7 ml of tetrahydrofuran. To the stirred solution was
added dropwise at raom temperature 32.5 pl (0.0325 mmol) of a 1.0 M solution of lithium
aluminum hydride in Et2Q. The resulting solution was stirred for 8 h, after which time the solvent
was removed uncer reduced pressure, and the residue was extracted three times with a total of
25 mL of Et20. The solution volurne was reduced to ~5 mL in vacuo and cooled o -40°C (o

provide 67.9 mg (53.4%) of analytically pure white needles. IR(KBr} 2864 (m), 2921 (m), 2899 (s),
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1907 (m), 1601 (s), 1566 {s), 1552 (m), 1419 (m), 1396 (m), 1360 (s), 1281 (m), 1275 (m), 937 ()
929 (s) em*1; Anal Calc'd for C1gH3a02P4Ru: C, 43.60; H 7.32. Found: C, 43.32; H, 7.23.

Reactions of {PMe3)sRu(OC(CHCMe3)CH2) (15):

with p-cresol. Into an NMR tube was placed a solution of 6.8 mg of 15, 2 mg of
mesitylene as an internal standard, and 0.6 mL of CgDg. A TH NMR spectrum of this initial solution
was obtained. To this sample was then added 3.2 mg of pcresol as a solid. TH NMR
spectroscopy showed quantitative formation of both 7 and 4,4-dimethyl-2-pentancne, as
determined by comparison to the initial spectrum.

with 4,4-dimethyl-2-pentanone to form (PMej)3Ru(CH(C{O)CHaCMeg)s)-
(Me) (16). From 15. in 0.6 mL of CgDg was dissolved 12.6 mg (0.0252 mmol) of 1§ and 2 mg
of me.sity!ene as an internal standard. To this solution was added 2.3 mg (1.0 equiv.) of 4,4-
dimethyl-2-pentanone, and the reaction was transferred to an NMR tube equipped with a Kontes
vacuum adaptor. The sample was degassed by three freeze, pump, thaw cycles and sealed. A H
NMR spectrum of this initial solution was obtained. The reagction was then heated to 110 °C for 24
h, after which time, *H and 3'P("H) NMR spectroscopy showed formation of 16 in 77% yield.

{b) Preparative scale. Into a glass reaction vessel equipped with a Kontes vacuum adaptor
was placed a solution of 146 mg (0.304 mmol) of (PMeg).;Ru(nz-CsH,;) and 76.1 mg (2.2 equiv.) of
4,4-dimethyl-2-pentanone in 7 mbL of CgHg. The solution was heated for 24 h at 110 °C, over
which time the initial clear solution lurned yellow. The solvent was removed under reduced
pressure and the residue exiracted into 10 mL of n-pentane. The pentane solution was fitered
through a small plug of celite. concentrated to ~2 mL and cooled to -40 °C to provide 59.0 mg
(35%) of yellow blocks, judged pure by 'H, 3'P(TH} and 3C{'H} NMR spectroscopy. This material
was then recrvstallized from pentane for microanalysis. IR(KBr) 2966 (s), 2944(s), 2906 (s}, 2861
(m), 1576 (s}, 1561 {w), 1514 (5), 1468 (m), 1452 (M), 1446 (m), 1434 (m), 1428 (m),m 1408 (m),
1363 (m), 1293 (m), 1273 (5}, 966 (5). 939 (s) cm*'; Anal. Caic'd for Ca1H3502P4Ru: C, 49.72; H,

9 61. Found: C, 49.46, H, 864



Addition of HCI to 16. Into an NMR tube equipped with a rubber septum was placed
a solution of 5.6 mg of 16 and 2 fr j of masitylene as an intemal standard in 0.6 mL cf CgDg. A TH
NMR spectrum of this solution was obtained. To this solution was then added 3 uL of 37% HClin
water, and immediate formation of a salid occurred. 'H NMR spectroscopy showed formation of
tert-butylacetylacetone in quantitative yield, as determined by comparison to the initial spectrumn.
The sample was then filtered to remove the insoluble ruthenium complex. Gas chromatographic
analysis performed on the resulting clear filtrate showed the presence of tert-butylacetylacetone,
as determined by comparison of the retention time 1o an authentic sample, as well as coinjection
of the reaction solution with the authentic sample.

(PMea)aRuU(OC(Ma)CHC(Me)CH) (19). A suspension of (PMsg)4Ru({QAc)Cl) (127
mg, 0.254 mmol) and KOC{CH2)Me (53.7 mg, 2.2 equiv) in 7 mL of ether Yvas stirred for 2 h at
room temparature. Aflar this time, the solution was transferred to a glass reaction vessel
equipped with a ontes vacuum adaptor. The solution was frozen in liquid nitrogen and exposed
to vacuum. The vessel was clased and then he'aled to 85 °C for 8 h. After this time, the solvent
was removed and the residue was extracted into 10 mL of pentane. Tha resulting sluny was
finered through a small plug of celite, concentrated to ~2 mL and cooled to -40 °C io provide 57.7
mg (45%} of yellow crystals of roughly 95% purity by TH, 31(*H} NMR 13C{'H} NMR spectroscopy.
This material was recrystallized trom pantane to provide an analytically pure sample of 19. IR(KBr)
2987 (m), 2968 (s), 2967 (s), 2907 (s), 2829 (m), 1581 (s}, 1528 (m), 1437 (m), 1419 (M), 1414
(m), 1394 (s), 1295 (s), 13272 (s}, 1187 (s), 947 (s); Anal. Caic'd. for C1gH44OP4Ru: C, 43.11; H,
8.84. Found: C, 43.22; H, 8.90.

Additlon of HOAc to 19. Into an NMR tube aquipped with a Kontes vacuum adaptor
was placed a solution of 8.6 mg of 19 and 2 mg of mesitylene in 0.6 mL of CgDg. A TH NMR
spectrum of this solution was obtained to determine the relative concentrations of starting material
and internal standard. Acetic acid (2.0 uL, 2.0 equiv.) was then added to the sample. The
solut:ion was frozen in liquid nitrogen and exposed to vacuum, The tube was sealed and the

sample was heated at 85 °C for 2 h, after which tme 'H and 3'P{!H} NMR spectroscopy showed
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formation of (PMea)aRu{OAc)z in quantitative yield and mesityl oxide in 74% yield. The sample
tube was then opened and the salution was passed through a short column of silica 1o remove the
ruthenium complex, efuting with 1 mL of ether. Gas chr=matographic analysis of the eluent
sha;wed the presence of CH3C(0)CH=CMs2, as determined by comparison ¢f the ratention time
to an authentic sample as wall as coinjection of the eluent and an authentic sample.

Reactions of (PMej)4Ru(OC{CMe3)CH) (20):

viith p-cresol. Into an NMR tube was placed a sofution of 7.2 mg of 20 and 2 mg of
mesityleno as an internal standard in 0.6 mL ot CgDs. A TH NMR spectrum of this initial solution
was obtained. To this sample was then added 3.5 mg of p-cresol as a solid. THNMA
spectrascopy showed farmation of 7 in 91% yield and pinacolone (3.3-dimethyl-2-butanone) in
gquantitative yield, as determined by comparison 1o the initial spectrum. .

with CO2 to form (PMa3)4Ru{QC(0)OC{CMa3)CH) (21). into a medium walled
NMR tube was placed a solution of 41.2 mg (0.0819 mmol) of 20 in 0.4 mL of THF-dg. The tube
was equipped with a Kontes vacuum adaptor and degassed by threa freeze, pu.np, thaw cycles.
To the solution was added 0.0819 mmol of CQg by vacuum transter. The tube was sealed and the
initial yetlow solution turmed a paler yellow colar upan thawing, 1H, 13C(1H}, and 31P{'H} NMR
spectroscopy showed clean conversion 10 21. Upoan standing for 12 h, 18.9 mg (42%) ol pure
21 as white biccks tormed from the reaction solution. This matarial was recrystallized for
microanalysis by diffusing pantane into a THF solution ot 21. IR(KBr): 2972 (m}, 2856 {m}, 2944
(s), 2910 (m), 1633 (s}, 1430 (m), 1325 (m), 1313 (M), 1297 (M}, 1279 (M), 1042 (s), 944 (s): Anal.
Calc'd. for CygH4503PsRu: C, 41.70; H, 8.47. Found: C, 41.32; H, 8.44,

with H2. In 1.8 mL of CgDg was dissolved 18.3 mg of 20 and 4 mg ¢! mesitylene as an
internal standard. The solution was divided into three equal partions; one pastion was placed into
an NMR tube 1o determine the refative concentrations of starting material and the intemal
standard. The secend partion was placed into an NMR tube equipped with a Kontes vacuum
adaptor. The fatter sampie was degassed by two freeze pump thaw cycles, immersed in liquid

nitragen, and exposed to 450 torr of Hz. The tube was sealed at the level of the fiquid nitrogen



and heated to 45 °C for 8 h to provide the dihydride 5 in 77% yiekd and pinacolone in 61% yield,
as determined by comparison of the TH NMR spectrum to that of the initial solution. The sample
was ther. opened and the solution was passed through a short column of silica to remove the
ruthenium complex, eluting with 1 mi &! ether. Gas chromategraphic anaiysis of the eluent
shuwed the prasence of pinacalane, as detarmined by camparison of the retantion time to an
autheptic sample and coinjection of the eluent and the autheftic sampole.

with trimethyisilane. The third portion of 20, prepared as described in the reaction of
20 with Hp, was placed in an NMR tube, and fo this tube was added 0.0121 mmol /1.0 equiv.) of
t-imethylsilane by vacuum: ‘ransfer. The sample was then heated to 85 °C for 2 h, after which time
"H and 3'P{'H} NMR spectroscopy st.owed formation of (PMeg)aRu(CHaPMez)(H) in 40% yield
and Me3SiOC(CHz)CMej in 43% yield as determined by comparison to the initial solution
described in the additior of Ha to 20. The sample tube was then opened and the solution was
passed through a short column of silica 10 remave the mithenium complex, eluting with 1 mL of
ether. Gas chromatographic analysis of the eluent showed the presence of Me3SiOC(CHp)CMeg,
as determined by comparison of the retention time to an authentic sample, as well as coinjection
of the eluent and a solution of the autheritic sample.

X-ray Crystal Structure Determination of 17.

(a) Isplation and Mounting: Crystals of the compound were obtaingd by slow
crystallization from pentane at —40 °C. Fragments cleaved from some of these crystals were
mounted in thin-wall capillaries in an inent-atmosphera glovevbox and then the capillaries were
flame sealed.

The crystal used for data collection was then transferred to our Enral-Nonius CAD-<4
diffractometer and centered in the beam. [t was cooled to -90 “C by a nitrogen flow low-
temperature apparatus which had been previously caiibrated by a thermocouple placed at the
sample position. Automatic peak search and indexing procedures yielded a monoclinic reduced

primitive cell. Inspection of the Niggli values revealed no conventional cell of higher symmetry.



The final cell parameters and specific data <allection parameters for this data set are given in Table
1.

(b} Stiucture Determination: The 3227 raw intansity data were converted 1o structure
tactor amplitudes and their esd's by comection for scan speed, background and Lerentz and
polarization affects. inspection of tha intensity standards revealed a reduction of 7% of the
ariginal imensity. The data were carrected for this decay. Inspection of the azimuthal scan data
showed a variation Ymin/lmax = 0.94 for the average curve. An erhpirical correction based on the
observed variation was applied jo the data. Inspection of the systematic absences indicated
uniguely the space group P21/n. Rempval of systematically absent and reclundant data leit 2850
unique data in the finai data set.

The structure was seived by Patterson methads and refined via standard Ieast:squares
and Fourier techniques. Hydrogen atoms were assigned idealized locations and values of Bisq
approximately 1.15 times the Beqy of the atoms to which they were attached. They were included
in structure factor catculatians, but not refined.

The final residuals for 190 variables refined against the 2430 data for which Fa>3g (F2)
were Al = 3.89%, wA = §.11% and GOF = 2.23. The R value for ail 2890 data was 5.60%.

The quarntity minimized by the least squares program was _“V(lFo!-'iFgI}z, where w is the
weight of a given observation, The p-factor, used to reduce tha weight of intense reflections, was
set to 0.03 throughout the refinement. The analytical forms of the scattering factor tabies for the
neutral atoms were imaginary components of anomalous dispersion.

Inspection of the residuals ardered in ranges of sin@/X, |Fyl, and parity and value of thr
individual indexes showed no unusual features or trends. The largest peak in the final ditterence
Fourier map had an eleciron density of 0.77 e-/ A3, and the fowest excursion ~0.69 e-/A3. Both
were located near the Ru atom. There was no indication of secondary extinction in the high-
intensity low-angle data,

The paositional and thermal parameters of the non-hydrogen atoms were provided as

suppiementary material with the preliminary repost of this compaund* along with anisatropic



thermal parameters and the positions and thermal parameters af the hydrogen atorns, as well as a
listing of the vaiues of Fp and Fe.

X-ray Crystai Structural Determination of 15.

{a) isolation and Mounting: Crystals of the compound were obtained by cooling slowly a
pentane solution of 15, and were mounted in a viscious oil. X-ray data were collected 3s for 17;
the final cell paramaters and specific data collection parametars are given in Tabla 1.

(b) Structura Detarmination: The 3575 raw intensity data wers converted to structure
factor amplitudes and their esd's by correction for scan speed, background and Lorentz and
polarization eftects. An empirical absemtion correction was applied 10 the data. Inspection of the
systematic absences indicated space group Pnma. Hemoval of systemalicaily absent and
redundant data left 3542 unique data in the final data set.

The struciure was solved by Patterson methods and refined via standard least-squares
and Fourier techniques. The final residuals for 126 variablas refined against the 2497 data for
which F2>3a (F2) were Rw8.3%, wR~7.9% and GOF=2.85. The R value for all 3542 data was
9.4%.

The quantity minimized by the least squares program was Dw(|Fol~IFcl)2, where w is the
weight of a given observation. The p-facter, used to reduce the weight of intense reflactions, was
set to 0.03 throughout the refinement. The anaiytical forms of the scattaring factor tables for the
neutiral aloms were used and all scarering factors were correcied for bglh the real and imaginary
componants of ancmalous dispersion.

The positional and themmal parameters of the non-hydrogen atoms, anisotropic
displacements in angstroms, and tables of least squares planes are provided as supplementary
material.

X-ray Crystal Structural Determination of 18.

{a) isolation and Mounting: Crystals of the compound were cbtained by sublimation of 18

in a sealed tube at 55° C for 2 weeks, and were mounted as described for 15. X-ray data were
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collected as for 17; the final cell parameters and specific data collection parametars are given in
Table 1.

{b) Structure Determination: The 1441 raw intensity data were converted 1o structure
factor amplitudes and their esd’s by corraction !or scan speed, background and Larentz and
polarization effects. An empirical absorption correction was applied to the data. (nspection of the
systematic absences indicated space group Pnma. Removal of systematicaily absen and
redundant data left 1275 unique <ata in the finai data set.

The structure was solved by Pattarson methods and refined via standard least-squares
and Founer techniques. The final residuals for 51 variables refined against the 820 data (pr which
F2>30 (F2) were R = 7.8%, wR = 9.2% and GOF = 3.07. The R valus for all 2850 data was 12.5%.

The quantity minimized by the least squares program was N(IFQHFCI)Z. whera w is the
weight of a given observation. The p-factor, used 10 reduce the weight of intense reflections, was
set 10 0.03 throughout the refinement. The analytical forms of the scattering tactor tables for the
neutral atoms were used and all scatteiing taciors were corrected for both the real and imaginary
cemponents of anomalous dispersion.

The positional and thermal parameters of the non-hydrogen atoms, as well as a listing of
the vaiues of Fo and F were provided as supplementary matarial with the preliminary report of this

compound. 14
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