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Preparations and Mechanism of Hydrolysis 
of ([8]Annul6tce)actlnfde Complexes 

Robert Michael Moore Jr. 

Abstract 

The mechanism of hydrolysis for bfs[8]annulene actinide and 
lanthanide complexes has been studied tn detail. The uranium 
complex, uranocene, decomposes with good pseudo-first order 
kinetics (!n uranocene) in 1 M degassed solutions of H_0 in 
TW-. Decomposition of a series of aryl-substituted uranocenes 
demonstrates that the hydrolysis rate Is dependent on the 
electronic nature of the substituent (Harriett rho value=2.1, 
r =0.999), with electron-withdrawing groups Increasing the 
rate. When D-0 is substituted for H,0, kinetic isotope effects 
of 8 to 14 are found for a variety of substituted uranocenes. 
These results suggest a pre-equilibrium involving approach of a 
wacer molecule to the central metal, followed by rate determining 
proton transfer to the eight membered ring and rapid decomposi­
tion to products. Each of the four protonations of the complex 
has a significant isotope effect. The product ratio of cyclooc-
tatriene Isomers formed in the hydrolysis (1,3,5/1,3,6) varies, 
depending on the central metal of the complex. However, the 
general mechanism of hydrolysis, established for uranocene, can 
be extended to the hydrolysis and alcoholysis of all the 
[8Jannulene complexes of the lanthanides and actlnides. 



A successfult reproducible preparation of ([9]annulene)-
uranium dfchloride (or the uranium "half-sandwich") has been 
achieved. The best method consists of the addition of an excess 
of NaH to a THF solution of UCI. and cyclooctatetraene. Addition 
of alkyl and aryl lithium and grignard reagents has thus far 
failed to produce any fsoluble products. However. reaction of 
Pfie, with the half-sandwich did result In a trimethylphosphfne 
coordinated complex. Exchange of free PMe. with coordinated PMe, 
(s observed In the H NMR spectrum of the complex. Line shape 
analysis of the coalescing peaks results in & AG of 12.1 ± 0.5 
kcal/mol for the process. 

F'nallyi line shape analysis of the H nmr spectrum of 1,1'-
dlphenyljranocene as a function of temperature gives the activa­
tion parameters AH* = 4.4 ± 0.3 kcal mol - 1 and AS* = -4.7 ± 1.3 
e.u. for the rotation of the phenyl group about the bond to the 
eight-membered ring. 
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CHAPTER 1. THE MECHANISM OF HYDROLYSIS OF 
BIS-(*-[8]-ANNULENE)ACTINIDE COMPLEXES 

v Introduction 

\ Over the last twenty years, a large amount of research 
effort has been dedicated towards the elucidation of reaction 
mechan i sms 1nvoIv1ng trans i t i on-meta1 organometa111c comp1 exes. 
In comparison, very few detailed mechanistic studies of actinide 
organometai1Ic complexes have been performed. Huch of the earlier 
work In organoactinfde chemistry dealt with the preparation and 
characterization of kinettcally and thermodynamlcally stable 
complexes. A number of excellent reviews provide extensive 
coverage of the methods used In preparing and isolating these 
compounds. This introduction will review the few studies which 
have attempted to define mechanisms in the reaction chemistry of 
organometai1Ic thorium and uranium complexes. 

One of the first detailed mechanistic studies in organoac-
tlnlde chemistry was carried out by Harks and co-workers on the 
thermolysis pathway of tris^-cyclopentadfenyl )uranlum(IV) alkyl 

2 and aryl complexes. Product analysis revealed that thermal 
decomposition of the (C_K_)3UR compounds In toluene solution 
resulted In nearly quantitative yields of the alkane RH. 

^ Decomposition via 8-elImlnation (equation 1-1) should result 
in substantial quantities of of olefin, yet only trace 

H 2 C = C H R 

MCH 2 CH 2 R »-MH •-MH + H 2 C = CHR e Q - I _ 1 
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amounts of olefin products were observed. Kinetic investigations 

(Table 1-1) demonstrated that the primary alkyl uranium com­

plexes, such as the n-butyl compound, are more stable than the 

neopentyl compound, which would resist 8-ellmlnatlon. 

Table 1 - 1 . K ine t ic Data fo r the Thermolysis 
of Cp,UR Compound? In Toluene Solution 

AC*, 
Concn, Temp, k X 10\ "/» kcal/ 

R M •c hr-» hr mol 
f-C.H, 0.086 72 51,000 ± 

5)00 
0.137 24.8 

C.F, 0.208 72 1890 ± 5 0 3.86 27.0 
Allyl 0.138 72 167 ± 3 40.0 28.7 
/-OH, 0.292 72 34.0 ± 1 201 29.8 
Neo-CH,. 0.042 97 25.7 ± 0 . 2 270 32.2 
n-OH, 0.220 97 6 .10±0.3 1136 33.3 

0.072 97 6.17 ± 0 . 1 1123 33.3 
CH, 0.181 97 1.10±0.1 6300 34.5 
lrans-2- 0.303 97 1.03±0.1 6730 34.6 

Butenyl 

Small amounts of deuterium Incorporated In the alkane produced 
when the reaction was run In toluene-dg provide strong evidence 
for homolytlc scission of the metal-alkane bond, although no 
IsomerIzatton of trans-2-butene to cls-2-butene was observed when 
its respective uranium complex was thermolyzed (free 2-butenyl 
radicals are known to undergo rapid Inversion >. The observations 
were thus explained as a hydrogen transfer from the cyclopen-
tadlenyl rings to the alkane In a concerted, stereospeclffc 
fashion with nome competition Involving abstraction of solvent 
molecules (Figure 1-1). 



FIGURE 1—1 

In a later study Involving the analogous 
trls(-»i -eye 1 opentad I enyl) thorium a Iky I complexes, or Cp-ThR, 
Harks found the thermolysis pathway to be similar to the uranium 
complexes with molecular extrusion of R-H taking place rather 
than olefin elimination. Kinetic studies were also undertaken 
and In all cases, considerably greater thermal stability was 
found for the thorium complexes In comparison to the analogous 
uranium compounds(Table 1-2). 

Table 1-2. Comparative Data for Thermolysis 
of CPjMR Compounds In Solution 

M » U M * T h 
R AG* (kcal/mol) fyj (hr) AG* (kcal/mol) ty, (hi) 

n-C,H," 33.3 (97*) 1130 37.6 (167°) 96 
Neopenlyl* 32.2 (97°) 270 41.4 (167°) 7500 
«:,H,« 29.8 (72*) 201 3S.3 (167') 7.1 
Allyl" 28.7 (72") 40 38.6 (167°) 566 
trans-2- 34.6 (97°) 6730 36.3 (167°) 21 

Butenyl"3 



The high thermal stability of the tris-Cp complexes is 
remarkable considering the thermal instability of uranium 
tetraalkyls first noted during the Manhattan project. The in­
ability to suffer B-elimination due to partial or complete coor-
'jfnative saturation of the urantum(IV) ion was offered as an 
explanation for the stability of the tris-Cp compounds. In 
comparison, the observation of alkenes in the thermal decomposi­
tion of uranium tetraalkyls, along with their relative coordIna­
tive unsaturation suggests that uranium tetraalkyls can decom­
pose by B-hydrfde-ellmlnation, although the additional presence 
of alkanes implies that another mechanism may also be operative. 
The retention of stereochemistry in the 2-butenes suggests that 
free 2-butenyl radicals are not involved in the decomposition of 
uranium tetraalkyls. 

While coordInatively saturated hydrocarbyls of the type 
Cp-ThR resist 8-hydrlde-elImination. the process occurs easily 
and cleanly for R derivatives such as Isopropyl and n-butyl under 
photochemical excitation. Photolysis of the thorium complexes at 
wavelengths shorter than 350 nm produced a 1:1 ratio of 
olefln:alkane. The photochemistry Is consistent with a photoin­
duced B-hydrfde elimination reaction to yield a thorium hydride 
and olefin, followed by reductive elimination of 

g 
alkane (equations 1-2, 1-3) . 

CP 3 ThCHRCH 2 R' -&£ • C p 3 T h H + RCH-CHR' e q , _ , 

Cp 3 ThH + Cp 3 ThCHRCH 2 R' - * . 2 CPgTh + CH-RCH R- e c 1-3 
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Classical free-radical processes can be discounted as a 
major pathway since significant amounts of the dimer {-CHRCHJ?'). 
are not observed, nor are products containing solvent abstracted 
deuterium. Radical processes may be operative when no B-hydrogens 
are present as In the case of Cp-ThCH,, when far slower methane 
producing reactions occur with ethane and hydrogen observed as 
well. 

Mechanistic organoactlnide studies are not completely 
limited to the tris-Cp complexes. A reversible ortho-hydrogen-
abstraction mechanism to form an actinide benzyne complex (Figure 

9 1-2) was proposed to explain a rapid hydrocarbon metathesis 
process Involving the thermal'ly unstable 
bis-[~>i-pentamethylcyclopentadienyl]-uranlum dlphenyl complex. 

h 5-(CH 3) 5C 5 ] 2uc|^^h 5-(CH 3} 5C 5 ] 2UHO-h 5-(CH 3) 5g 2Uc| J N © CgD 6 'VI *"Vs*5lz»-^—I'' - ^ n 3 ' 5 ^ 2 u ^ | 
n u _ r = - r _ D k > 

FIGURE 1-2 
h5-(CH 

The intermediate benzyne can be trapped by addition of 
diphenylacetylene. Formation of the metallocycle occurs at a rate 
which is indistinguishable from the rate of decomposition of the 
dlphenyl complex in the absence of diphenylacetylene. The thorium 
analog undergoes the same transformations; however, temperatures 

"0-6 
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of 100°C are required to achieve rates comparable to the uranium 
complex decomposition at room temperature. 

After these Initial mechanistic studies on the thermal 
decomposition of acttnlde-alkyl complexes. Harks and co-workers 
investigated migratory CO Insertion into actinlde-carbon and 
actintde-hydrogen bonds. They found that thorium hydrides of 
the type Cp*2Th(H)(OR) (Cp'^-Cghegj OR-alkoxIde) undergo a 
rapid, reversible migratory Insertion of carbon monoxide to yield 
2 *n.-formyls (equation 1-4). 

1 OR 

Varying the temperature causes substantial changes In the 
relative concentrations of hydride and formyl, with lower tem­
peratures favoring the formyl. Thermodynamic parameters could 
thus be determined for the equilibrium. In particular, large 
negative entropy values were determined for sterfcally bulky 
alkoxide complexes. Over a CO pressure range of 150-650 torr, the 
rate law for the Insertion was found to obey equation 1-5, where 

rate»k*Cl]CCO]-kP C 0[l] eq. 1-5 

k'[C0]=kPc_ assuming Henry's law Is obeyed. Varying the con­
centration of I by a factor of five causes a negligible change in 
the observed NMR line width near coalescence, consistent with a 
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first order dependence on metal hydride concentration and incon­
sistent with a rate-limiting fntermolecular hydrogen transfer. 
Crossover (varying alkoxtde) and labeling experiments with 
deutertum lend further support for an Intramolecular reaction and 
a monomertc formyl species. On this basis, the stepwfse(s) or 
concerted(b) pathways depicted In equation 1-6 were postulated as 
the most plausible scenarios for migratory Insertion. 

Cp"(OR)T<J; 0^ 0 

Cp2(0R)Th-R*A
 C Q \» Cp*(OR)Th-:C-R e q" 

Although the kinetic data cannot distinguish between paths a and 
b, It was possible to determine that if path a Is operative, k. 
Is rate-limiting by the demonstration that the Insertion process 
for thorium hydrides exhibits a substantial primary kinetic 
isotope effect. 

Table 1-3. Kinetic Data for Cp 2"Th(RHX) 
Migratory CO Insertion 

oompd 
lenp. *C R X lenp. *C k, min"' ton"' 

H OCH-f-Bu2 -45 3.0(3) 
CHrr-Bu ci -54 4X10- 1 

CHrf-Bu O-r-Bu -54 4XHT 3 

CHrf-Bu OCH-r-Bu, -54 6X1IT 1 

it-Bu OCH-r-Buj -54 4.6 (7) X 10-' 
Me OCH-(-Bu] 0 5X 10-' 

1-6 



The kinetic data in Table 1-3 demonstrates the relative 
12 

ease of migratory CO Insertion for hydride. For the series of 
complexes examined, hydride Insertion was always found to be much 
more rapid than alkyl Insertion. Since thorium-hydrogen bond 
disruption energies exceed those of thorium-carbon by ap-

13 
proximately 15 kcal/mol. It was concluded that the transition 
state Is not governed by ground state parameters and that the 
reduced barrier for the hydride Is a klnetlcproporty of the 
migrating group. 

Finally, It was noted that the presence of a halide ligand 
(C!) In place of alkoxlde results In a further Increase In the 
react'on rate. Since chloride Is a poorer electron donor than 
alkoxide, the thortum(IV) Is formally more unsaturated in the 
ha Ifde complex. 

2 
These same carbene-llke, ̂ -acyl thorium compounds were also 14 found to react with thorium hydrides. Homogeneous hydrogenatlon 

2 
of the *>v -acyls to the corresponding alkoxide derivatives 
[Th(->?-COR)—»Th-OCH2R] can be carried out at room temperature 
and less than 1 atmosphere of H, pressure by using the hydride 
(ThCp" 2H 2) 2 (2) as a catalyst (eq. 1-7). 

* / ^ C - ^ _ Q75otm.H2 . .OCH2R 
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.0^ .CH2C(CH3)3 . o. H 

C P 2 ' \ ^ \ C l 0 / ^CICH^ 
4 eq. 1-8 

Mechanistic Information on the hydrogenation reaction is 
provided by deuterium labeling studies. Under an atmosphere of 
D-. the alkoxlde products are deuterated exclusively (>90% by H 
NMR spectroscopy) In the a position. When no D, Is present, 
(ThCp o"?'? c a t a ' y z e s the isomerizatton of < to quantitatively 
yield the trans-enolate 5 (eq 1-8). The observations are inter­
preted in terms of the scheme In Figure 1-3. Insertion of the 
carbene-like thorium acyl complex Into the thorlum-deuteride bond 
results In the Intermediate 6. B-elimination regenerates the 
catalyst 2 and yields the enolate S. The sequence is particularly 
Interesting because It suggests an attractive mechanism for 
certain types of CO reduction catalyses. 

Streltwleser and co-workers have also Initiated some or-
ganoactlntde mechanistic studies. Grant and Streftwfeser have 
found that uranocenes rapidly convert aIkyI and aryl nltro com­
pounds Into their respective azo derivatives (eq. 1-9, 
1-10). ' The experimental results were not definitive, but 
they did find that azoxybenzene, which Is reduced by 7 to azoben-
zene, reacts too -'iwly to be an Intermediate in nitrobenzene 
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Q ^ ^jCHjCtCH,) j 

CI k/ N 

0^»,i 

/ ^ N 5 

/ "̂ CÎ CHjCfCIVj 

/ ^ci 

S < 

FIGURE 1-3 



II 

•—-v ,n -Bu 
i^J N02 N H g > « , „ _ B u 

( g r n - B u 

( C H 3 ) 3 C N 0 2 — ^ - * (CH 3 ) 3 C-N = N-C(CH 3 ) 3 e q . i - ] 0 

reductions.:" "he high rate of the reaction suggests an electron 
transfer from 7 to the nitro compound after direct attack by a 
nltro oxygen at the central actlnide metal. Free nitro radical 
anions or nftrenes 60 not appear to be Involved, but free nitroso 
compounds such as 8 are possible intermediates. 

.^0 

Alkoxyuranocenes and uranocyItr(methylammonium ions have been 

found to undergo ring metal Iation reactions (eq. 1-11, 1-12). 

U « C H 3 O C g H 7 ) 2 + 2 BuLt • U ( B u C g H 7 ) 2 + 2 CRjOL I e q . 1-1 I 

U(CgH 7 N « e 3 ) 2 + 2 PhLI -

U ( P h C 8 H ? ) 2 + 2 Me 3 N + 2 L i + e q . 1-12 
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Methyl 1fthtum Is apparently too weak to metal late 
methoxyuranocene directly, but It does react with the 1,1'-
uranocyl-bis-trimethylammonlum salt. Thus, methyl 1Ithlurn should 
react with any Intermediates Involved In the reaction sequence. 

u u o y 

cb cb 6 6 
(or RLi) U J , (or RH) 

u u 

cb cb 
FIGURE 1-4 

When I,l'-dImethoxyuranocene was treated with a mixture of 
methyl 1Ithlum and Q-butyllithium a mixture of uranocenes 
resulted, which gave both methyl and n-butylcyclooctatetraene 
upon oxidation. The reaction Is proposed to Involve metallation 
of the ring followed by loss of the electronegative substltuent 
to yield a uranium derivative of cyclooctatrienyne (figure 1-4). 
This Intermediate can react with either methyl lithium or n-
butyllithium to give Incorporation of both methyl and butyl 
groups. 
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A number of other authors have speculated on mechanisms In 
organoactlnlde chemistry, but without any competitive, kinetic or 
Intermediate trapping experiments to back up a scheme, most of 
the mechanisms are mere "paper chemistry" to rationalize an 
observed result. Not that a detailed mechanistic study would have 
been trivial. Often an organoactlnlde reaction Is complicated by 
significant side reactions or by the formation of friractable 
organometalHe products. Proposing a reasonable Intermediate in a 
reaction sequence then becomes uncertain or as Is sometimes the 
case, elusive to the Investigator. 

Thus, If we are to begin to comprehend the factors which 
Influence reactivity In organoactinide complexes, mechanistic 
studies of slmplei unamblquous reactions are necessary. One such 
reaction Is the hydrolysis of uranocene or bis-(ir-
[8]annulene)uran1um(IV) (eq. 1-13). 

oo U - S & ~ UQ. • I J • eq. ,-I3 

The hydrolysis decomposition Is Ideal for study because of 
the Irreversible formation of high energy uianium-oxlde bonds; 
reverse reaction complications are thus avoided. In addition, 
uranocenes possess an easily monitored absorbance In the visible 
region or the electromagnetic spectrum (610-635 nm, depending on 
the substltuent), which will not be obscured by the primarily 
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UV-absorbtng products. A fortuitous opportunity is thus available 
to do a detailed kinetic study of the hydrolysis of an oxophillc 
Group IV-type metal. 

A study of the hydrolysis of Group IV-type organometal1ic 
complexes would not be the first of Its kind. Other authors, in 
briefer investigations have found certain trends In the products 
observed from the hydrolysis or alcoholysls of zirconium and 

19 
titanium organometal1Ic complexes. In general, compounds of 
zirconium and hafnium containing a metal-carbon bond are ex-

20 
tremely reactive toward protlc reagents. On the other hand, 
similarly complexed titanium compounds tend to be much more 
resistant to hydrolysis. The increase In stability could be due 
to the decrease in metal size preventing easy access of water to 
a coordination site. Another possibility Is a decrease In Lewis 
acidity for titanium, discouraging coordination of a Lewis base 
such as an alcohol or water. 

A decrease In Lewis acidity and thus, an Increase In 
hydrolytic stability can result If more electron-donating groups 
are present. CpTICl, Is destroyed by alkaline hydrolysis, but 
n-Cp TIC!, Is converted only to [Cp*TI0(0H)] . 2 1 An additional Cp 
ring can also Increase the compound's resistance to hydrolysis, 
however. TrlmethylcyclopentadlenyltItanium (CpTIMe.) liberates 
methane upon reaction with water or alcohol, while the bls-
cyclopentadlenyl titanium complexfCp-TIMe-) Is stable to 

22 
hydrolysis. The trlhallde complexes of titanium are generally 
all sensitive to hydrolysis. 
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Electron-donating groups have been found to stabilize the 
» bls-Cp zirconium complexes towards hydrolysis as well. The 

23 qualftatlve ordering MeCp > Cp > Indenyl > fluorenyl (fluorenyl 
complexes are most reactive towards hydrolysis). Illustrates the 
Importance of electronic over steric factors In their reaction 
with protlc reagents. In genera), hydrolysis of the o-bonded 
alky'l groups occurs first, followed by liberation of the 
cyclopentadlenyl (or substituted Cp) ring, sometimes requiring 

20 i»cre vigorous reaction conditions (eq. 1-14). 

H.O H-O C P 2 2 r . ( C H 3 ) 2 — I ^. [ C p 2 2 r C K 3 ] 2 0 — i ^ 

H 20 
[Cp-ZrOl • loss of Cp rings ea. 1-14 

c n 

Any increase In the tonicity of the zlrconlum-
f^-cyclopentadienyl bond (from Cp.ZrCl,) Increases Its reactivity 

24 

towards acidic protons. Samuel has found that i f the eye 1open-

tad Ienyl protons occur further upf leld than about 46.2 in the H 

NHR, the bls-Cp zirconium complex can eliminate a Cp group upon 

reaction with water. 

T a b l e 1 - 4 : E t h a n o l y s i s o f t h e C y c l o o c t a t e t r a e n e 

Complexes o f T i t a n i u m 

oo-o. 
T f 2 ( C O T ) 3 12% 8'iy. 07. + T i ( O E t ) r 

T K C O T ) 2 377. 517. 127. 
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Considerably less research effort has gone Into the reaction 
chemtstry of the cyclooctatetraene (COT) complexes of Group IV 
metals. Wflke and BrelI Isolated the products from the reaction 
of ethanol with dt(cyclooctatetraene)tltanlun) and trf-

25 
(eyelooctatetraene)dttitanium (Table 1-4). The chemical be­
havior of the eyeIooctatetraene-tItanium complexes indicate that 
the cyclooctatetraene molecules are bound, at least partly, as a 
!0 ii-electron dlanton, although no explanation was offered for 
the 12% cyclooctatetraene observed as product. If, as is the case 
of dl(cyclooctatetraeneJtitanlurn, one ring is bound as a 10 *-

8 4 
electron (-?i) molecule, and the other ring is ''Usee Figure 1-5), 
one would expect 50% cyclooctatetraene to result from protonatlon 

26 
by ethanol. However, Schwartz and Sadler have shown by variable 
temperature H NMR spectroscopy that the two C-H. rings are 
fluxional, bending and flattening in turn. Perhaps the dianlon 
ring Is protonated more rapidly (I.e., cyclooctatriene forms 
faster) than the cyclooctatetraene ring oxidizes off the metal. 

© 
FIGURE 1-5 
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Other protonatlons of Group IV cyclooctatetraene complexes 
Include the reaction of (COT) 2Zr-THF 2 7 and (C0T) 2Hf 2 8 with two 
equivalents of HC1 to yield (COT)ZrCI2 and (COT)HfCl2, respec­
tively. No other products were, accounted for In the report. The 
cyclooctatetraene Ifgands are also replaced upon reaction of the 
compounds with alcohols. Reaction of Hf{COT), with alcohols 

results In a reported 5:1 ratio of 1,3,6-cyclooctatrlene to 
28 1,3,5-cyclooctatrfene (721 yield), an unusual result In that 

protonatlon of most COT dIanIon complexes results In the 1,3,5-
cyclcoctatrtene as the major organic product Isomer (see product 
analysis section of this chapter). 

A few observations have also been made on the alcoholysls 
and hydrolysis of organoactintde complexes. Alcoholysls of 
Cp,Th-R complexes has been found to be more rapid than reaction 

2 4 
of the uranium complex, Cp_U-R (eq. 1-15). Curiously, for 
uranium there Is competitive cleavage of a and » llgands (eq. 1-
16). Thorocene has been found to hydrolyze more rapidly than 29 uranocene. The trend of organothorlum complexes reacting more 
rapidly than organouranI urn compounds with protlc reagents could 
be due to the less covalent nature of the thorium compounds. 
Another possibility Is the larger radius of thorium, rendering 
the central metal more susceptible to attack by water or an 
alcohol. 

( , 5 - C 5 H 5 ) 3 M R + R'OH • ( , 5 - C 5 H 5 ) 3 M O R ' + RH « . 1 

M=Th>U for ra te of alcoholysis 

( 1 5 -C 5 H 5 ) 3 MR + R'OH 
(1 5 -C 5 H 5 ) 2 MCR)0R' + C & H 6 e Q . 
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In the Initial hydrolysis of thorocene. Yoshlda reported 
observing cyclooctatetraanet along with "a mixture of cyclooc-
tatrienes" when he found two peaks from a GLPC of the products. 

31 
Greco and co-workers have also reported observation of cyclooc-
tatetraene (20%) upon alcoholysls of cerocene, (COT).Ce. No 
explanation was offered In either case as to how COT might result 
from protonatlon of a 10 ir-electron complex. 
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Results: Kinetic Experiments 

As stated earlier, a detailed kinetic study of the 
hydrolysis of uranocene night allow for a better understanding of 
the factors that Influence reactivity in organoactinlde com­
plexes. The Ideal aspect of the hydrolysis is the ease of 
monitoring the distinctive * of uranocene In the visible 
spectrum, which usually occurs between 600 and 650 nm. Both 

32 33 
Walker and Lyttle had previously found that if the concentra­
tion of uranocene is small compared to the concentration of 
water, then the reaction follows simple first order kinetics (eq. 
1-17). 

-d[uranocene]/dt=k.[uranocene] eq. 1-17 
where k^kCH.O] 

From Beer's law, the concentration of uranocene is directly 
proportional to the spectral absorbance (eq. 1-18, 1-19), 

A u r a n o c e n e a C u r a n o c e n e ] e q" 1 _ 1 8 

-d(A )/(A )=k dt eq. 1-19 
uranocene uranocene H 

which, upon Integration gives (eq. 1-20), 

ln(At/AQ)=-kt eq. 1-20 

Thus, by simply monitoring the decrease In absorbance at 
lambda max. and plotting ln(A;/A ) vs. t, rate constants for the 
hydrolysis can be determined. In general, 10" M solutions of 
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the uranocene (or substituted uranocene) In IN H.O-THf mixtures 
were used to maintain pseudo-first order conditions. Good cor-

2 
relations (r >0.999) were obtained for most of the kinetic runs 
reported, confirming the pseudo-first order nature of the decom­
position. 

Before the present study was begun, It was known that the 
half-life for decomposition of the unsubstftuted uranocene Is 
approximately 20 to 24 hours In 1H HgO/THF solutions. 3 2 , 3 3 It was 
also known that the addition of an alkyl group such as t-butyl or 
ethyl resulted in a substantial Increase In the half-life to 

34 
approximately five days. What was not understood was whether 
this decrease In hydrolysis rate Is due to a sterlc effect, 
substltuents such as t-butyl "blocking out" an incoming water 
molecule, or whether the effect Is due to the electron-
withdrawing or releasing (Inductive) ability of the substttuent. 

35 
Lyttle had made an early, unsuccessful attempt at cor­

relating the Hammett sigma values of the substttuents with 
their rates of hydrolysis. But most of his data consist of alkyl 
substltuents, which are known to exert minor Inductive effects 
and have large uncertainties In their sigma values. By hydrolyz-
ing a larger variety of previously prepared substituted 
uranocenes that cover a wider range of sigma values, a better 
assessment of the role of the Inductive effect In the hydrolysis 
could be made (see results. Table 1-4). 
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Table 1-4: Rate of Decomposition of Substituted 
Uranocenes (XC-HO-U 

k x . 0 5 s" 1 

0 . 2 2 4 4 

I . . 4 4 

1.2 

44 

6100 

1I0 .000 3 9 

t-Bu 
H 
NMe 2 

Ph 
Ot-Bu 
CO.t-Bu 

The problem with this type of correlation Is In choosing the 
proper series of slgma values. Does one use o_ or o , with or 

m p 
without a resonance contribution? Since we are dealing with a 
ten-electron pt system and o values are based on a phenyl system, 
the answer to this is not clear. But by looking at several cor­
relations with standard o values, we may gain some Insight Into 
the Importance of electronic effects on the rate of decomposi­
tion. 

As can be seen from figure 1-6, the correlation with a" 

values Is poor. However, a moderate tnprovement results from a 
correlation with o° constants (figure 1-7), perhaps because m 
resonance contributions have been de-emphasized. Even though the 

2 
correlation is mediocre (r =0.928), a definite trend can be seen 
In the rates of decomposition with Increasing electron withdraw­
ing ability of the substltuent. A correlation with Taft's o, 

38 values derived from aliphatic systems, does not show a sig-2 nlfleant Improvement (r *0.886) (figure 1-8). 
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Perhaps a better way to definitively establish the Impor­
tance of electronic effects In the reaction would be to correlate 
the rates of hydrolysis of aryl-substituted uranocenes with their 
respective slgma values. In this way, the type of slgma values to 
be used will be clearer and the reaction might better correlate 
with a linear free energy relationship (LFER) If the substltuents 
are directly attached to a phenyl ring. 

In order to provide a more extensive list of prepared 
aryluranocenes to choose from, it was necessary to develop addi­
tional eye1ooctatetraene derivatives. Harmon had already 
developed the synthesis of a few arylcyclooctatetraene derlva-

40 
tlves containing electron-donating substltuents. (p.-
D(methylaminopheny1)eye1ooctatetraene was prepared by refluxlng 
cyclooctatetraene In ether for two hours under N„ with the 
lithium reagent (Cope method). Yields were poor (25%), probably 
due to the failure to allow complete formation of the dianion. To 
synthesize the p.-methoxyphenylcyclooctatetraene, the same 

40 
experimenter added the lithium reagent (prepared from g-
bromoanlsole and lithium wire) to CuI-PBu- to form the cuprate. 
Reaction of the cuprate with bromocyclooctatetraene at -40°C for 
5 h resulted In formation of the arylcyclooctatetraene In 80S 
yield. 

The crv; deficiency, however, was In the availability of a 
substituted cyclooctatetraene that has an electron-withdrawing 
substltuent on the phenyl ring. Initial success In synthesizing 
phenylcyclooctatetraene by direct coupling of phenyl 1Ithlum 
reagent with cyclooctatetraene (via the DeKock method). 
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led to the idea that a substituted-phenyllithium reagent contain­
ing an electron-withdrawing group might work as well. 

To a solution of n-butyllIthium In ether cooled to -78°C was 
added £-bromobenzotrifluoride. Reaction was almost immediate (two 
minutes), producing a white solid. Allquota were removed and 
quenched with freshly crushed dry Ice. Acidification, after 
evaporation of the dry \ce and standard acid work-up resulted In 
Isolation of a white solid Identified as g-trifluoromethylbenzoic 
acid. Transmetallatlon had occurred. 

A solution of cyclooctatetraene in ether was then added to 
the lithium reagent and the solution was warmed to room tempera­
ture. Quenching after 24 h resulted in Isolation of a large 
mixture of coupled products. When the reaction was run for 72 h, 
E-n-butyltrifluorobenzene became a major side product, apparently 
from displacement of bromide from n-butyl bromide formed during 
the transmetallatlon. It was clear that direct lithiation was not 
a favorable reaction, despite the preparation of 
phenyl eyelooctatetraene by this route. 

Attention was then focused on the coupling of the Grlgnard 
reagent to bromocyclooctatetraene. Reaction of m-bromo-
fluorobenzene with magnesium was slow and required THF and 1,2-
dibromoethane to commence the reaction. After refluxing for I h, 
however, reaction was finally complete. Titration of the solution 
resulted In a concentration determination of 0.25M, or ap­
proximately 0.025 moles of Grlgnard reagent. Cannulation of the 
reagent into a solution of bromocyclooctatetraene in ether, 
containing the Insoluble nickel catalyst (dppp)NICl-, resulted in 
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formation of the desired aryl product, m-fluorophenyl-
cyclooctatetraene. The yield (40%) was comparable to previous 
Grlgnard coupling reactions to bromocyclooctatetraene. 

Formation of the uranocene was carried out primarily using 
Schlenk techniques. Reduction of the neutral ligand, m-
fluorophenylcyclooctatetraene to the dlanton with potassium in 
THF produced a dark red solution which was cannulated into a 
Schlenk vessel containing UCI. and THF. A dark green solution 
resulted almost immediately, although the reaction was stirred 
for 1 h to ensure completion. Extraction with toluene followed by 
recrystalllzatlon In hexane produced a light green crystalline 
material, Identified as m-fluorophenyluranocene. 

Table 1-5: Hydrolysis of Olaryluranocenes 
In 1M H20/THF, 25°C 

U < C 8 H 7 - W ) 2 

X k x 10 5 s~ l 

E"NMe2 0.835 

E-OMe 2.27 

H 4.39 

o-He 5.10 

m-F 21.0 

Moore 

The rate constants for the hydrolysis of five different 
aryluranocene complexes are given In Table 1-5. The use of linear 
free energy relationships demonstrates the principal role 
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electronic effects play In the decomposition reaction. The 
natural log of the rate constants was plotted against the Hammett 
a values of the phenyl substltuents In the uranocenes. The plot 
(figure 1-9) gives only a fair correlation, but does show a 
definite trend of more electron-withdrawing groups causing more 
rapid decomposition of the uranocene complex. There Is a slight 
problem, however. In the use of normal Hammett a parameters, 
since the values of donor substttuents contain a large component 
due to resonance conjugation. It would be more advantageous to 
use a values that are based solely on Inductive effects ( 1 , 1 ) . 

o II 

Thus, a set of a" values was chosen which had been statistically 
derived from a large set of reactions In which the reaction 
center was Isolated from the aromatic nucleus by a CH_ group or 

37 another non-conJugatIng group. The Hammett plot In this case Is 
excellent (figure 1-10). The value of p Is determined as 2.1, 
which indicates the sensitive nature of the transition state to 
changes In the polar character of the substltuents. Uranocene 
decomposition is most certainly dominated by electronic effects, 
at least In the dlsubstituted complexes. 

34 Lyttle had also found In preliminary experiments that the 
hydrolysis exhibits a substantial isotope effect (an Isotope 
effect of greater than 20 was reported) when 0,0 Is used in place 

44 of H,0. Glaser confirmed the presence of an Isotope effect when 
he repeated the hydrolysis, although he found the effect to be 
somewhat smaller (11.8). A number of substituted uranocenes have 
now been hydrolyzed (Table 1-7) and all have been found to 



FIGURE 1-9: PLOT OF 

HYDROLYSIS RATE CONSTANTS VERSUS SIGMA VALUES 
( X C 6 H 4 C 8 H 7 > 2 U 

- B 

-8 .S 

- 9 

- 9 .5 

- I B -

-ie.s -

- I I 

-11.5 

- 1 2 — 1 L S\ i 1 I I — 1 1 I I I . 

-0.8 -0.6 -0.4 -0.2 
sIgma(a) 

0.2 0.4 



1 
9 
8 -
7 -
6 -
5 
4 
3 
2 
• 
1 

e 
1 

" 

1 
2 
3 
4 
5 
6 
7 
8 -
9 

FIGURE 1-10: CORRELATION OF HYOROLYSIS RATE CONSTANTS OF 
<*C 6H 4C 8H 7) 2U WITH o" VALUES 

cor r . c o e f f . = 0 . 9 9 9 

P=»2. 12 
m-F 

p-NMo a 

-0 .4 
• • ' • • • ' I • • '• I -. I , i • t . . i I • • . I 

0.1 0 2 0.3 0.4 -0 .3 -0 .2 -0.1 0 
slgma(o°) 



31 

exhibit substantial (>7) Isotope effects. It Is thus, appropriate 
to conclude that proton transfer Is the rate determining step in 
the hydrolysis. 

Rate ratios this large are sometimes attributed to tunnel 1-
45 Ing effects which facilitate proton transfer. Bell has stated 

that even for reactions with 'normal' k„/k n ratios, tunnelling 
may be a significant factor and that the best criteria are 
measurements of activation energies and A factors. Thus, In 
reactions Involving appreciable tunnelling, the average energy of 
the reacting systems falls below the top of the barrier by an 

45 
amount which Is greater for the lighter Isotope. The ratio of A 
factors (A Q/A H) Is affected as well. Bell gives a more detailed 

44 description of how this arises. Glaser details the possible 
application of tunnelling theory to the large kinetic Isotope 
effects observed for the hydrolysis of uranocene. For our pur­
poses. It will be stated that reactions which fall outside the 
range 0.6< A./AH <1.4 and possess activation energy differences 

D H (E -E ) of greater than 1.4 kcal/nral will be considered to 
demonstrate appreciable tunnelling. 

Determining the extent of tunnelling involved In the 
hydrolysis necessitated the determination of Arrhenlus Activation 
Parameters. Kinetic runs were carried out over a 60 9C range (-5°C 
to 55 I ,C), for both the H-0 and D-0 decomposition of m-
f1uoropheny1uranocene. This ary1uranocene was chosen because of 
Its fairly rapfd hydrolysis which could be readily monitored over 
short periods of time (3 h for H-0, 30 h for D.O). rigures 1-1I 
to 1-16 are examples of the excellent kinetic runs resulting 
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Figure 1-14: m-FIuorophenyIuranocene 
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Figure 1-15J m-Fluorophenyluranocene 
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Figure 1-16: m-Fluorophenyluranocene 
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Table 1-6: Rate Constants and Isotope Effects for 
m-Fluorophenyluranocene at a series of temperatures 

T°C k(H_0)x 10 5 s"' k(D.O)x 1 0 5 s - 1 
k l / k D 

- 2 5.82 
L. 

0 0.463 

5 8.42 0.329 15.9 

10 0.753 

15 14.2 1.02 13.9 

18 14.8 

20 16.4 1.20 13.7 

25 a 20.2 1.60 

b 21.0 1.54 12.6-13.6 

30 26.6 1.98 13.4 

35 a 32.7 

b 32.8 2.71 12.1 

40 3.53 

45 a 51.3 4.96 

b 49.0 4.99 9.8-10.3 

50 5.71 

55 a 74.6 8.23 

b 7.52 9.1-9.9 
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from this study. A summary of the rate constants for the 

hydrolysis, along with isotope effects Is presented In Table 1-6. 

Arrhenlus activation parameters for the decomposition of m-

fluorophenyluranocene in Id H.O and IM D_0 In THF were determined 

by plotting In k vs. 1/T (figure 1-17, 1-18). The results are 

summarized In Table 1-7. 

Table 1-7: Kinetic Isotope Effect and Arrhenlus Activation Parameters 

U(C 8H 7X) 2 + H zO(D 20) 

X k/kH k H/k n (25°C) AH* H(AH* 0) AS* H(AS' 0) A H(A D) 

kcal/mol±0.3 e.u. + l s~'±20% 

11.8 8.1(11.2) -54(-49) 30(449) 

13.1 7.2(8.9) -5K-50) 117(144) 

12.8 

12.4 

8.2 

8.5 

Hoore, GIaser44(X=H, C(CH3)3> 

Also summarized are the activation parameters determined for the 
44 parent complex, uranocene, along with Isotope effects for a 

number of substituted uranocenes. Note that the difference In the 

enthalpy of activation between the H,0 and D-0 decomposition is 

H 1.0 

m-FC,H5 19 

C 6H 5 3.9 

E-NMe 2C 6H 5 0.74 

C(CH 3> 3 0.20 

COO-(CH 3) 3 100,000' 
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Arrhenlus Plot for Decomposition of 
m-Fluorophonyluronocana In 1M D20/THF 

FIGURE 1-18 
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1.7 kcal/mol, which Is just outside the range considered 'normal' 
by Bell for differences In enthalpies. The ratio of A factors, 
however. Is close to 1. Thus, Is does not appear that we can 
conclusive ly I moke a tunnelling mechanism for the hydrolysis of 

44 m-fluorophenyluranocene. Glaser, on the other hand, did find 
large differences In the activation enthalpies and a large A 
factor ratio In his kinetic studies on the hydrolysis and 
deuterolysis of uranocene. 

Even If we are unable to conclude that tunnelling Is Impor­
tant In the hydrolysis of bls-([8]annulene)actinlde complexes, 
the Information we have collected thus far allows us to draw 
certain conclusions with regard to the general mechanism of 
hydrolysis. The basic mechanism presented by Lyttle Is still 
supported by the additional results presented In this thesis 
(figure 1-19). Water coordinates to the centra! metal of the 
substrate In a rapid pre-equl1Ibrlum before proton transfer to 
the ring commences. Coordination of water Is enhanced by 
electron-withdrawing groups which Increase the Lewis acidity of 
the uranium. Increased concentration of the uranium-water complex 
leads to an overall Increase In the observed rate of reaction. 
Complex formation Is followed by the slow rate-determtnlng step 
of proton transfer to the [8]annulene ring and rapid decomposi­
tion to the uranium oxides and the cyclooctatrlene mixture. 

The large negative entropies <<-40 e.u.) of activation 
determined for the hydrolysis (Table 1-7) are Indicative of a 
highly crowded, associative-type transition state such as the 
water-complex postulated in our mechanism. If an intermediate 
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such as this is Important in the decomposition, we would expect 
protic reagents containing additional sterlc bulk to be even 
slower than the hydrolysis. In fact, that Is what was observed 
(Table 1-8). Using methanol as the protic reagent slowed the rate 
of decomposition by a factor of 500, and uranocene showed no 
signs of decomposition over a three month period when It was 
dissolved in a 5H solution of t-butanol in THF. Even using a 
protic reagent with a lower pKa, such as phenol, failed to In­
crease the rate of decomposition since the bulky aryl group 
prevents easy coordination to uranium. Acidity does play a minor 
role In the rate of decomposition, however, as demonstrated by 
the acetic acid results. 

Table 1-B: Relative Rates of Protonation of UVanocene with f!OH 

ROH kR0H / kH0H 

H20 1 
o2o 0.09 

CH3C00H 1.4 
CF3C00H 5.0 
C 6H 50H 0.005 

CHjOH 0.002 

(CH3)3COH NR after 3 mo. 

If the hydrolysis Is following good first-order kinetics with 
respect to uranocene (eq. 1-21), what is the effect of the 
concentration of H»0 on the rate of decomposition? If we 
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-d[Uc]/dt=k'[Uc] eq. 1-21 

[U ]=concentration of uranocene, ft'=k[H20]x 

expand equation 1-21 by replacing k. with ktH.O]*, we yet 

equation 1-22. 

-d[Uc]/dt=k[H20]x[Uc3 eq. 1-22 

The rate order, x, for water can then be determined from the slope of 

the log of the water concentration vs. the log of the pseudo-first 

order rate constant. The .'ntfcept will be In k, the log of the rate 

constant at 1H concentration, which can usually be determined, but In 

the case of extremely rapid reactions the rate at IM concentration 

must be extrapolated from lower water concentrations. The rate data 

for m-flucrophenyluranocena decomposition with various 

concentrations of water are given in Table 1-9. The plot of In k vs. 

In [H-O] (f)gure 1-20) results In an order (x) of 1 8 with 

reypest to water In the rate expression. Approximate rate orders 

(1M, 2M runs only) were determined for other aryluranocenes 

(g-afmethylamino. p.-methoxy). It appears as if the rate order 

for water In most of the h/lrolyses of substituted uranocenes will 

range from about 1.5 to 2. 

Table 1-9: Rate of Hydrolysis Decomposition of m-

FIuorophenyluranocene with respect to concentration of water 

fH.01, H k x IP5 s"1 

0.25 1.60 

0.5 5.92 

1.0 21.0 

2.0 68.8 



Plot of In k vs. CH20D to D*l*rmln* Rat* Ord*r of Uat*r 
In th* D«compos 11,1 on of m-Fluoroph*ny luranoc«rra 

.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1 
In CH203 

0.3 0.5 0.7 
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Quite a bit was learned about the mechanism from the effect 
of substituents on the rate of hydrolysis. A purely ionic model, 
which considers the [8]annulene ring to be a full dianlon. would 
predict more rapid protonatlon of rings which contain electron 
donating substituents. However, as described earlier, the op­
posite effect 1s observed; electron-withdrawing groups increase 
the rate of hydrolysis by increasing the Lewis acidity of the 
central metal. 

To better establish that transfer of electron density from 
the metal to the ring does occur, a complex containing two dif­
ferent cyclooctatetraene substituents was prepared (a "mixed" 
uranocene). If direct protonatlon of the ring does occur, one 
would expect the mixed complex to decompose at the same rate as 
the dI-substituted uranocene decomposes, since only the initial 
protonatlon will be rete determining. In the case where electron 
density at the metal is determined by the substituents at the 
ring, the rate of decomposition should be in between the 
hydrolysis rates of the dI-substituted complexes. 

The mixed uranocene chosen for the study was 1-t-butyl-l-
44 

phenyluranocene, since rates of dI-t-butyIuranocene and 
dI phenyluranocene are well established, and because the large 
difference In hydrolysis rates would simplify distinguishing 
rates should there be a gross mixture of products. Preparation of 
the mixed complex was straightforward. Addition of one equivalent 
of phenylcyclooctatetraene dianion and one equivalent of t-
butyIcyclooctatetraene to UCK in THF produced a mixture of the 
two dI-substItuted uranocenes and the mixed uranocene. The 
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mixture was washed with hexane to extract any remaining llgand 
and grease. However, dl-t-butyluranocene Is also soluble in 
hexane, thus the solid remaining after washing was primarily the 
mf:.£d uranocene and dl-phenyluranocene(45:55) with only a trace 
of dI-t-butyIuranocene. 

The mixture was then decomposed In 1H H.O/THF and the decom­
position reaction was monitored by observing the decrease In 
visible absorbance for the complex (figure 1-21). The first few 
hours of observed decreasing absorbance Is due to both 
dIphenyluranocene and the mixed uranocene; however, after 13 
hours, most of the dIphenyluranocene has decomposed, leaving 
primarily the mixed complex and simplifying determination of the 
decomposition rate for the mixed uranocene. Purified t-
butylphenyluranocene was obtained by partially decomposing 500 mg 
of the above mixture In IM H.O/THF and recovering the mixed 
uranocene. The kinetics of decomposition for the pure complex was 
also followed and the resulting rate constant was similar to the 
mixture value. 

k m l x = 8 - 8 x , 0~ 6 s " ' < f , 9 u r e , _ 2 1 ) 

k p u r e=9.13 x I0~ 6 s"1(figure 1-22) 
Comparison of this rate constant to those of the dl-

substltuted uranocenes (Table 1-10) demonstrate; '*at each sub-
stltuent contributes to the electron density at the metal, since 
the hydrolysis rate Is approximately the geometric mean of the 
disubstituted uranocenes. 
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Table 1-10: Rate data for dI-substituted uranocenes 
and mixed uranocene 

complex k x 10 s~ In k 
<PhC0T)2U 4.4 -10.03 
(PhC0T)(t-BuC0T)U 0.91 -11.61 
(t-BuC0T!2U 0.22 -13.03 

Though It Is apparent from the above data that each sub-
stltuent contributes to the electron density at the centra! 
metal, it Is not clear as to which ring is preferentially 
protonated after coordination of water. One way of determining 
this preference Is to examine the isotope effect of the mixed 
complex and compare It to the ratio observed for the bis-
substituted complexes. Glaser has found the Isotope effect 
for the hydrolysis of di-t-butyluranocene to be 8.2. Earlier 
(Table 1-7), It was reported that the Isotope effect for the 
hydrolysis of dIphenyluranocene is 12.8. The deuterolysis rate 
for t-butylphenyluranocene was measured and found to be 7.2 x 
10~ s~ , which results in a ratio of 12.7, close to the Isotope 
effect observed for dtphenyluranocene. 

One would then be tempted to conclude that the first proton 
Is being transfered to the ring containing the phenyl group. 
Unfortunately, this is In contrast to what one would predict. The 
electron-releasing group, t-butyl, should Increase the local 



52 

electron density at the one ring and therefore. Increase the 
proton affinity of the ring. To verify this hypothesis, two 
equivalents of 0,0 were added to one equivalent of t-
butylcyclooctatetraene dianIon and one equivalent of 
phenyl eyelooctatetraene dlanlon (four equivalents of protons ore 
needed for complete quenching), followed by quenching to comple­
tion with H.O. Mass spectral analysis determined that 55% of the 
protons transfered to the t-butyleyelooctatetraene dtanlon upon 
quenching were deuterium, while the phenylcyclooctatrlene 
products Incorporated only 18% deuterium. The experiment was 
repeated, this time allowing additional time (15 to 20 minutes) 
for the two dlanlons to compete for deuterium, with the same 3 to 
I preference for t-butyleyelooctatetraene dtanion over 
phenyleyelooctatetraene dlanfon found; 73% and 23% deuterium 
lncorpoi?tlcn resulted, respectively. 

Thus, tn the case of the dlanlons, our simple picture of a 
t-butyl group Increasing electron density and encouraging proton 
transfer holds true. This, however, only magnifies the inconsis­
tency of our Isotope effect experiment on the mixed uranocene, 
and forces us to accept the protonation of the phenyl ring as the 
first step or leave the matter unresolved due to some fallacy In 
experimental design or measurement. 
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Results: Product Analysis 

Quite a bit of Information was obtained about the hydrolysis 
mechanism from the kinetic experiments just detailed. It was 
hoped, that by examining the products (particularly the organic 
products) formed in the hydrolysis, further Informatton about the 
mechanism could be acquired. Is the large isotope effect unique 
to the first protoriatlon in the hydrolysis? Is only one Isomer of 
cyclooctatriene formed, or does a 50:50 mixture of the two pos­
sible Isomers result? Can we label the protonatlons In such a way 
as to be able to determine their preferential protonatlng sites 
In a substituted uranocene? These are just a few of the questions 
we had hoped to answer in our analysis of the hydrolysis 
products. 

The first hydrolysis of a cyclooctatetraene (COT) dianlon 
47 complex was carried out by Roth. Roth found that rapid addition 

of a K-COT solution in THF to watar resulted In a 4 to 1 mixture 
of 1,3,5-cyclooctatrlene to 1,3,6-cyclooctatrlene. Unfortunately, 
there would then appear to be an apparent conflict with the mote 
recent results of Yoshlda and Greco who had reported observ­
ing cyclooctatetraene In the hydrolysis of f-elenient complexes. 
To clear up some of the confusion, the hydrolysis products from 
the dianlon were separated by GPLC, and the isomers assigned by 
high field (250 MHz) 'H NMR. The 1,3,6 and 1,3,5-cyclooctatrlene 
could then be used to standardize the analytical GC retention 
times for each Isomer. Interestingly, It was discovered that 
cyclooctatetraene had the same retention time on the 201 carbowax 



54 

column as the 1,3,5-cyclooctatrlene isomer. Co-InjectIon of COT 
and the 1,3.5 trlene results li one, slightly broadened peak. 
This could explain why previous Investigators reported COT as a 

48 
product of hydrolysis, even though It was difficult to ration­
alize an electron transfer product In a reaction Involving a 
protic reagent. An example of this misinterpretation Is the paper 
by Greco and co-workers In which they reported an 80 to 20 
ratio of cyclooctatetraene to cyclooctatriene "mixture" upon 
alcoholysis of cerocene. When the experiment was repeated by 
myself, no cyclooctatetraene was observed. Instead, the correct 
ratio of organic products Is an 81 to 19 ratio of 1,3,5 to 1,3,6 
cyclooctatriene. Separation between cyclooctatetraene and 1,3,5-
cyclooctatriene can be achieved, but it requires a 15-meter fused 
silica capillary column. 

As mentioned earlier, Roth had found that hydrolysis of COT 
dfanlon resulted in a 4 to 1 ratio of the 1,3,5 to 1,3,6-
cyclooctatriene Isomers. As a check, the experiment was repeated 
by myself (twice) and a ratio of 76:24 (1,3.5:1,3,6), within 2% 
error, was found. Roth also found that by heating the trlene 
mixture to 225°C, the thermodynamic equilibrium ratio of 40 to 1 
(1,3,5 to 1,3,6) was reached. Thus, It was postulated that be­
cause uranocene hydrolyzed much more slowly than K.COT, the 
recovered cyclooctatriene products from the uranocene hydrolysis 
would be In a ratio closer to that of the thermodynamic equi-
Iibrlum. 

Addition of 500 mg of uranocene to 100 mL of 1M hyVTHF 
produced a 65:35 mixture of 1,3,6 and 1,3,5-cyclooctatrlene, 
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respectively (see Table 1-11). Remarkably, the major product in 
the hydrolysis of uranocene appears to be 1,3,6-cyclooctatrlene, 
an unexpected result, since It was believed that the slower 
hydrolysis would result In the more thermodynamicsIIy stable 
1,3,5-cyclooctatHene as the major product. 

Table 1-11: Ratio of Cyclooctatrtene Products 
Formed During Hydrolysis 

K,C,H, 

IKC.H.), 

Equilibrium 

With such an unusual result In hand, we were curious as to 
whether all bts-cyclooctatetraene complexes might hydrolyze In 
this manner, forming mostly 1,3,6-cyclooctatriene. Perhaps the 
first ring In the hydrolysis of uranocene Is protonating 1,4, 
resulting In 100% 1,3,6-cyclooctatrlene, while the second ring 
protonates as In the dlanion case (mostly I,3,5-cyc1ooctatrIene 
formed). However, as can be seen In Table 1-12, there Is a com­
plex continuum of product ratios which result from the hydrolysis 
of bls-[8]annulene actintde and lanthanide complexes. No known 
physical properties can be confidently correlated with these 
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results, although one can note a general trend of the more 
"Ionic" complexes hydrolyzfng to larger amounts of the 1,3,5-
cyclooctatrlene. 

Table 1-12: Ratio of Cyclcoctatrlene Products of 81s-
[8]annulene Complexes In 1H H.O/THF 

Complex 4 1 .3 .6 1 

K2COT= 24 76 

K 2 Ca(II) (COT) 2 29 71 

Ce(IV)(COT) 2 38 62 

KYb(III)(COT) 2 40 60 

KSm(IlIHCOT) 2 44 56 

K 2 rb(JI ) (COT) 2 45 55 

Th(C0T) 2 51 49 

U(C0T) 2 64 36 

If the product ratio In the hydrolysis is effected by the 
central metal of the complex, would the percent Isomers formed 
also be effected by other factors, such as the proton source, as 
well? A variety of protic reagents (varied based on pKa values) 
were used to protonate uranocene and thorocene (Table 1-13). 
AcIdle reagents tend to give mostly the 1,3,5-cyclooctatriene, 
even more than observed In the hydrolysis of K-COT. Interest­
ingly, protonatlng KjCOT with different reagents demonstrated a 
different trend. The lower the pKa of the protic reagent, the 
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Table 1-13: tl,3,5-cyclooctatrlene Isolated from 

hydrolysis of actfnlde complexes 

Proton Source Uranocene Thorocene (COT)ThCl. 

MeOH 48 

EtOH 45 52 47 

H20 34 49 48 

MeSOjH 93 72 

CF3C00H 73 62 

CHjCOOH 68 84 91 

Table 1-14: Cyclooctatrlene Product Ratio for 

K-COT Protonatlons 

Protic Reagent 1.3.5 1.3.6 

CH 2(CN) 2 52 48 

CH 3S0 3H 56 44 

CFjCOOH 44 56 

CHjCOOH 49 51 

H2° 76 24 

CH3OH 78 22 

CjHgOH 73 27 

I-C3H?OH 86 14 

(CH3)3COH 99 1 

F1uorene 91 9 
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closer to a 50:50 ratio of Isomers resulting from the protonatlon 
of K-COT (Table 1-14). Alcoholic reagents and high pKa proton 
sources (I.e., fluorene) tended to give large amounts of 1,3,5-
cyclooctatrlene. Explanations for these observations can only be 
speculative, but perhaps In the case of the dIanIon, comparl-
tively slower hydrolysis by the alcohols (compared to the acetic 
and methyl sulfonic acids) may allow for some sort of prior coor­
dination to potassium (figure 1-23). This coordinated alcohol, 
may then somehow, differentiate between protonatlng 1,2 and 1,4, 
In contrast to the random protonatlon resulting from the protons 
of a highly dissociated acetic acid. 

^ ^ T 

FIGURE 1-23 

Changes In the reglochemlstry of a protonatlon when the 
proton source Is varied Is not a unique observation to this 

49 system. NoJIma and co-workers found the nature of the proton 
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donor to be Important In determining the protonation 
reglochemlstry of anion 9 (eq. 1-23). Protonation of the sodium 
anion 9 with "strong" oxygen acids, trifluoroacetic acid, acetic 
acid, and phenol (pKa 0.2, 4.7 and 10.0. respectively), yielded 
less 10 (and more of 11) than did protonation with "weak" oxygen 
acids, trlfluoroethanol, water, ethanol, and 2-methyl-proponol 
(pKa 12, 14, 16, and 19, respectively). The effect of the proton 
source was even more pronounced In the case of the lithium anion 

49 of 9. which led the authors to deduce the coordination of 
oxygen acids toward lithium cation as a probable reason for the 
appearance of the countercation effects on the protonation 
regiochemlstry. 

h±* 
H- *• teas©) * i s 

10 

eq. 1-23 

Not surprisingly, varying the counterlon in the cyclooc-
tatetraene dIanion complex also had an effect on the amount of 
1,3,6-cyclooctatrlene formed upon protonation (Table 1-15). 
Perhaps prior coordination to the cation could account for the 
differences in product ratios. Alternative explanations for the 
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variation In reglochemlstry could be the differences in the way 
the Ion pair Is solvated (contact vs. solvent separated), or 
the size of the cation. In any case, simple predictions of 
product formation are not possible at this time. 

Table 1—15* Cyclooctatetraene Dtanton Hydrolysis 
Product Analysis 

M.COT 1 1,3,5 cyclooctatriene I 1,3,6 

U 2 C 0 T 43 57 
KjCOT 76 24 
Cs 2C0T 79 21 

Even though the amount of Information that was obtained from 
the product ratios was somewhat limited, perhaps examination of 
the amount of deuterium Incorporated Into the products might give 
us 3ome Insight Into the large kinetic isotope effects observed 
for the hydrolysis of uranocene. It was still postulated, at this 
point, that the large kinetic Isotope effects observed were 
unique to the slow hydrolysis of uranocene (as opposed to the 
immediate hydrolysis of the bis-[8]annu!ene lanthanlde and M,C0T 
complexes) and that the effect was due primarily to the slow 
transfer of the first proton to the uranocene ring. If we did 
find that an Isotope effect existed for only the first 
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protonatfon, then we might be able to 'label' Its position in a 
substituted cyclooctatrlene product and perhaps be able to study 
electrophf1Ic aromatic substitution In a coordinated 10 *-
electron system. Or, we might be able to distinguish separate 
isotope effects In each of the four protonations of the sandwich 
complexes. In either case. It was necessary to determine 
deuterium incorporation in the hydroIysts/deuterolysis of the 
alkali metal dianions In order to standardize the analysis proce­
dure and compare It to the unusual uranocene hydrolysis reaction. 

The experiment was carried out by recovering the volatile 
cyclooctatrlene products via vacuum transfer after adding a THF 
solution of the dianion or sandwich complex to a 50/50 mixture of 
H-O/D.O In THF. The organic products were then extracted with 
hexane. The hexane was removed In vacuo, and the two trlene 
Isomers were Isolated by preparative GPLC. The analysis for 
deuteriuir. Incorporation into the trlene isomers was carried out 
by low voltage (approx. 10 eV) mass spectrometry. The percent 
deuterium Incorporated Into the products was calculated from the 
relative intensities of the d_, d., and d, molecular ion peaks 
(given as a percentage of the base peak) after a small correction 
for C-I3 (eq. 1-24). The %D thus resulting refers to the percent 
probability that an Individual protonation site will have incor­
porated a deuterium. 

XD = l/2[2d2 + dj] x 100* eq. 1-24 
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A low deuterium incorporation could be due to exchange of 
deuterium In the products with the hydrogen In the solvent, with 
the walls of the chromatograph or mass spectrometer, or with some 
other source In the isolation procedure. As a check of the isola­
tion technique and as a way of establishing standards for the 
mass spectral analysis, K.COT was quenched separately by 100% H.O 
and by "100S" (99.998!) D-0 and handled fn the same manner that 
alI of the hydrolyses of cyclooctatetraene complexes were 
handled. No fsomerization (<ll, the limit of experimental 
reproducibility) was detected for either isomer under the condi­
tions of isolation. In addition, no exchange of deuterium for 
hydrogen was found with the mild GC conditions and low voltage 
mass spectral analysis employed. With "100%" D-0 as the quenching 
reagent, the molecular Ion peak at 106 (d- for cyclooctatrlene) 
dominates (>98l) the spectrum. A small peak at 105 (d,) (approx. 
2%) could be due to some minor M-l fragmentation, trace H.O 
impurity, or perhaps there Is a minor amount of hydrogen exchange 
for deuterium. In any case, any large isotope effects observed by 
this method are significant and reliable. 

When the alkali metal dlanions (LfgCOT, K 2COT, and Cs 2C0T) 
were quenched In a 50/50 mixture of HjO/D.O, the isolated 
cyclooctatrienes were all found to have much lower than expected 
(<50%) deuterium incorporation (Table 1-16). Both the products 
from the potassium and cesium dianion quenchIngs have only 15% 
deuterium Incorporation, a 6 to 1 preference for hydrogen over 
deuterium, quite remarkable since hydrolysfs of the salts occurs 
Immediately upon addition to water. Even upon addition of K.COT 
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to an 8 to 1 ratio of D-0 to H_0 In THF, a preference for 
hydrogen over deuterium Is demonstrated (44% deuterium Incor­
porated Into the cyclooctatrlene products). It Is worthy to note 
that no significant difference (<2l) was found In the amount of 
deuterium Incorporated In the two cyciooctatrlene Isomers (1,3,6 
and 1,3,5). 

Table 1-16: Percent Deuterium Incorporated Into 
Cyclooctatetraene DIanIon 

MjCOT tO In 1,3.5 ID In 1.3.6 
LI 2COT 32 31 
K 2COT 15 16 
Cs2COT 15 15 

As the data In Table 1-16 demonstrates, there is a substan­
tial difference fn the amount of deuterium Incorporated (n the 
eye1ooctatr1ene products resulting from the LI,COT quenching and 
those from the K,COT and Cs^COT quenchIngs. This product dif­
ference can be due to a difference In Ion pairing, or perhaps due 
to the size of the cation Itself. Both of these factors will 
influence the cation's environment and If there is prior coor­
dination to the cation by the water molecule there will be a 
significant effect on the deuterium incorporation. 



64 

It would be desirable to be able to distinguish between the 
two Isotope effects of the two protonatlons. Since the percent 
deuterium incorporated Into the products Is less than 25%, It 
appears as If both protonatlons have significant Isotope effects. 
Quenching cyclooctatrlenyl anion In the H_0/D,0 mixture would 
give us the desired Information. Unfortunately, efforts to Iso­
late the unsubstituted mono-anton by Pearl and Staley were 
unsuccessful (eq. 1-25). 

eq. 1-25 

The problem of deprotonatton of the mono-anlon to the 
dianlon Is eliminated 1n the case of the 8,8-
dImethylcyclooctatrlenyl anion, 12, since it does not contain a 
hydrogen on the 8-pos1tlon. The synthetic scheme for the 
preparation of 12 (Figure 1-24) Involved the diaIkyIation of 
cyclooctadtene, followed by halogenatfon, and 
dehydro-halogenatlon. In general, the yields were poor (those 
yields quoted are maximum yields) and the first reaction was not 
reproducible. Thus, it would be advantageous to produce the gem-
substituted eye1ooctatr1ene In a much higher yielding reaction, 
[n the presence of a catalyst, trlmethylalumlnum has been found 
to gem-dimethylate ketones In satisfactory yields. 
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Dlmethylation was first attempted directly on the epoxide, 13, 
(Figure 1-25). 1R and NMR data, however, confirmed that methyl 
addition had occurred 1,4, resulting In compound 14. Efforts thus 
turned towards dimethylatIon of the ketone 15. Addition of AlMe, 
to 15, however, also failed to produce the desired dimethylat ion 
product (8,8-dlmethylcycloocta-l,3,5-trlene), thus the project 
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was abandoned In favor of other methods (see haIf-sandwich sec­
tion results) which might distinguish between the Isotope effects 
of the two protonatlons. 

Although a study of competitive isotope effects for other 
carbanions won't provide us with Information on cyclooctatetraene 
dIan ion Isotope effects. It would be convenient to be able to 
make comparisons with other types of anions. Remarkably, there is 
no mention In the literature of an Isotope effect determined 
simply by taking a carbanion and quenching It In a mixture of H.O 
and D.O. Thus, if we are to make a comparison between anions and 
dianfons, we must carry out our own experiments. 

Selecting a system In which an anion Is formed completely, 
without decomposition, and without exchange of protons during the 
work-up was not completely trivial. TrIphenylmethane {TPH) was 
the selected hydrocarbon, since It contained a proton In the 
desired range (pKa=30-40) and could be easily handled. Unfor­
tunately, selecting the proper base was not as simple. Cleaving 
bIbenzyl with potassium to form the respective benzyl anion that 
will deprotonate TPM resulted In less than 50X TPM anion forma­
tion (checked by quenching with D.O/THF). Use of n-butyllithium 
was found to result In sufficient formation of the TPM anion. 
Addition of 1.1 equivalents of n-butyl1IthIurn to 1 equivalent of 
TPN in THF, followed by quenching In a 10-fold excess of H-O-D.O 
In THF resulted In 401 deuterium incorporation by mass spectral 
analysis. Thus, the quenching study demonstrates that simple 
anions such as the anion of TPN do not demonstrate as large an 
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Isotope effect during protonatlon as do the potassium or lithium 
cyclooctatetraene dtanfon salts. 

Changing the protic reagent used to quench the cyclooc­
tatetraene complexes had a varying effect on the amount of 
deuterium Incorporated In the cyclooctatrlene products. For 
K 2COT, the more acidic protic reagents (CF3C00H; CF3COO0) 
resulted In a much higher deuterium Incorporation. Since much of 
the quenching of the dlanlon complex probably occurs via "free" 
protons and deuterons, there Is a much lower Isotope effect 
(Table 1-17). In the case of the uranocene complex (Table 1-18), 
there Is no variation In deuterium Incorporation upon a change in 
the proton source, Indicating perhaps that protonation of the 
[8]-annulene ring occurs primarily from protic reagents complexed 
to the meta! center (whether water, methanol, or acetic acid). 
For thorocene (Table 1—19). there Is an Intermediate Increase In 
the amount of deuterium incorporated, suggesting that while some 
of the protonatlons of the rings are occurring via complexed 
protic reagent, some of the protons (after the Initial protona­
tion) are transferred from external (uncomplexed) sources (Figure 
1-26). Interestingly, for the majority of the deuterium Incor­
poration experiments carried out, 1,3,6-cyclooctatriene had 
higher amounts of deuterium incorporated. Implying that there 1s 
a distinct Isotope effect for each of the two Isomers formed. 
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Table 1-17: Percent Deuterium Incorporated Into Cyclooctatrlene 
Products of K.COT After Quenching 

Prottc Reagent 1.3.5 1.3.6 
CF3COOH/CF3COOD 43 47 
CH 30H/CH 30D 25 24 
H 20/D 2O 15 16 

Table 1-18: Percent Deuterium Incorporated Into Cyclooctatrlene 
Products of Uranocene After Quenching 

Protlc Reagent 1.3.5 1.3.6 
CF3COOH/CF3COOD 15 
CH3OH/CH30D 17 22 
H 2O/0 2O 16 18 

Table 1-19: Percent Deuterium Incorporated Into Cyclooctatrlene 
Products of Thorocene After Quenching 

Protlc Reagent !.3.S 1.3.6 
CF3C00H/CF.C0CD 33 40 
CH 3OH/CH 3OD 26 29 
H 20/D 2O 29 3! 
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The analysis of the inorganic products formed In the 
hydrolysis turned out to be a more difficult task. The solid that 
precipitates out of the solution after the hydrolysis is a 
polymeric and/or oligomer Ic material which was found to be In­
soluble In all common solvents (organic or aqueous). However, 
reaction of acetic acid with uranocene and thorocene did allow us 
some small glimpse of the type of materials forming. The Inor­
ganic uranium product reacted upon exposure to oxygen (probably 
oxidizing to U(VU), while the thorium product did not appear to 
change oxidation states. However, both materials were treated as 
air-sens It Ive. Elemental analysis (Table 1-20) of the solid 
Indicates there are four acetate molecules per actlntde Ion. 
Thus, It Is justified to postulate tn Figure 1-26 that an average 
of four bIdentate (some bridging acetates, such as those found In 
bInuclear transition metal compounds, are likely to be present ) 
acetates are complexed to uranium and thorium. What is most 
comforting about this result Is that there are no changes In the 
oxidation state (both metal center remain In the IV oxidation 
state) during the hydrolysis. 

Table 1-20: Elemental Analysis of the Inorganic Products from the 
Reaction of (CgHg^M with IN Acetic Acid 

Calcd. for U(OOCCH 3> 4 Found 
C, 20.26 H, 2.55 C, 20.70 H, 2.69 

Calcd. for Th(OOCCH3>4 Found 
C, 20.52 H, 2.58 C, 19.66 H, 3.04 
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Results; Half-Sandwich Hydrolysis 

Even with the deuterium Incorporation experiments Indicating 
that protonatlon of the bls-[8]annulene complexes Is complicated, 
an Investigation of the hydrolysis of mono-[8]annulene, or "half-
sandwich" compounds, might demonstrate that protonation of the 
second ring was distinct in Its mechanism from protonation of the 
first ring. After all, the half-life for hydrolysis of uranocene 
is almost 20 hours, while a half-sandwich with non-sterlcally 
demanding ltgands should hydrolyze rapidly, if not immediately. 
If we examine the amount of deuterium which Is incorporated In 
the cyclooctatriene products from the competitive quenching of 
the known thorium haIf-sandwich (and Its uranium analog), a 
comparison can be made with the products of hydrolysis of 
uranocene and thorocene. Unfortunately, no "half-sandwich" 
uranium complex was known, which left out an Important Inter­
mediate to analyze In terms of the mechanism. Thus, It became 
necessary for us to find a method or preparation for the complex, 
which would afford us an opportunity to hydrolyze the complex and 
determine separate Isotope effects for each of the four protona-
tions. 

Oetalls of the preparation of ([8]annulene)uranlum 
dlchlorlde bistetrahydrofuran will be left to the second chapter. 
In this section, we will discuss the assumptions made In using 
this complex as a model for an Intermediate in the hydrolysis of 
uranocene. 
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In his dissertation, Lyttle postulated that an 
[8]annulene-oxouranium complex (Figure 1-27) was an Intermediate 
in the hydrolysis. Whether such a discrete species is present Is 
certainly suspect! however, it is quite reasonable to suppose 
that at some point in the hydrolysis, one ring has already been 

u 
A 

FIGURE 1—27 

protonated off of the meta1. wh11e the othsr r i ng rema i ns coor-
dinated. It is believed that the newly synthesized 
([8]annulene)uranium dichloride complex fs, at the least, a rough 
model of this mono-ring intermediate. Sterlcally, tne chlorides 
should occupy approximately the same amount of coordination space 
as would oxo or hydroxy 1igands. The electronic demands of the 
chlorides could change the Lewis acidity of the uranium from that 
of an oxouranium complex. However, we have seen from earlier 
results that even with large changes in reaction rates (several 
orders of magnitude), large constant Isotope effects still result 
(see Tables 1-4 and 1-7). Therefore, we should be able to derive 
Information about the mechanism from our deuterium Incorporation 
experiments, at least In the context of whether there Is but a 
single Isotope effect, or a number of complex protonat'ons. 
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The hydrolyses of the half-sandwich complexes were carried 

out In the same manner as described In the product analysts 

section. Solutions of the half-sandwich In THF were added rapidly 

to an equal volume of a 2H H-O/THF solution (to make a 1M 

solution). It was noted that discoloration of the solution was 

not immediate, the hydrolysis of the uranium half-sandwich re­

quiring over fifteen minutes for completion. The percent 1,3,5-

cyclooctatrlene Isolated from the hydrolyses of the half-sandwich 

complexes are presented in Table 1-21, aiong with the full 

sandwich results which are listed for comparison. Note that for 

three of the complexes, an essentially equal amount of both 

cyclooctatrienes are isolated. Only uranocene hydrolyzes uniquely 

to the J,3,6-cyclooctatrfene as the major product. 

Table 1-21: Comparison of Organic Products from the Hydrolysis 

of Half-Sandwich and Sts-Actlnlde Complexes 

complex tl.3.6 cyclooctatrfene tO Incorp. 1.3.6(1.3.5) 

(C0T)UC12 52 15(12) 

(C0T)2U 65 18(16) 

(COT)ThCl2 52 23(21) 

(COT)2Th 51 31(29) 
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<C0T)UC12 A 
(COT)ThCI2 A 
(COT)ThCI2 B 

Table 1-22: Deuterium Incorporated Into the Products of Acfdolysis 
and Alcoholysfs of the Half-Sandwich Complexes 

complex quenched with tl.3.6 cyclooctatrlene tD; 1.3.6(1.3.5) 
15 --(19) 
38 29(27) 
25 2?(20) 

A=50/50 CF3COOH/CF3CCXr. B=CH3OH/CH3OD 

Table 1-21 also lists the percent deuterium Incorporated 
upon quenching the complexes In a solution of 0.5M H-0 and 0.5H 
D.O In THF. Note that there are significant isotope effects even 
for the relatively rapid hydro!y3es of thorocene, uranium half-
sandwich, and the thorium haIf-sandwich. For the uranium half-
sandwfch, the 15% deuterium Incorporation '..lpltes that there is, 
on the average, an approximate 6 to 1 preference for hydrogen 
over deuterium or an Isotope effect of 6. The question remains, 
however, as to whether this value is indie tive of the Isotope 
effect of both protonatlons, or Is It merely an average of two 
isotope effects (ex. 9 and 4). 

To deduce the effect on the two protonatlons, we could 
examine the mass spectrum which had been used to calculate the 
percent Incorporation. Algebraic manipulation of d Q I d., and d. 
values from the mass Ion peak, can separate out the percent 
Incorporation In the two protonatlons. Unfortunately, due to the 
significant error In the relative Intensity ot- the mass spectrum 
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(1%), particularly In relation to the relatively small, but 
critical d, peak (the relative intensity of the si_ peak was 
typically 3% to 5%), the method was deemed unreliable and non-
reproducible. 

A more fruitful method requires an assumption. If we assume 
that the large kinetic isotope effect measured for these com­
plexes is due to the slow first protonat(on, then the second 
protonation can be deduced from the first (determined from 
kinetic measurement) and the total Isotope effect (determined 
from deuterium incorporation). Fortunately, the complex reacts 
slowly enough for a kinetic measurement to be made in both H.O 
and D,0 and those results are shown below. 

k(H20>=2.2 x 10" 3 s~l 

k(D20>=3.5 x 10~ 4 s~l 

The ratio of the two kinetic rates results In an isotope effect 
of about 6, the same as the value derived from deuterium Incor­
poration. Thus, If our assumption holds true, the two protona-
tlons of a single ring, even In rapid hydrolyses, both have a 
large Isotope effect. 
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Conclusions from the Product Analyses 

One of the frustrating aspects of these product analyses was 
the discovery that the formation of products Is dependent on a 
variety of factors, some of which could not be accounted for 
easily. While It may not be possible to make simple predictions 
on the products which form, the generalizations we do make on the 
hydrolysis Increase our understanding of electrophlltc reactions 
In actlnlde organometallIc chemistry. All of the protonatlons In 
the decomposition of the half-sandwich and full complexes have 
substantial isotope effects (>5), which makes the first protona-
tion unique only In that It is much slower than the protonations 
that follow. No internedfates, other than the starting complex, 
are found In the visible spectrum during the hydrolysis. No firm 
evidence pinpoints the source of the isotope effect, but It Is 
hypothesized that It results from the protonatlon by protic 
reagents which are coordinated to the cation, whether an ectinlde 
or an alkali metal. Finally, while both protonatlons of the half-
sandwich have substantial and approximately (±2?) the same 
Isotope effect, It Is difficult to reliably determine the 
specific Isotope effect of each step. 
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Experimental 

General• Unless otherwise Indicated, materials were obtained 
from commercial suppliers and used as supplied. Tetrahydrofuran 
(THF) and ethyl ether were distilled Immediately before use from 
sodium/benzophenone. Toluene was distilled from sodium. Hexane 
was distilled from CaH. after refluxfng overnight. All air and 
moisture sensitive compounds were handled either In an argon 
atmosphere glovebox, or by standard Schlenk techniques. H NMR 
spectra were recorded on the UCB-200 (200 MHz, FT) or UCB-250 
(250 MHz, FT) spectrometers. Significant "H NMR data are tabu­
lated in order: multiplicity (s, singlet; d, doublet; m, 
multiplet), number of protons, coupling constant in Hertz. Chemi­
cal shifts are referenced to tetramethylsflane (TMS) either 
directly with TMS as Internal standard or Indirectly by resonance 
of solvents referenced to TMS. Elemental analyses were performed 
by the Mlcroanalytical Laboratory operated by the College of 
Chemistry, University of California, Berkeley. Infrared spectra 
were determined on a Perkln-Elmer Model 297 spectrometer. Visible 
spectra of TKr solutions of the organometa111c compounds were 
determined with a Cary Model 118 spectrophotometer. Low voltage 
mass spectra were obtained with the AEI MS-12 mass spectrometer. 
Mass spectral data are expressed as m/e (Intensity expressed as 
percent of total Ion current). All weights, unless otherwise 
specified, are ±0.01 g. 
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Kinetic Runs. Approximately 5 to 10 mg of the uranocene was 
loaded Into a UV-VIS mfxlng cell and dissolved !n 4 mL of 
degassed IM H,0 or D,0 In THF solutions. Mixing occurred after 
allowing ten minutes for solvent-temperature bath equilibration. 
Decomposition rates were determined by following the decrease In 
absorbance at A for the compound over three haIf-lives. The max 
measurements were stored by a PET 4016 computer. Interfaced to a 
Cary 118 UV-VIS spectrometer. Correlations for the plots of 
ln(A/Ao) vs. time were greater than 0.999 in most cases and 
oreater than 0.995 in alI cases. 

X for the uranocenes were determined by "Curvalyzer max 
54 26", a program designed to analyze a spectrum and assign a 

wavelength at maximum absorbance. Three scans for each uranocene 
In THF w?re made over a 10 in range (620 to 630 nm). The scan 
rate was 0.1 ran/sec. 

Plots for the kinetic data were made by a least-squares fit 
on a Tektronix 4052 computer equipped with zeta plotter. Activa­
tion parameters for the decomposition were determined by the 
program ACTENG. 5 5 

I•1'-D1phenyluranocene. To a flask under argon containing 
0.89 g (0.005 moles) of phenyl eye Iooctatetraene (prepared by the 

42 
method of DeKock ) In 125 mL of anhydrous THF, was added 0.41 g 
(0.105 moles) of potassium cut Into small chunks. The solution 
was stirred for 18 hr and brought Into the dry box where It was 
added over a 10 mln period to a solution of 0.96 g (0.0025 moles) 
of UC1. in 100 mL of dry, degassed THF. After stirring for an 
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additional 30 min. the flask was connected to a vacuum line and 
the solvent was pumped off. The blackish powder was brought back 
fnto the box and extracted with 100 mL of toluene, which upon 
solvent removal by vacuum pumping to dryness, left a green, 
amorphous solid. Recrystal1Izatlon by dissolving the solid In 25 
mL of hot THF and adding hexane until cloudy, afforded 0.62 g 
(41%) of dark green crystals of I,l'-dIphenyluranocene and 0.28 g 
(19%) of a green powder which failed to crystallize. *H NMR 
(C7Hg, 250 MHz) i -33.99 (s, 2H), -35.74 (s, 2H), -35.98 (s, 2H), 
-36.69 (s, IH), -13.66 (s, 2H), 0.87 (s, 1H), 0.96 (s. 2H) at 30 
»C. 

Anal. Calcd. for CjgH^U: C, 56.19; H, 4.04; Found: C, 55.96; H, 
4.14. 

p-Trifluoromethvlphenyl lithium . To a solution of 0.02 
moles of n-butyllithium In 20 mL of ether 'hexane at -78 °C, was 
cannulated 4.5 g (0.02 moles) of p.-bromobenzotrlfluorlde. After 
two minutes, the clear, yellow solution was cloudy with a white 
precipitate, but the solution was stirred for 15 mtn to allow for 
complete reaction. An aliquot was quenched in freshly crushed Dry 
Ice, acidified with 6N H 2S0 4 and extracted with ether (3x10 mL). 
The combined organic extract was extracted with IN NaOH (3x15 mL) 
and the basic salt solution was acidified with 6N HCI. The 
resulting white precipitate was filtered and dried to yield a 
microflne white powder Identified by spectroscopy and melting 
point to be g-trlfluoromethylbenzoic acid, mp 220 "-225 "C (lit. 
222 °-224 "C); 'H NMR (C^OgO, 90 MHz) t 7.81 (d, 2H, J=12), 
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8.22 (d. 2H, J=12); 'H NMR (CDCIJ, 90 HHz) S 7.74 (d, 2H, J=12), 
8.21 (d, 2H, J=I2), 6.7 (broad). To the remainder of the lithium 
reagent under argon was then added 1.22 g of cyclooctatetraene In 
10 mL of ether. The solution was allowed to warm to room tempera­
ture, at which time It became red. The solution l-":ame dark 
overnight, but reaction times of up to 96 hr resulted In no 
arylcyclooctatetraene products. 

m-FIuorophenvieye1 ooctatetraene. To a 100 mL 3-neck flask, 
equipped with a condenser and addition funnel and charged with 
0.80 g to.033 moles) of tig was added 5.25 g (0.03 moles) of m-
bromofluorobenzene In 60 ;.L of THF. As the reaction occurred over 
a 0.5 hr period, a totai of 0.2 g of dtbromoethane was required 
to maintain the reaction, after which the reaction was refluxod 
for an additional 0.5 hr to ensure completion. Titration of the 
reagent (quenching with water and titrating with standard 0.96M 
HCI) showed J concentration of 0.25M (yield: 80%). The Grlgnard 
reagent was added via cannulatlon into a 500 mL 3-neck flask 
charged with 0.164 g of [l,3-bis-(dlphenylphosphlno>-
propyUnlckel(II) dlchlorlde, 40 mL of dry ether and 4.58 g 
(0.025 moles) of bromocyclooctatetraene (an additional 40 mL of 
dry THF was added to the Grlgnard solution to dissolve the 
reagent which precipitated upon cooling). The reaction was 
slightly exothermic upon addition and formed a white precipitate. 
After stirring the red-brown solution for 24 hr, the reaction was 
quenched with IM HCL, separated and extracted with ether (2x20 
mL). The organic portions were combined, washed with water 
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(50 mL), dried over MgSO., and the solvent was removed by rotary 
evaporation. The residue was distilled, affording 2.59 g of an 
Impure yellow oil, bp 69 "-71 °C/0.2 mm. Further purification was 
achieved by formation of the silver nitrate complex, followed by 
decomposition of the complex with NH 40H (aq) (yield: 401). 'H NMR 
(CDC13, 90 MHz) S 5.73-6.31 (m, 7H), 6.87-7.32 (m, 4H). 1 9F NMR 
(with respect to CFClj) 4 +114.5 (multiplet). 
Anal. Calcd. for C , 4 H U F : C, 84.81; H, 5.60; found: C, 84.57; H, 
5.66. 

m-F1uorophenvIuranocene. To a flask under argon containing 
0.50 g (0.0025 moles) of m-fluorophenylcyclooctatetraene In 25 mL 
of THF was added 0.23 g (0.0059 moles) of potassium cut Into 
small chunks. The cleanly cut potassium permitted rapid reduc­
tion, thus reaction was complete wttnln 4 hr. This solution was 
rapidly cannulated Into 0.47 g of UC1 4 In 15 mL of THF. After 
stirring for an additional 1 hr, the solvent was removed In 
vacuo, and the remaining solid was extracted with 200 mL of 
toluene. Solvent removal by vacuum pumping to dryness left a 
green, amorphous solid which upon recrystal1Izatlon from hot 
hexane produced a light green, powdery material (yield: 50%). H 
NMR (C7Dg, 250 MHz) -37.23 (s, 1H), -36.43 (s, 2H), -35.87 (s, 
2H), -33.63 (s, 2H), -14.92 (s, 1H), -12.67 (s, 1H), 0.26 (s, 
1H), 0.47 (s, 1H) at 30 °C. 

Anal. Calcd. for C 2 8
H

2 2
U F 2 ! C, 52.98; H, 3.50; Found: C, 53.27; 

H, 3.82. 
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Other substituted uranocenes used in the kinetic experiments 
were obtained as previously prepared materials. 

Preparation of 1-t-butvl-l-phenyluranocene. To an argon 
flushed 50 mL one-necked flask containing 0.40 g of t-
butyIcyclooctatetraene (2.5 mmol) and 0.45 g of phenyl-
cyclooctatetraene (2.5 mmol) in 30 mL dry, degassed THF was added 
0.<i3 g of potassium (II mmol) cut into small chunks. Both sub­
stituted cyclooctatetraenes had been prepared by the method of 

42 OeKock . The reaction was stirred for 12 hr, although reduction 
was probably complete within 4 hr. The dfanfon solution was then 
cannulated into an argon-flushed, 100 mL Schlenk flask containing 
0.95 g of UCI 4 (2.5 mmol) In 20 mL THF at -78 °C. The solution 
was Initially purple, but was green upon completion of the 15 mln 
addition period. The solution was stirred for an additional 20 
mln at room temperature, the solvent was removed In vacuo, and 
the remaining solid was extracted with 100 mL of toluene. Solvent 
removal by vacuum pumping to dryness left a dry, chunky, green 
powder. Recrysta11izatIon from hot hexane precipitated 0.65 g 
(yield: 45%) of a deep green powder (mixed uranocene + 
dlphenyluranocene) plus 0.25 g (yield: 171) of a hexane soluble 
fraction consisting primarily of di-t-butyIuranocene. Pure t-
butylphenylursnocene was obtained by dissolving O.bO <j of the 
precipitated mixture In 18 mL of IM H20/THF, then adding MgS0 4 

after 14 hr. The solution was filtered and the THF was removed in 
vacuo. After washing with hexane, 0.10 g of a green powder was 
Isolated, and was found ty H NMR to be >951 pure mixed 
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uranocene, and <5% dl-t-butyluranocene. H NMR <C7Dg, 200 MHz) 6 

1.2 (s, 2H), l.fl (s, 1H), -11.58 (S, 9H), -13.51 (s, 2H). -33.15 
(s, 2H), -33.74 (s, 2H), -34.44 (m, 4H), -34.97 (s, 1H), -36.10 
(s, 2H), -38.18 (s, 2H), -41.61 (s, 1H). 

Competitive Deuterium Incorporation Between K..(PhCOT) and 
Kr(t-BuCOT). A 100 mL flask under argon was charged with 244 (±2) 
mg {1.024 mmol) of K2(t-BuC0T), 263 (±2) mg (1.019 mmol) of 
K-(PhCOT) and 30 mL of THF. To the dlanlon solution was added 
dropwtse, 42 (±2) mg (2.1 rural) of degassed 0-0 In S mL of THF. 
The flask was swirled ror 2 mln (10 mln, the second time the 
quenching was carried out) to allow for reaction with the 
deuterium, before completely quenching with excess water. The 
organic products were extracted Into hexane (2x50 mL), dried over 
MgSO. and the solvent was evaporated. Separation of the 
phenyl eyelooctatrIene products from the t-butylcyclooctatrfene 
products was carried out by eluting the mixture with 10% 
ether/hexane on silica gel. The percent deuterium incorporated 
into the products was calculated from the relative abundance of 
the d Q, d., and d, molecular ion peaks according to equation 1-
24. 

Analysis of Hydrolysis Products. Experiments on the analysts 
of hydrolysis products were all carried out under oxygen-free 
conditions. A solution of uranocene (0.5 g) In 100 mL of 1M 
H-0/THF was allowed to stand for 3-4 days (4 half- lives), then 
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hydrolyzed to completion by addition of approximately 5M H.O/THF. 
A small sample had been removed before quenching and allowed to 
stand for 3 weeks for complete hydrolysis in 1M solution. No 
significant difference In the GC ratio of the products was found. 
Work-up consisted of removal of all volatile liquids from the 
uranium solids by vacuum transfer, extractfon with hexane of the 
liquid, followed by drying of the organic layer in MgSO. after 
separation from water. Slow distillation of the THF and hexane 
under aspirator pressure, such that the temperature did not reach 
above 40 °C, resulted in a mixture of cyclooctatrienes which 
could be easily separated by a six meter, 1/8 In. dla. 201 car-
bowax on chromasorb column or a HP5880A GC at 80 °C. H NMR 
(CDC13, 200 MHz) 1,3,5-cyclooctatrlene, S S.89 (m, 4H), 5.72 (m, 
2H), 2.41 (m, 4H); eye1ooctatetraene, S 5.78 (s, 8H); 1,3.6-
cyclooctatrlene, S 6.11 (d, 2H), 5.62 (t, 2H), 5.47 (q, 2H), 2.72 
(m, 4H). 

The other metal complexes hydrolyzed more quickly than 
uranocene; thus to avoid surface reactions, the complexes were 
dissolved In THF and rapidly added to a 2M HgO/THF solution. The 
products were worked-up as above, with recovery of the triene 
products typically being 801 to 851 of theoretical yield. In most 
cases, the protonating species was at least In 10-fold excess of 
the complex. 

Competitive deuterium Incorporation experiments were carried 
out by quenching the metal complex 1n a 50/50 mixture of H,0/D,0 
or In the appropriate protlc reagent. Work-up was Identical to 
the hydrolysis procedure above, except for acidic reagents such 
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as CF.COOD, when a neutralization step with NaHCCL was added 
during the extraction procedure. Separation of the two cyclooc-
tatrlene Isomers for mass spectral analysis was carrfed out on a 
six meter, 1 In. Dow 710 on 60/80 chromasorb column on a Vartan 
Model 920 aerograph at 90 °C. 

Potassium Cyclooctatetraene Dlanton. All of the alkali metal 
d I an ton complexes were prepared according to established lltera-

47 ture procedures. After stirring cyclooctatetraene In THF with 
the appropriate metal (LI, K, Cs), the solvent was removed 1n 
vacuo, and the solid was brought Into the box and washed with 
hexane to remove any remaining traces of unreacted cyclooc­
tatetraene. The solid was stored under argon atmosphere In the 
box until It was used In the appropriate hydrolysis experiment. 

Uranocene, thorocene, and the thorium half-sandwich 
are all previously prepared conwoundss however, the procedure for 
their preparation was somewhat modified. The Schlenk techniques 
used In their preparation were developed by Ken Smith and Steve 

62 Kinsley and were found to be highly convenient and successful 
In obtaining good yields of the desired matertal. 

58 Bts-(r81annulene)uranlum(IV). To a Schlenk flask under 
argon containing 1.04 g (0.01 mol) of cyclooctatetraene In 100 mL 
of anhydrous THF, was added 0.82 g (0.021 mol) of cleanly cut 
potassium. After stirring for 4 to 6 hr (or when the potassium 
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had completely reacted) at room temperature, the red dfanlon 
solution was cannulated Into a Schlenk flask containing 1.90 g 
(0.005 mol) of UCL 4 In 75 mL of dry, degassed THF. The reaction 
was stirred for i hr, and the solvent was removed In vacuo. The 
remaining solid was extracted for 2 days with toluene in a 
greaseless extractor to typically yield 50S to 60% of an emerald 
green, alr-sensltlve solid, whose spectroscopic ( H NMR, UV-VIS) 
characteristics were identical to the known compound, uranocene. 

59 BIs-(f81annulenelthorium. The preparation of thorocene Is 
Identical to that of uranocene, except that 1.87 3 of ThC!. is 
substituted for UC1., and the resulting yellow solid, after 
removal of solvent, Is extracted with THF, to remove tnorocens 
from the THF Insoluble ThCI 4. 

(C81-Annulene)thorium dlchl.iride bistetrahydrofuran. To an 
argon flushed 250 mL Schlenk flask containing 4.67 g (0.045 mol) 
of cyclooctatetraene In 100 mL of THF was added 4.1 g (0.105 mol) 
of cleanly cut potassium. After 3 hr of stirring, the reaction 
was cooled to -78 °C and cannulated over a 45 mln period to a 
suspension of 18.9 g (0.05 mol) ThCI, In 100 mL of THF, elso 
cooled to -78 °C. The reaction was stirred for 3 hr, and the 
solvent was removed In vacuo. Extraction of the remaining solid 
with toluene for six days resulted in 8.4 g of a yellow powder 
(38% yield based on unsolvated complex). Dissolving the yellow 
powder in THF, followed by slow evaporation of the solvent 
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resulted In yellow crystals which analyzed correctly for the bis-
tetrahydrofuran complex. *H NMR (C4DgO, 250 MHz) S 6.68 (s, 8H) 
Anal. Calcd. for C 1 6 H 2 4 C 1 2 0 2 : C, 34.86; H, 4.39; Found: C, 34.93; 
H, 4.49. 

Preparation and Quenching of Triphenylmethyl Anion. To 2.44 
g (0.01 mol) of triphenylmethane in 50 mL of THF under argon was 
added 6.5 mL of n-BuLI (I.6H) (0.0104 mol) at -78 °C. The reac­
tion was allowed to slowly warm to room temperature when it 
turned dark red. After stirring for one hour at room temperature 
(or 15 mln after the solution stopped bubbling), about 3/4 of the 
solution was quenched In 100 mL of 2M H.O-D^/THF, while the 
remainder was quenched In 25 mL of 2M 0,0/THF. Both mixtures were 
extracted with benzene (2x30 mL), dried over MgSO., and the 

4 

solvent was evaporated. Mass spectral analysis of the remaining 
solids was accomplished by comparison of the relative abundance 
of the m/e=244 (d_), and 245 (d.) peaks of trIphenylmethane. 

BIs-(f8lannu1ene)1anthanides• The complexes chosen for the 
hydrolysis were previously prepared materials supplied as 

62 63 
generous gifts from S. Kinsley (La=Ce, Yb) and K. Hodgson 
(La=Sm). 

Cvclooctatetraene Oxide. To a solution of 18.4 g (0.176 
mol) of cyclooctatetraene in 275 mL of methylene chloride, was 
added 20 g of 80% mCPBA. The solution was cooled to 0 °C for the 
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first hour, then allowed to stir unattended overnight. The yellow 
slurry was washed successively wfth 3N NaOH (3xl00mL), 60 mL of 
water, and 60 mL of brine. The yellow solution was dried over 
MgSO. and the solvent was evaporated. The residue was distilled 
with a 10 cm fractionating column. The first fraction was col­
lected at <35 °C/6 torr, which by H NMR spectroscopy was iden­
tified as the starting material, COT (yield: 9.91 g, 54%). A 
second fraction was collected at 68 °-70 °C/5 torr, which, by H 
NMR, was Identified as the desired product, COT oxide (yield: 
6.27 g, 3 W ) . !H NMR (CDCIg, 250 MHz) S 3.45(s, 2H). 5.89(s, 2H), 
5.95-6.15(m, 4H). 

4-Methv1cvcIoocta-2.5.7-tr1eno1. (Attempted direct 
dimethylat Ion of COT oxide). A 100 ml Schlenk flask was charged 
with 155 mg (0.6 mmol) of anhydrous nickel acetoacetonate (the 
hydrate was heated under 1 mm vacuum at 105 °C for 50 mtn), 20 mL 
of toluene, and 1.80 g of COT oxide (15 mmol). After cooling the 
flask to -15 "C, 8 mL of commercial (Aldrlch) AIMe, (2M toluene 
solution, 16 mrool) was cannulated into the reaction flask over a 

5 min period. The reaction was exothermic, turning the green 
color of the Nl catalyst to a muddy brown. After the addition was 
complete, stfrrlng was continued for 12 hr at 0 °C, then at room 
temperature for II hr. The reaction was cooled In an Ice bath 
before quenching with 15 mL of HC1. The reaction was extracted 
with hexane (3x20 mL) and the combined organic portion was washed 
with NaHCO-. After drying over MgSO., the solvent was removed by 
rotary evaporation. Distillation of the residue resulted In the 
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Isolation of 0.71 g (35X yield) of a yellow oil Identified by *H 
NMR and infrared spectroscopy as not the desired gem-
dfmethyl eyelooctatrienonet but rather the mono-rethyl product, 4-
methyl-cycloocta-2,5,7-trlenol. 'H NMR (CDC1 3 > 250 MHz) S 1.30 
{d, 3H, J=7.! Hz), 1.72 (q, !H, J*7.0 Hz), 1.78 (S, 1H), 4.0-4.1 
(in, 1H, J=7.1 Hz), 5.2-5.5 (m, 2H), 6.2-6.35 (m, 2H), 6.6-6.7 (m, 
2H). Infrared (neat) 3400 (broad), 3020 w, 2970 w, 2920 vw, 2860 
vw, 1445 vw, 1400 vw, 1370 vw, [140 w, I960 w, 740 w, 725 w, 700 
S, 665 w. 

Cvc1oocta-2.4.6-tr1en-I-one• A solution of lithium 
difsopropylamfde in THF was prepared by adding 4.72 g (46.7 mmol) 
of diIsopropylamine to 125 mL of dry THF under argon followed by 
19 mL (46.5 mL) of 2.45M n-butyl1ithium in hexane at 0 °C. The 
light yellow solution was stirred for 15 min, then cooled to -78 
°C. A solution of 2.50 g (20.8 mrol) of COT oxide in 15 mL dry 
THF was added slowly, during which time the solution turned a 
clear, deep red. The reaction mixture was stirred for 30 min at 
-78 °C and allowed to warm to -20 °C, whereupon it was quenched 
by adding 60 mL of saturated ammonium chloride solution. To the 
yellow mixture was added 100 mL of ether and the layers were 
separated. The organic portion was washed with water (2x60 mL), 
brine (30 mL), dried over HgSO. and evaporated. Distillation of 
the crude product resulted in 1.89 g(761) of a yellow liquid. A 
250 MHz H NMR spectrum of the product was identic?! to that of 
the known product. 
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7-methyI-eve1oocta-3.5-dienone. To 0.16 g (0.6 mmol) of 
anhydrous nickel acetoacetonate In 20 mL of toluene was added 
1.80 g (15 mmol) of cyc1oocta-2,4,6-trlen-l-one under argon. The 
flask was cooled to -15 °C and 8 mL of commercial 2H 
AIMe,/toluene solution (16 mmol) was cannuiated into the Schlenk 
flask. After the addition was complete, the reaction was stirred 
at 0 °C to -3 °C for 14 hi-, and at room temperature for 10 hr. 
The reaction was cooled In an ic« bath and quenched with 15 mL of 
HC1. The mixture w&s extracted with hexane (3x20 mL) and the 
extracted organic phase was washed with NaHCO,. After drying over 
MgSO., the solvent was removed by rotary evaporation. Distil 1a-

4 
tion caused sevare polymerization, therefore purification was 
carried out by eluting the remaining oil with hexane/ether (5 to 
1, respectively) on 50 g of silica gel. Spectroscopic data Indi­
cated that the 0.83 g (401) of oil recovered was not the desired 
gem-dimethyl product, but rather the mono-methyl ketone. 7-
methy1-eye1oocta-3,5-dIenone. *H NMR (CDC1,, 250 h*Hz) S 1.08 (d, 
3H, J=7.1 Hz), 2.3-2.6 (m, 2H), 2.9 (broad, 1H). 3.0-3.3 (m, 2H), 
5.5-6.0 (m, 4H). Infrared (neat) 3010 w, 2960 s, 2930 w, 1722 s. 
[450 w, 1420 w, 1320 w, 1280 w. 1130 w, 1030 w, 760 w. 690 s. 
Mass Spectrum m/e (rel. Intensity) 136 (32.98), 121 (5.24), 107 
(4,96), 94 (93.51), 79 (100), 66 (75.51). 

Inorganic Products: "(CH..COO) ,U". To a flask containing IN 
acetic acid in degassed THF was added 0.89 g (0.002 mol) of bis-
([8]annulene)uranlum. After one week (over five haif-lives), an 
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excess of degassed acetic acid was added to complete the quench­
ing. All volatile liquids were removed in vacuo and the remaining 
solid was pumped to dryness. The insoluble solid was washed once 
with THF and twice with hexane. then pumped to dryness again. The 
submitted, air-sensitive solid analyzed correctly for one uranium 
per four acetate molecules. 
Anal. Calcd. for CgH^OgU: C, 20.26; H. 2.55; Found: C, 20.70; H, 
2.69. 

"(CH..C0O) .Th". The yellow, insoluble solid was handled In a 
similar manner to the uranium solid. 
Anal. Calcd. for CgH^OgTh: C, 20.52; H, 2.58; Found: C, 19.66; 
H, 3.04. 
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Chapter 2. The Preparation of ([8]Annulene)uranium 
Dfchlorlde Tetrahydrofuran 

Introduction 

With the hope of furthering our understanding of the 
mechanism of hydrolysis of uranocene, the preparation of a mono-
[8]annulene-uranium complex, or "half-sandwich", was undertaken. 
In addition, preparation of a uranium half-sandwich might also 
serve as an important precusor to a number of new species, some 
of them potentially catalytic. 

Initial investigations of half-sandwich actinides by 
1 2 3 

LeVanda and Solar (reviewed previously by Ken Smith ) resulted 
In some novel chemistry (eq. 2-1, 2-2). Unfortunately, the 
products themselves were incompletely characterized due ap­
parently to loss of coordinating THF and changes in their physi­
cal properties. 
Th(BH,)„-2 THF + K-COT ™ f » (COT)Th(BH,),-X THF eq. 2 4 4 2 4 2 
UC1. + LIBH. -I2Z—»"UC1,(BH.)," -&£2I* (COT)U(BH„),-X THF eq. 2 4 4 2 4 2 4 2 

Despite these early setbacks, a number of methods were 
developed for the preparation of half-sandwich actinides, which 
were primarily successful for the thorium analog. Addition of one 
equivalent of K-COT to a stirred THF suspension of ThCl. resulted 
in the isolation of ([8]annulene)thorlum dichloride bis-
tetrahydrofuran, 1 {eq. 2-3). The structure of I as determined by 
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ThCl 4 + K 2COT (1 equiv.) ™ f - (C0T)ThCl2-2 THF eq. 2-3 

x-ray diffraction analysis is depicted In figure 2-1. If the 10 
it-electron, [8]annulene ring is given a formal coordination 
number of 5, then a dlchloride complex is 7-coordlnate. A 7-
coordinate complex is sterically unsaturated, thus two additional 
solvent molecules are required to saturate the compound. 

Since addition of one equivalent of the dfanion to ThCI. is 
successful in preparing a haIf-sandwich thorium complex, the same 
typs of methodology was applied to attempt a preparation of the 

2 3 uranium analog. Unfortunately, the Investigators, * despite 
using a wide variety of reaction conditions and complexing agents 
(TMEDA, DME), were unsuccessful in isolating any mono-[8]annulene 
uranium products. In his dissertation. Ken Smith mentions that 
the reaction of [UCU-ttmeda).] with excess K-COT produced an 
unstable red-brown compound whose H NMR consisted of two 
resonances in the "COT region" (-30 to -40 ppm). The resonance 
at -36 ppm was assigned to uranocene, while the peak slightly 
downfield of the uranocene resonance was assigned to the reduced 
uranocene, K(C0T),U. The red-brown solid isolated was unstable, 
yielding uranocene with time. 

The second type of method used to prepare the thorium half-
sandwich is a simple redistribution process between ThCI, and 
thorocene, first reported by LeVanda (eq. 2-4). However, 

2 (C0T)2Th + 2 ThCl 4 (C0T>2Th + 2 (C0T)ThCI2 + ThCl 4 eq. 2-4 
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despite a report by LeVanda that a redistribution reaction was 
observed for UC1 . and (n-BuCOT)-U by heating them at reflux In 
THF for prolonged times, the products were never completely 

3 
characterized. Ken Smith attempted redistribution by heating a 
mixture of K,COT and one equivalent of UC1.. The purple solid 
isolated had two resonances by H NMR at 28 °C, one at -36.4 ppm, 
assigned to uranocene and one at -32.1 ppm with a peak width at 
half-height of 20 Hz, believed to be K(C0T)2U. The same resonance 
at -32.1 ppm was observed when equirrclar amounts of uranocene and 

3 
UCI . were refluxed for 48 hr. The redistribution reaction to 

4 
prepare the uranium half-sandwich, thus appeared to be unsuccess­
ful. 

The final method used In the preparation of the thorium 
half-sandwicl. involves protonation of a single ring of thorocene 
to liberate cydooctatriene and the [8]annulenethorium dichloride 
complex (eq. 2-5). Addition of two equivalents of HC1 to 

< ^ > Jh_ • 2 HC1 -=!=— Th • 2 (| ] eq. 2-5 
Cf CI 

(n-3uC0T)2U also was reported to have resulted in a ha1f-sandwich 
2 complex, (n-BuCOTJUCI., although solutions of the isolated solid 

4 were reported as being urstable. The Investigator was able to 
oh'<-afn a suitable 'H NMR of the solid (Table 2-1), which was 
Found to exhibit a resonance pattern markedly different ^rom that 
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of the analogous uranocene. In particular, the single proton 
opposite the ring from the substituent (H5) has Its resonance 
shifted much further OlO ppm) downffeld from thi H5 proton In n-
butyluranocene. Although no suitable elemental analysis of the 
material was obtained, the preparation remained, until the 
present investigation, the best evidence for the existence 

Table 2-1: *H NHR Chemical Shifts of the Ring Protons of 
the (n-Butyl-[8]annulen«)uraniu* Complexes 

Compound Chemical Shifts 
(n-BuCOT)UCI2 -33.0, -44.7, -29.0. -21.5 (H5) 
(n-BuC0T)2U -36.22, -39.74, -32.64, -34.1 (H5) 

of the complex ([8]annulene)uranium dichlortde. For this reason. 
Initial investigations by myself concentrated on reactions which 
would protonate one of the rings of uranocene with a sterlcally 
hindered reagent in order to Isolate a half-sandwich uranium 
product. 

While these experiments were commencing, however, other 
Investigators * obtained results which would lead this chemistry 
tn a new and Interesting direction. Steve Kinsley had found that 
when COT Is added to a red suspension of UCI- in THF and stirred 
overnight, the reaction turns green and the presence of UCI. is 
detected by visible spectroscopy. Unfortunately, the reaction 
was not investigated further. A few months later, John Brennan 
found that the addition of cyclooctatetraene to tris-
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cyclopentadlenyluranfum(IIl) resulted In a complex whose crude H 
NMR suggests the presence of a cyclooctatetraene-bound uranium 
complex (eq. 2-6). It thus appeared as ff some sort of electron 
transfer process is taking place between urantum(III) and the 
ligano. Thus, the decision was made to investigate the reaction 
in the hopes of isolating a half-sandwfch uranium complex. 

U ? eq. 2 

Results: Preparation of the Half-Sandwich 

As was mentioned above, the initial attempts to isolate the 
half-sandwich complex concentrated on the protonation reaction. A 
half-sandwich complex which contained sterically bulky alkoxy or 
phenoxy groups might hinder further attack by a protic reagent. 
Earlier efforts had determined that no reaction would occur 
between a sterfcally bulky alcohol such as t-butanol (see also 
Table 1-8); thus a reaction between uranocene and thiophenol 

Cp3U(IJI) 
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was carried out. It was believed that the sulfur might provide 
soft-base stabilization for the half-sandwich complex, while the 
phenyl group would provide the sterlc hindrance desired. Unfor­
tunately, the addition of two equivalents of thiophenol to one 
equivalent of df-(t-butoxycarbonyl)uranocene resulted in the 
recovery of a tetrathlophenoxy uranium complex, substituted 
cyclooctatrlenes, and unreacted starting materials. Apparently, 
the thiophenol was protonatlng the half-sandwich faster than It 
protonates the full complex. 

It was at this point that the results of Kinsley and 
Brennan were presented. Since the protonation reactions had 
failed to be productive, an entirely new approach Involving an 
electron transfer reaction seemed both asthettcally appealing and 
sensible enough to attempt. Thus, reducing a green solution of 
UCI. In THF with potassium resulted In a red THF suspension of 
UCU. Addition of cyclooctatetraene to the UCI- gradually turned 
the red suspension back to green, which, when confirmed by 
visible spectroscopy, Indicated the presence of UCI. (Figure c-

2). The net result Is, therefore, electron transfer from two 
equivalents of uranlum(HI) to one equivalent of cyclooc­
tatetraene with formation of UCI. and a cyclooctatetraene complex 
postulated to be a half-sandwich compound. A H NMR (Figure 2-3) 
of the mixture confirms the presence of an [8]annuleneuranium 
complex by the singlet present at -31.6 ppm (30 °C). Uranocene 
has a singlet at -35.9 ppm (30 °C) in the *H NMH which is rajch 
broader (90 Hz) than the relatively sharp singlet (20 Hz) of the 
uranium(IV) half-sandwich complex. 



Figure 2-?: Reactions Used in the Preparation of 
the Uranium Haif-Sandwich 
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Figure 2-3: *H NMR of (COTJUCI2-2 THF at 30 °C In THF-d( 
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Unfortunately» efforts to separate the complex from UCI. 
proved to be difficult due, primarily, to the similar solubility 
properties. Both species are soluble In THF and only slightly 
soluble in hydrocarbon solvents. Thus, slow crystallizations 
resulted only in the recovery of mixtures of the two complexes. 

What was needed was a method to convert all the UC). being 
formed Into half-sandwich. In order to do this, excess reducing 
agent could be added to re-convert the UC1. to UCU. Unfor­
tunately, If excess potassium is added, conversion of cyclooc­
tatetraene to its dianton would also take place, which would add 
to the half-sandwich and form unwanted uranocene. Thus, a reduc­
ing agent was required which could carry out the uranium reduc­
tion, but would not reduce the cyclooctatetraene to the dianlon. 
That reducing agent turned out to be sodium hydride. To one 
equivalent of UC1. and 2.2 equivalents of NaH suspended in THF 
was added one equivalent of cyclooctatetraene. Since the reaction 
was primarily a surface raactlon, the mixture was stirred at 
least 16 hr. The majority of the recovered organometalllc 
material Is the desired ([8]annu!ene)uranium dfchloride. 

The complex can be purified by washing out any remaining 
UCi.-THF complex with toluene. An even more efficient purifica­
tion method Is to prepare the UCI .-TMEDA complex, which fs hexane 
soluble, by stirring the mixture of starting material and product 
with excess TMEDA (tetramethylethylenediamine) at room tempera­
ture. The half-icndwlch complex does not appear to form a TMEDA 
complex under these condltl 
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Once the purified half-sandwich complex was obtained, fur­
ther characterization could be undertaken. A large amount of 
structural Information was obtained from the Infrared spectrum. 
Comparison of the absorbances In the infrared spectrum of the 
uranium half-sandwich with the absorbances of the known thorium 
half-sandwich (Table 2-2) demonstrates that the two compounds are 
structurally similar. 

Table 2-2: Observed IR Frequencies For (C0T)MCL2-2THF(1n cm" 1) 

(C0T)UC1_-2THF (COT)ThCI--2THF 
C £. 

1340 13 42 

1259 1260 

1163 

1070 

1032(shoulder) 1039 

I008(s) 1010(3) 

920 907 
900 900 
840(s) 852(s) 

805(s) 83S(s) 

720(5) 729(s) 

6C0 668 

(s)=strong 

al1 samples are nujol mul Is 
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Since the Infrared spectrum suggests that the two compounds 
are structurally similar. It would be Informative to obtain a 
crystal structure of the uranium half-sandwtch In order to make a 
comparison of the metal-IIgand bond distances between It and Its 
thorium analog. Unfortunately, the uranium complex apparently 
desolvates upon removal of THF. The red crystalline solid that 
remains after Initial removal of the solid is transformed into a 
green powder in a matter of minutes under an argon atmosphere. An 
x-ray powder pattern (Table 2-3) of the green powder demonstrates 
that It is not Isostructural with the thorium half-sandwich. The 
similar Infrared joectra were possible because of rapid mull 
preparation. Also, the coordinated THF molecules do not affect 
the infrared spectrum (which Is Influenced by strongly bonded 
ligands) as much as they would affect an x-ray pattern. Thus, 
without an x-ray structure we can only assume from the thorium 
half-sandwtch structure and the IF: spectra, that two THF 
molecules also coordinate to uranium. 

The visible spectrum of [8]annuleneuranium dichlorlde is 
shown In Figure 2-4. Uranocene has a distinct cascade of absor-
bances between 600 and 700 nm. The uranium half-sandwtch, on the 

a other hand, is of much lower symmetry. The lower symmetry means 
there will be a breakdown in the forbiddenness of a number of the 
transitions resulting In a general broad absorbance for the 
compound. 
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Table 2 -3 : X-Ray Powder Pattern Data on (CODHClg-X THF 

(COT)UCl2 

21M Lf 
11.37 s -

4.30 

3.15 m 
2.81 w 
2.73 w-
2.00 w-
1.93 m-
1.65 m 
1.26 w-
1.22 w-
0.773b w+ 

(C0T)ThCI2 

d(A) l a 

11.53 w+ 
8.49 m+ 
7.53 ID 

6.49 m 
6.17 m 
5.86 m 
5.22 w+ 
4.59 w-
3.93 w 

2.88 

2.64 

2 . 2 ! 

l . * 2 

0.773 b 

a Estimated r e l a t i v e i n t e n s i t y 

b Back r e f l e c t i o n 



Figure 2-4: Visible Spectrum of (C0T)UCI2-2 THF In THF 
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Unfortunately, elemental analyses for the purified complex 
were poor. In general, they suffered from the same problem that 
has plagued other highly alr-sensltive compounds; low carbon 

9 10 contents. ' In one analysis of the uranium haIf-sandwich, the 
hydrogen and chlorine contents were respectable, but the carbon 
content was still almost four percent away from the calculated 
value (see experimental section). 

Finally, a variable temperature H NHR indicates there are 
no dynamic processes occurring on the H NHR •ifme scale with the 
THF solvated half-sandwich complex. A plot of chemical shifts 
versus inverse temperature Is strictly linear (exhibits ap­
proximate Curie-Weiss behavior) over the temperature range 
studied (-60 °C to +60 °C) (Figure 2-5). Its slope is determined 
as -9,556, which Is lower than the slope determined for uranocene 
(slope a -12,940). The steeper slope for uranocene could be due 
to a shorter metal to ring bond distance than in the half-
sandwich. This is assuming that the difference Is due to the 
through-space (pseudo- contact shift) ' interaction, rather 
than a through-bond Interaction (contact shift). However, 
without a crystal structure of a uranium half-sandwich complex it 
is difficult to determine the precise reason for the differences 
in their slopes. The y-intercept is near zero (-0.1 ppm), in 
accordance with the prediction by theory. 



Figure 2-5: Plot of Chemical Shift vs. Inverse Temperature 

for (C0T)UCI?-2 THF 

-28 r-
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-34 -
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Preparation of a Substituted Uranium HaIf-Sandwich 

Despite the successful preparation of (l'8]annulene)uraniim 
dlchlortde blstetrahydrofuran, the limited solubility In 
hydrocarbon solvents might hinder the reaction chemistry that 
could be undertaken. Thus, an attempt was made to prepare a 
substituted half-sandwich that might demonstrate greater 
solubility In aromatic and aliphatic hydrocarbon solvents. 

One of the best substituted cyclooctatetraenes to use tn an 
organometal1Ic complex, based on the solubility properties of its 

12 respective uranocene and on Its ease of preparation , is n-
butylcyclooctatetraene. Unfortunately, when an excess of sodium 
hydride was added to a stirred solution of UC1. and n-

4 — 

butylcyclooctatetraene In THF and stirred for almost three days 
at room temperature, no reaction resulted. Perhaps under these 
conditions, no electron transfer takes place between UC1, and n-
tutylcyclooctatetraene. This was confirmed by stirring UC1, 
(prepared by the reduction of UC1. with potassium) with n-
butylcyclooctatetraene. After three days, the only organometal-
lic product which had formed was a trace amount of n-
butyluranocene. As Table 2-4 Indicates, alkyl groups raise the 
reduction potential of cyclooctatetraenes, thus electron transfer 
from uranium!111) to the 1igand becomes more difficult. 

The next attempt at a sutstftuted half-sandwich was made 
with a eye 1ooctatetraene containing an electron-withdrawing 
substituent which would lower the reduction potential, and 
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Table 2-4: CV Reduction Potentials of Cyclooctatetraenes In DMF 

Compound £1/2 E2/2 

13 

COT -1.65V -1.89V 
ethyl COT -1.76V -1.96V 
n-butylCOT -1.79V -I.96V 
t-butylCOT -1.90V -2.03V 
methoxyCOT -1.76V -1.94V 
phenylCOT -1.64V -1.74V 

benzyl ester of COT -I.26V -1.58V 
t-butyl ester • of COT -1.34V -1.65V 
1,3,5,7-tetramethy1COT -2.1IV (2e) -
1,3,5,7-tetra-t-buty1COT (•) -
naphthalene -2.46V -

i*)-reduction potential not observed 

therefore, facilitate electron transfer to the ligand. The 
14 

ligand of choice was the previously prepared, highly electron-
withdrawing ligand, m-fluorophenylcyclcoctatetraene. The 
presence of the phenyl group should also result in greater 
solubility In toluene for the uranium complex. 

When an excess of sodium hydride was added to UCI, and m-
fluorophenylcyclooctatetraene in THF, the green solut! JT\ turned 
red within an hour, indicating the presence of the half-sandwich 
complex. After stirring for six more hours to ensure completion, 
a red solid was recovered which, by H NMR spectroscopy, was 
demonstrated to be the desired substituted uranium haIf-sandwich. 
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The H NMR spectrum of the compound is interesting because the 
[8]annulene absorbances follow the same pattern reported by 

2 
Solar (Table 2-5) for the (n-butyl-[8}anmilene)uranium 
dichlorice. Although the compound was found to be only sparingly 
soluble In toluene, the synthesis does demonstrate the 
feasibility of the preparation of substituted uranium half-
sandwich complexes. 

Table 2-5: Chemical Shifts of the [8]Annulene Protons 
of Substituted Half-Sandwich Complexes 

(n-BuCOT)UCl 2
Z -33.0, -44.7, -29.0, -21.5 (H5) 

(m-FPhCOT)UCl 2 -33.1, -33.9. -30.9, -23.9 <H5> 

Reactions of the Uranium Half-Sandwich 

Some reactions of ([8]annulene)uranium dichlorfde were 
carried out to begin an investigation Into the interesting 
chemistry which the complex might demonstrate. The preliminary 
goals of this research were to establish that first, replacement 
of the chloride llgands could occur both easily jnd cleanly. 
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and second, that reaction with alkyl anions would result In 
stable uranium-carbon sigma-bonded complexes. Recent work by 

15 
Marks would Indicate that both of these goals are feasible, 
although the differences between the reaction chemistry of the 
half-sandwich and the uranium complexes of Harks are bound to 
result in interesting comparisons. 

Initially, displacement of the chlorides was carried out 
simply by adding cyclooctatetraene dianion to an excess of the 
half-sandwich (eq. 2-7). Certainly It Is not the most efficient 
way of preparing uranocene, but what it did prove was that Iigand 
lddttion to uranium can occur a single ring at a time, with no 
(C0T)UC12 + 1/3 K 2COT »• 

1/3 <COT)2U + 2/3 <C0T)UC12 + 2/3 KCI eq. 2-7 

inherent stability problems with the half-sandwich, except when 
in the presence of cyclooctatetraene dianton. What was also 
demonstrated was the lack of 1igand exchange between uranocene 
and the half-sandwfch In THF-d_ solution on the H NMR time 
scale. When a H NMR spectrum is obtained on a mixture of 
uranocene and the half-sandwich, both peaks are clearly observed 
at 30 °C (-35.9 ppm for uranocene, -31.6 ppm for the half-
sandwich), with no signs of peak broadening. 

A practical application of the addition of cyclooctatetraene 
dianion to the half-sandwich, would be the preparation of a mixed 
uranocene In good yield. Previously, mixed uranocene preparation 
required the simultaneous addition of the two different cyclooc­
tatetraene dfanions to UCI., followed by difficult Isolation and 
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separation techniques (for example, see Chapter 1). But by 
addfng, for example, t-butylcyclooctatetraene to the unsub-
stltuted haIf-sandwich. It might be possible to isolate pure 
mono-t-buty1uranocene. 

Unfortunately, the addition of one equivalent of t-
butylcyclooctatetraene dlanfon to a solution of ([8]annulene)-
uranium dichloride in THF resulted In a statistical mixture of 
the unsubstltuted uranocene, mono-t-buty1uranocene, and dl-t-
butyluranocene (23%, 531, and 241, respectively) (eq. 2-
8). Apparently, ligand exchange catalyzed by the presence of 
cyclooctatetraene dianion occurs more rapidly than simple addi­
tion of the ligand to uranium. Thus, preparation of a mixed 
uranocene by this method does not appear to be as straightforward 
as It was hoped. 

T U B 
3 (C0T)UCI2 + 3 K2(t-BuCOT) —^—• 

(COT)2U + 2 (COT)(t-BuCOT)U + (t-BuCOT)2U eq. 2-8 

The second phase of the reaction chemistry of the uranium 
half-sandwich has not yielded any immediate successes. Addition 
of two equivalents of methyl 1Ithlum to one equivalent of the 
half-sandwich In THF resulted only in decomposed materials. 
Apparently, the methyl 1Ithlum Is too harsh a methylating reagent 
for the complex. 

If lithium reagents are too reactive, then perhaps a milder 
alkylating reagent, such as benzylmagnesium chloride, might 
result In a urantum-o-carbon complex. Addition of two equiv­
alents of the Grfgnard reagent to one equivalent of the 
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half-sandwich at low temperature resulted in a complex whose H 
NHR suggested the presence of an "*l -bound benzyl group, similar 
to the thorium complexes postulated by Ken Smith (Figure 
2-6). Unfortunately, further manipulation of the crude material 
resulted In decomposition of the complex. The same difficulties 
were encountered previously In the dIbenzylthorium half-sandwich 
and might be due to thermal stability problems, although further 
work In this area Is necessary.. 

Figure 2-6: ([8]Annu!ene)thorlum—i^-Dibenzyl 

Since there appeared to be problems with the reaction 
chemistry of the THF solvated haIf-sandwich, a better coordinat­
ing reagent (PMe.) was complexed to the uranium with the hope 
that it might eventually result In better behaved chemistry from 
the ([8]annulene)urantum complexes. When trimethylphosphtne 
(PMe,) was vacuum transferred onto a THF solution of the uranium 
half-sandwich a precipitate gradually formed overnfyht. The 
precipitate was filtered from the solution, and from the dark red 
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solution a red solid was isolated whose H NHR spectrum Is shown 
In figure 2-7. The two relevant peaks In the spectrum (at -28.7 
ppm and -0.1 ppm) integrate to a ratio of 8 to 9, respectively. 
This Is consistent with a trlmethylphosphlne adduct of the 
uranium haIf-sandwich. 

What Is particularly Interesting about the complex's be­
havior In the H NMR occurs at lower temperatures. As the probe 
was cooled below +60 °C, the peak at -0.1 ppm (attributed to 
PMe.) broadened until it was obscured by the baseline at 5 °C. At 
0 °C, two peaks reappeared (Figure 2-8). one further upfleld at 
approximately -4 ppm, and one downfield at +1.25 ppm (broad peak 
underneath solvent peaks). As the sample was cooled further to 
-40 °C, the peaks narrowed as they approached the slow exchange 
limit (Figure 2-9). The upfield resonance at -5 ppm (-40 °C) 
follows approximate Curie-Weiss behavior and can be attributed to 
complexed PMe,, while the chemical shift values for the free PHe, 
peak at +1.25 ppm remain constant with varying temperature. At 
higher temperatures (+10 "C to +70 °C), the average resonance 
signal for the rapidly exchanging PMe, was observed. 

Much further upfield from the PHe, peaks, are the resonances 
attributed to the protons of the [8]annulene ring. Only a single 
peak was detected at temperatures above 0 °C, but as the probe 
was cooled, this peak also broadened and coalesced. At tempera­
tures below -10 °C, two major peaks were observed. One peak is 
assigned to the [8]annulene ring protons of the PMe, complex. 



Figure 2-7: H NMR of ([8]Annulene)uranium Dlchlorlde 
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while the other peak Is assigned to the [8]annulene protons of 
the THF solvated half-sandwich complex. Chemical shift values 
for the latter peak (from -10 °C to -60 °C) correspond to those 
of the known ([8]annulene)uranfum dichloride btstetrahydrofuran 
complex (within 0.2 ppm). The slope of the line from a plot of 
chemical shift versus inverse temperature Is virtually identical 
with the slope from figure 2-5. 

If we estimate the coalescence temperature of the PMe. to be 
+5 ± 3 °C, then by use of the approximate formula In equations 2-
9 anc< r-IO (A*y=l016 Hz), we can determine the free energy of 
activation for exchange between free and complexed PMe, to be 
11.9 ± 0.2 kcal/mol. 

k = 2 " 0 , W eq. 2-9 
-AG* = RTln(kh/KkBT) eq. 2-10 

Activation parameters for the exchange process can also be deter­
mined by computer simulated line-shape analysis of the broadened 
exchange peaks. By Inputting frequency values for non-exchanging 
peaks, along with natural line widths, and best fitting the 
computer generated curve for specific mean nuclei lifetimes (i) 
to the actual nmr peak, i values for a series of temperatures 
were determined (Figure 2-10). Converting the x values to rate 
constants and plotting against inverse temperature (Figure 2-11) 
results in the following activation parameters for this tempera­
ture range: 
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Figure 2-10: Line Shape Analysis for PMe, Exchange 
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AH = 12.7 ± 0.4 kcal/mol 
AS* = 2.2 * 1.3 e.u. 
AE* = 13.2 ± 0.4 kcal/mol 
A = (4.8 ± 3.0) x 1 0 1 3 s"1 

The free energy of activation can be determined from the AH 
and AS values. With a coalescence temperature of +5 °C, the 
free energy of activation is calculated to be 12.1 ± 0.5 
kcal/mol, which compares favorably with the AG value of 11.9 
kcal/mol estimated earlier. 

An estimate for the free energy of activation for the ex­
change process can also be determined from the coalescence tem­
perature of the [8]annulene ring protons. Though the single peak 
never collapses completely into the baseline, but rather broadens 
and "divides" Into separate peaks, estimating the coalescence 
temperature as -5 °C ± 5° Is still possible. Using equations 2-9 
and 2-10 (AV=212 Hz), a free energy of activation (AG*) of 12.3 
±0.3 kcal/mol results. The value is somewhat higher than that 
derived from the PMe, peaks and might be attributed to the uncer­
tainty In the coalescence temperature (the values are within the 
error bars). In any case, the exchange process appears to have 
an activation barrier of about 12.0 kcal/mol. 

In addftion to the activation parameters for the process, we 
can also determine the free energy and entropy of the equilibrium 
between the trimethylphosphine half-sandwich complex and the 
solvated half-sandwich (eq. 2-11). Since the solvent is in 
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excess, the equilibrium constant can be determined from the 
relative concentrations of the soWated half-sandwich, free PHe-, 
and the PHe, complex (eq. 2-12). 

K = [(COT)UCl2-PMe3]/[(COT)UCl2-2 THF][PMe3] eq. 2-12 

By Integrating the relevant peaks In the H NMR spectrum at 
temperatures below the coalescence point, equilibrium constants 
for the process could be obtained (Table 2-6). A plot of 

Table 2-6: Equilibrium Constants Determined 
from Equation 2-11 

T»C K _ 
-30 0.0093 
-40 0.0099 
-50 0.0114 
-60 0.0125 
-70 0.0178 
-80 0.0154 
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the log of the equilibria constants versus Inverse temperature 
(Figure 2-12) gives the enthalpy and entropy of the process: 

AH" » -1.2 • 0.4 kcal/mol 
AS" = -14.1 ± 1.5 e.u. 
&G° = +3.0 ± 0.5 kcal/mol 

Though there 1s some scatter of points In the plot, due to 
the uncertainty In Integration values, the enthalpy and entropy 
values derived will permit us to make a few conclusions on the 
PMe g complexatljn process. Surprisingly, the free energy for the 
process is positive. The phosphorous ligand should favor coor­
dination to uranium over the solvent molecules, and this is 
reflected in the negative enthalpy value. However, the negative 
entropy factor results In the equilibrium (eq. 2-12) favoring 

-2 coordination to THF, at least at the concentrations studied (10 
M In half-sandwich and PMe,. THF-d. as bulk solvent). The nega­
tive entropy value also suggests that one PHe, Is not displacing 
two THF molecules, since that would result In a positive entropy 
value. Instead, PMe, might be displacing only one solvent 
molecule (eq. 2-13), with the Increased sterlc crowding reducing 
the llgand's degrees of freedom. 



Figure 2-12: van't Hoff Plot of Equilibrium between THF Solvated 
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THF [J T H F • P M e 3 T - " * ™F U PM«, eq. 2-13 
/ V THf / V , 

CI CI CI CI 

The entropy of activation Is nearly zero, thus solvent is 
moving out of the coordination sphere to allow free PMe- to 
diffuse In and coordinate to uranium. The transition state 
apparently occurs during this solvent reorganization, before PMe, 
has entered the coordination sphere and increased steric crowd­
ing. 

It may be that this THF-PMe- half-sandwich complex occurs 
only under these THF solution conditions. An elemental analysis 
of the solid compares more favorably with a complex containing no 
THF. In the solid state, the complex may prefer the less steri-
cally crowded 8-coordlnate structure shown in equation 2-
1! Perhaps an nmr study in a non-coordinating solvent might 
demonstrate that the 8-coordlnate structure Is preferred. 
Solubility limitations, however, may prevent a conclusive 
analysis. 
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Conclusions on the Chemistry of the HaIf-Sandwich: 

It has been demonstrated that formation of a phosphine-
coordlnated half-sandwich Is feasible. The trtmethylphosphfne 
lfgand Increases solubility In toluene, which, in the absence of 
non-coordInatIng solvents, will enhance the reactivity of the 
complex. Time constraints prevent further reaction studies, but 
perhaps future Investigators will find that this phosphlne com­
plex reacts more cleanly with alkyi and aryl Grignard 
reagents. In addition, equilibrium studies with a variety of 
coordinating ligands (pyridine, THEDA, etc.) should yield results 
which would be Interesting to compare with recent equilibrium 
data of the Andersen group. It is encouraging that con­
siderable effort on the part of many investigators is finally 
beginning to demonstrate that actinlde chemistry has as rich and 
varied a chemistry as that of the transition metals. 
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Experimental 

General. Unless otherwise tndlcatedt materials were obtained 
from commercial suppliers and used as supplied. Tetrahydrofuran 
(THF) and ethyl ether were distilled immediately before use from 
sodium/benzcphenone. Toluene was distilled from sodium. Hexane 
was distilled from CaH, after refluxing overnight. All operations 
with the half-sandwich were carried out using either an argon 
atmosphere gtovebox, or standard Schlenk techniques. H NMR 
spectra were recorded on the UCB-20C (200 MHz, FT) or UCB-250 
(250 MHz, FT) spectrometers. Significant 'H NMR data are tabu­
lated in order: multiplicity (s, singlet; d, doublet; m, 
multlplet), number of protons, coupling constant in Hertz. Chemi­
cal shifts are referenced to tetramethylsilane (TMS) either 
directly with TMS as Internal standard or Indirectly by resonance 
of solvents referenced to TMS. Elemental analyses were performed 
by the Microanalytical Laboratory ope-ated by the College of 
Chemistry, University of California, Berkeley. Infrared spectra 
were determined on a Perkln-Elmer Model 297 spectrometer. Visible 
spectra of THF solutions of the organometallie compounds were 
determined with a Cary Model 118 spectrophotometer. Samples for 
x-ray powder pattern determination were prepared by grinding the 
crystalline sample to a fine powder and sealing the powder Into a 
quartz cap i11ary under argon. X-ray powder pattern data were 
taken with a Debye-Scherrer camera using nickel filtered copper 
Ka x-rays. All weights, unless otherwise specified, are ±0.01 g. 
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(rBIAnnulene)uranlum Dlchlorlde Blstetrahvdrofuran 
(Potassium Hethod): To 7.98 g (0.021 mol) of UC1 4 In 250 mL of 
dry, degassed THF under argon was added 0.82 g (0.021 mol) of 
potass!um. The reduction to UC1- required 12 hr of stirring at 
room temperature. To this suspension of UCI, was added 1.09 g 
(0.105 mol) of cyclooctatetraene. The reaction was stirred for 
36 hr at room temperature. After removal of the solvent in 

vacao, the remaining solid was extracted with toluene. Subsequent 
Identification by spectroscopic techniques ( H NHR, visible. IR) 
revealed that both the extracted material and the toluene in­
soluble material contained both the starting material (UCI.) and 
the desired product. *H NMR ( C ^ O , 250 MHz, 30 °C) 4 -31.5 (s, 
8H), coordinated THF rapidly exchanges with the solvent. Visible 
(THF): 436 nm (e=42l), 450 nm (e=430), 486 nm (e=351), 490 nm 
(e=348), 552 nm (e=274), 586 nm (£=239), 646 nm (e=376), 664 nm 
(6=370). 

(r81Annulene)uranlum Dlchlorlde Bistetrahvdrofuran (Sodium 
Hydride Method): To 9.50 9 (0.025 n»l) of UCI 4 and 2.60 g (0.025 
mol) of cyclooctatetraene in dry, degassed THF under argon, was 
added 1.33 g (0.055 mol) of NaH. After magnetically stirring for 
7 hr, the solution was filtered and the solvent was removed in 
vacuo. The solid was then washed free of starting materials with 
hexane, leaving 11.64 g (84%) of an air-sensitive, reddish crys­
talline material, which within minutes of exposure to a glove box 
atmosphere, lost coordinated THF to form a greenish powder. 
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RedfssolvJng the solid in THF resulted in a red solution, in­
dicating recoordtnatton of the THF. *H NMR (C4DgO, 250 MHz, 30 
°C): « -31.6 (s, 8H), 1.86 (s), 3.62 (s). Visible (THF): 454 
nm (6=281), 500 nm (e=249), 518 nm (6=227), 570 nm (6=206), 582 
nm (e=188), 596 nm (e=174), 742 nm (e=32). IR (cm"'): 1340, 
1259, 1163. 1070, 1032 (shoulder), 1008 (strong), 920, 900, 840 
(strong), 805 (strong), 720 (strong), 660. 
Anal. Calcd. for C 1 6

H
2 4 C , 2 0 2 U : C, 34.48; H, 4.34; CI, 

12.72. Found: C, 30.69; H, 4.14; CI, 14.10. 

Attempted Preparation of (n-ButvI-T81annulene)uranium 
Bichloride Bistetrahydrofuran (Potassium Hethod): To 7.40 g 
(0.0195 mol) of UC1 4 In 125 ml- of THF was added 0.762 g (0.0195 
mol) of potassium. After stirring the suspension overnight at 
room temperature, 1.40 g (0.0087 mol) of n-butylcyclooctatetraene 

12 
(prepared by the method of DeKock ) was added to the suspension 
of UC1- in THF. Stirring was continued for 72 hr, but the 
suspension failed to turn green, indicative of the failure to 
convert UC1- to UC1.. The solvent was removed in vacuo. Spectral 
data ( H NMR, visible) on the crude material Indicated that only 
trace amounts of n-butyluranocene and no substituted half-
sandwich was present. 

Attempted Preparation of (n-Butvl-r81annulene)uranium 
PIchloride Bistetrahydrofuran (Sodium Hydride Hethod): To 380 mg 
(1 mmol) of UCI 4 In 20 ml of THF was added 60 mg (2.5 ronton of 
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NaH and 160 mg (! mmol) of n-butylcyclooctatetraene. After 
stirring for 60 hr, the solution was filtered and the solvent was 
removed In vacuo. No color change had occurred and visible 
spectroscopy indicated the presence of UCI. only. 

(in-Fluorophenvl-r81annulene)uranlLWi PI chloride 
BIstetrahydrofuran: To 380 mg (1 mmol) of UCI. and 198 mg (1 

14 mmol) of m-fluorophenylcyclooctatetraene in 20 ml THF was added 
70 mg (2.9 mmol) of NaH. After stirring for 7 hr. the solution 
was filtered and the solvent was removed In vacuo. The remaining 
red oil was washed with hexane. leaving 438 mg (67%) of a red 
powder, which by H NHR spectroscopy was found to be the desired 
product, 'H NMR (C^gO. 250 MHz, 30 0 C ) : S -33.9 (s. 2H), -33.1 
(s, 2H), -30.9 (s, 2H), -23.9 (s, IH), -4.7 (s, IH), -2.3 (s, 
IH), 2.6 (s, 1H), 5.0 (s, IH). 

Reaction of (r81Annulene)uranlum Pichloride with Potassium 
Cyclooctatetraene PIanIon: To 20 mg (±2) (0.04 mmol) of 
(C0T)UCI2-2 THF In 1 mL of THF-dg was added 4 mg (±2) (0.02 mmol) 
of K„COT. The -eddtsh-green solution was transferred to an nmr 
tube and sealed under vacuum. A H NHR spectrum of the solution 
Indicated the presence of both uranocene and unreacted half-
sandwich complex (some uranocene precipitated out of the 
solution). A visible spectrum of the reaction !n THF was Identi­
cal to the known spectrum of uranocene. H NHR (C.DgO, 250 MHz, 
30 °C): « -35.9 (s), -31.7 (s). 
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Attempted Preparation of Hono-t-butvlurenocene. To a 
stirred solution of 160 mg (0.29 mmol) of (COT)UCl2-2 THF in 30 
mL of THF at room temperature was added 60 mg (0.25 mmol) of 
K2(t-BuCOT) In 15 mL of THF. The red solution turned green 
within 5 minutes after addition had been completed. The THF was 
removed in vacuo and the crude sample was analyzed by H NMR 
spectroscopy. The resulting H NMR spectrum Included twelve 

7 
peaks that were assigned to the known compounds, di-t-
butyluranocene (5 peaks), mono-t-butyluranocene (6 peaks), and 
uranocene (1 peak). 

Reaction of (r81Annulene)uranium Oichlorlde with 
Methyl lithium. To 557 mg (1 rnnol) of <COT)UCl2-2 THF in 10 mL of 
THF and 50 mL of ethyl ether (the THF was required to dissolve 
the haIf-sandwich) was added, via cannulation, 2.2 mL of 1M (2.2 
mmol) methyl lithium (Fluka AG) In ethyl ether at -78 "C. After 
the exothermic addition was complete, the reaction was allowed to 
warm to room temperature and stirred for 90 min. After solvent 
removal In vacuo, the crude material was analyzed by H NMR 
spectroscopy, which Indicated that only decomposed metal products 
and free 1Igand were present. 

Reaction of (r81Annulene)uranium Dichloride with 
Benzylmagnesium chloride. To 570 mg (1.0 mmol) of (COT)UCl--2 
THF In 30 mL of THF at -78 °C was added, via cannulation, 1.1 mL 
of a 2.0M commercial (Aldrlch) benzylmagnesium chloride In THF 
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solution (2.2 mmol). The reaction was stirred for 30 min at -78 
°C, the solvent was removed in vacuo, and the remaining crude 
solid was analyzed. A H NMR spectrum of the crude material 
suggested the presence of an *»C-d I benzyl uranium complex. 
Extraction of the crude solid with toluene, and a second attempt 
at reproducing these results, netted only decomposed 
materials. *H NMR (C40gO, 250 MHz, 30 °C): S -31.6 (s, 4H), 
-31.2 (s, 2H), -29.7 (s, 8H), -29.1 ts, 4H), -13.1 (s, 4H). 

(f81Annulene)uranium Dichlorlde Trlmethvlphosphine. A flask 
containing 0.826 g (2 mmol) of the desolvated half-sandwich 
complex in 20 mL of THF was connected to a Schlenk line and 
cooled to 77 8K. Two equivalents of PMe- were prepared by decom­
posing 1.25 g of PMe.-AgI (4 mmol) complex above 200 "C. The 
PMe, was vacuum transferred into the flask containing the half-
sandwich and the flask was allowed to warm to room temperature. 
The reaction was stirred overnight, undur argon. A large amount 
of precipitate had formed In the flask (which was insoluble in 
hexane and THF); thus, the solution was filtered, and the THF was 
removed in vacuo. A H NMR spectrum at 30 "C of the remaining 
sol Id contained two relevant peaks whose areas integrated to a 
ratio of 9 to 8, suggesting the presence of a PMe, coordinated 
[8]annulene complex. An analysis of the recovered red solid was 
mediocre. Yield: (0.435 g, 441) *H NMR <C4UgO, 200 MHz, -40 °C) 
4 -39.0 (s, 8H), -5.1 (S, 9.7H) 
Anal. Calcd. for C U H I 7 U C 1 2 P : C, 27.01%; H, 3.50X; 
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CI, 14.501; P, 6.33*. Calcd. for CjgH^UClgPO: C, 32.10ls H, 
4.49%; CI, 12.69*; P. 5.521. Found: C, 27.90%; H. 4.01S; CI, 
8.22*; P, 3.01*. 

Measurement of the Rate of PHe. Exchange The H NMR spectra 
were run on the UC Berkeley FT-NMR 200 MHz spectometer. The 
system employs a superconducting magnet, a deuterium lock system, 
and Nicolet software. Temperature was monitored by a Doric 
Trendfcator 4I0A. Line shape analyses were performed using an 
exchange program written for the 1180 Nicolet system as part of 

18 the NTCFT software package. All measurements were carried out 
in approximately 10~ M solutions in THF-d-. 

The natural line widths were determined from the line widths 
at -60 °C in the slow exchange limit. The natural line widths 
were found to be 5 Hz for the free PMe, peak and 10 Hz for the 
complexed PMe, peak. Chemical shifts were determined at ten 
degree intervals from -80 aC to +60 °C. At fast exchange (above 
the coalescence temperature), the chemical shifts were determined 
by extrapolating from the slow exchange limit. 

Errors in AH and AS were calculated by the program 
ACTENG 1 9 (k. ±10%, T, ±0.5°). 

Calculation of AG for the barrier to PMe. exchange was made 
by using the AH and AS values from the line shape analysis 
(AG * = AH* - T AS = 12.1 kcal/mole) and also by extrapolating c c 
AIT values to the estimated coalescence temperature (from chemi­
cal shift vs. T _ 1 plots, AV= 1016 Hz), then substituting into 
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the formulas, k = 2~ 0* 5wAV and -AG* = RTln(kh/KkgT), where K = I 
(AG* =11.9 kcal/mole). 

Determination of the Equilibrium Constants for Equation 2-
\±. Determination of the equilibrium constants were made by 
equation 2-14. 

K = [(COT)UClz-PMe3]/£(COT)UCl2-2 THF][PMe3] eq. 2-14 

Relative concentrations for the species were determined by In­
tegration of the peak areas In the H NMR spectrum. The peaks 
chosen for convenient integration were the PMe, protons for the 
PMe, half-sandwich complex, the [8]annulene protons In the THF 
solvated complex, and the methyl protons in free PMe,. The error 
In the equilibrium constants Is estimated to be 15%. 
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Chapter 3. The Phenyl Rotational Barrier 
In J,l'-D1pheny1uranocene 

Introduction 

2 Paramagnetic organometallie U(IV)(5f ) compounds have served 
as useful probes in the observation of a variety of nuclear 

1 2 3 
magnetic resonance properties and processes. ' The large 
isotropic shifts can result in greater amplification of chemical 
shift differences which increase the time resolution of the H 
NMR experiment, according to the approximate solutions to the 
modified Bloch equations given In eauatfons 3-1 and 3-2. 
I A = ( n « V ) 2 / 4 [ l / T 2

e x c h - 1 /T 2 ° ] eq. 3-1 

l/i=irWZ°'5 eq. 3-2 

The increase in time resolution permits observation by H NMR of 
dynamtc processes wfth free energies of activation lower than the 
7 to 8 kcal mol normally required for observation In dlamag-
netic complexes. As part of a study of substituted bis-n-
[8]annuleneuranium(IV) complexes, this probe has been used to 
determine the rotational barrier of the phenyl in" nil about the C-C 
bond to the [8]-annulene ring In l,l'-dipheny!uranocene, 1. 

1,l'-diphenyluranocene was prepared by the addition of 
phenyl eyeIooctatetraene dianion to a solution of UC1. In THF 
under argon (see Experimental section. Chapter 1). The recovered 
solid was extracted with toluene and crystallized in THF/hexane. 
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The dark green, afr-sensltive crystals which formed analyzed 

correctly for l,l'-dtphenyluranocene. 

Figure 3-1: 1,1'-Diphenyluranocene, 1 

At 30 "C, the H NMR spectrum of 1 contaii.s seven peaks; 

three phenyl proton resonances, 6 -13.95 (ortho, 2H), 0.76 (meta. 

2H), 0.85 (para, 1H) and four [8]-annulene ring proton 

resonances, « -34.29, -36.15, -36.45, -37.13. In particular, the 

ortho-phenyl proton chemical shift is an average shift position 

for the endo and exo proton environments (Figure 3-1) since the 

phenyl ring is not coplanar with the [8]-annulene ring but 

rotates rapidly about the C-C bond at 30 °C. As the sample is 

cooled to -40 °C, the ortho proton resonance begins to broaden 

until it collapses into the baseline at -100 "C. Unfortunately, 1 

is poorly soluble in solvents at the temperatures required for 

observation of the slow exchange limit (below -125°C). It is 

possible, however, to estimate the chemical shifts of the endo 

and exo proton positions from the H NMR data of a recently 
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prepared analog, 1,1'-di-o-tolyluranocene, 2. 
l.l'-di-o-tolyluranocemj was obtained by a preparation 

similar to the synthesis of diphenyiuranocene. Addition of o-
tolyllithium to cyclooctatetraene resulted In a 301 isolated 
yield of o-tolylcyclooctatetraene. Reduction of o-
tolylcyclooctatetraene with potassium metal resulted in formation 
of the dianion, which was added to a solution of UC1. in THF 
under argon. Extraction with hexane, followed by recrystal1iza-
tion from a hexane-THF mixture resulted in a dark green, air 
sensitive solid which was identified to be di-o-tolyluranocene. 

The H NMR of di-o-tolyluranocene Is similar to 
diphenyiuranocene with regard to the pattern and location of the 
[8]-annulene ring resonances. There are, however, clear dif­
ferences in the chemical shifts for the aryl ring protons between 
diphenyiuranocene and di-o-tolyluranocene. The presence of a 
single proton resonance far upfield (4 -71.6 at -45°C) indicates 
that the ortho proton of di-o-tolyluranocene Is close to the 
uranium metal (endo). Due to the bulky ortho-methyl group, rota­
tion of the tolyl ring Is restricted, with the methyl group 

3 
remaining exo to the uranium. Since the contact shift contribu­
tion to the chemical shift of the methyl protons will be small, 
due to the large through-bond distance from uranium to the 
protons, the chemical shift can be assumed to arise principally 
from a dipolar (pseudo-contact shift) interaction. Thus, with 
the methyl protcn resonance located at +23.2 ppm, the assignment 
of the methyl group exo to the uranium is reasonable. The peaks 
for di-o-tolyluranocene remain sharp from -100°C to 80°C, 
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indicating that the compound fs restricted to this single confor­
mation throughout the temperature range studied. 

Similar chemical shifts for the para proton on both the aryl 
rings (6 0.85 for 1, and * 0.87 for 2) of di-o-tolyluranocene and 
dlphenyluranocene suggest that 1 and 2 possess similar confirma­
tions, with the exception of the rapidly rotating aryl ring in 
dlphenyluranocene. Therefore, it is likely that the endo-ortho 
proton of di-o-tolyluranocene mimics the behavior of the ortho 
proton of diphenyIuranocene In the slow exchange limit. The 
chemical shifts of the exo-proton can be extrapolated from the 
average shift position for both ortho-protons in I and the endo-
ortho-proton in di-o-tolyluranocene. 

These shift values could be extrapolated from the chemical 
shift vs. T~ plot to the estimated coalescence temperature and a 
free energy of activation determined by use of the Eyrlng equa­
tion with eq. 3-2. A more dependable method for determining 
thermodynamic parameters Is by computer simulated line-shape 
analysis of the broadened exchange peaks to determine the mean 
nuclei lifetimes, t, over a series of temperatures. Values for t 
were determined by Inputting frequency values for non-exchanging 
peaks, along with natural line widths, and best fitting the 
computer generated curve for a specific i value to the actual nmr 
peak. Converting i values to exchange rate constants and plotting 
against inverse temperature yields values for the activation 
enthalpy, AH , and entropy, AS . The AG value calculated from 
the AH and AS values Is not sensitive to errors in Judging the 
coalescence temperature and is expected to be more reliable. 
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Results 

The resonance frequency data for the endo-proton of di-o-
tolyluranocene and the ortho-protons (average shift position of 
exo and endo) of 1 are given in Table 3-1. Also included in this 
table are the calculated frequencies for the exo.-proton in the 
absence of exchange. All of the protons exhibit approximate 
Curie-Weiss behavior throughout the temperature range studied. 
Simulation of the broadened fast exchange peak of the ortho 
protons in I (Figure 3-2) provides the mean nuclei lifetimes t 
given fn Table 3-2 for the temperature range -45 °C to -80 °C. 

Table 3-1: Resonance Frequency Data (ZOO MHz) for DIphenyluranocene 

T °C Endo-Proton*(Hz) Ortho-Protonsy(Hz) Exo-Proton2(Hz) 
-45 -14409 

•50 -14840 

•55 -15308 

•60 -15756 

•65 -16285 

•70 -17000 

•75 -17420 

-80 -17983 

•4700 +5009 

•4901 +5038 

•5068 +5160 

-5274 +5208 

•5472 +5341 

•5689 +5422 

•5915 +559<3 

•6175 +5633 

x experimentally determined from the resonance frequency of the 
endo-ortho-proton of di-o-tolyluranocene. 2. 

y experimentally determined from the average resonance frequency 
of the endo and exo-ortho-protons of dIphenyluranocene. 1. 

z extrapolated from the given experimental data 



Figure 3-2: Line Shape Analysis for ortho-proton coalescence In I,1'-01phenyluranocene 
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T x I0 8 s k x 10" 5 s-1 
2.0 250 
2.4 210 
2.8 180 
3.6 130 
5.1 96 
6.6 76 
9.6 52 
13 38 
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Table 3-2: Results of computer simulation to determine the 
mean lifetime for rabidly exchanging nuclei In I 

T °C 
-45 
-50 
-55 
-60 
-65 
-70 
-75 
-80 

An Eyring plot of the rate constants {Figure 3-3) results In 
the following activation parameters for this temperature range: 

AH* = 4.4 • 0.2 kcal mol"1 

AS* = -4.7 ± 1.3 e.u. 
Ea = 4.8 ± 0.3 kcal mol"1 

A = (1.1 ± 0.7) x lO 1 1 s"1 

The free energy of activation can be determined by ap­
proximating the coalescence temperature to be 20-30° below the 
point at which the peak collapses into the baseline, a method 
used by Marks In estimating the coalescence temperature for 

2 
exchanging bridging and terminal hydrides In (C.H.J.UBH.. Thus, 
with T = (150 ± I0)°K. AG* = 5.1 * 0.5 kcal mol" 1 for rotation of 
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Figure 3-3: Eyrtng Plot to Determine Standard ThermochemlcaI 
Parameters for Phenyl Ring Rotational Barrier 
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the phenyl ring about the [8]snnulene ring plane. As a com­
parison, calculation of the rotational barrier by extrapolating 
Alfto the coalescence temperature results In a AG of 5.2 kcal 
mol" , In excellent agreement with the value derived from line 
shape analysis. 

Additional substituents on the meta or para positions of the 
phenyl ring, such as p.-dlmethylamtno, appear to hsve no effect on 
the rotational barrier. Mean nuclei lifetime results from line 
shape analysis of the ortho peak of e-di methyl am inophenyl-
uranocene, 3, are given in Table 3-3. The results are virtually 
Identical to those reported in Table 3-2 for 1. The dynamic 
behavior of 3 appears to mimic that of the parent complex 1. 

Table 3-3: Mean nuclei lifetime for exchanging ortho protons In 2 

IfC T x 10 8 s 
-45 2.1 
-55 2.8 
-65 5.0 
-70 6.6 

When line shape ana1ysis was performed on the spectra of I 
and 3 in solutions of THF-d-., the rate constants duplicated the 
values determined in solutions of toluene-d^. Changes in solvent 
have no apparent effect on the rate of peak broadening. In addi­
tion. It is difficult of envision a solvent broadening effect 
which would have such an extreme effect on the ortho proton peak. 
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while having a relatively smaller effect on the meta proton peak 
and no effect at all on the peak width of the para proton. The 
small broadening effect on the meta proton peak are In fact, due 
to the exchange process. The smaller difference In magnetic 
environments between exchanging meta protons (compared to ortho), 
AV, results In a much lower, observed coalescence temperature. 

Measuring a dynami- process with such a small barrier by H 
NMR spectroscopy Is unusual but Is made possible by the unique 
structure and paramagnetism of uranocene which results in widely 
different magnetic environments of the endo and exo protons (A = 
20,000-35,000 Hz at 200 megaHz!). The barrier Is substantially 
larger than the analogous rotation of a phenyl group in unsub-
stituted biphenyl. Both semi-empirical calculations and ex­
perimental results have shown the barrier to rotation in 
biphenyl to be of the order of 2-3 kcal mol . Undoubtedly, the 
higher barrier in diphenyluranocene results from the wider C-C-C 
bond angle In the [8]annulene ring compared to benzene. 
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Experimental 

Measurement of the Rotational Barrier. The H NMR spectra 
were run on the UC Berkeley FT-NMR 200 HHz spectometer. The 
system employs a superconducting magnet, a deuterium lock system, 
and Ntcolet software. Temperature was monitored by a Doric Tren-
dicator 410A. Line shape analyses were performed using an ex­
change program written for the 1180 NIcoiet system as part of the 

p 
NTCFT software package. All measurements were carried out In 

-3 approximately 10 M solutions In toluene-cL and THF-d„. 
Chemical shifts for 1,l'-diphenyluranocene and l,l'-di-o-

tolyluranocene were determined at ten degree Intervals from -30 
"C to -90 °C, and are In agreement, within experimental error, 
with literature values. The line width of the ortho peak at room 
temperature (fast exchange Iimit) and of the oara-phenyl peak 
down to -85 8C (no exchange) was found to be 20 Hz. Thus, the 
natural line width of the ortho peak was taken to be 20 Hz. 

± * 9 

Errors In AH and AS were calculated by the program ACTENG 
(k, ±10%, T, ±0.5°). 

Calculation of AG for the phenyl rotational barrier was 
made by using the AH and AS values from the line-shape analysis 
(AG * = AH* - T AS* = 5.1 kcal/mol) and also by extrapolating AV c c 
values to the estimated coalescence temperature (from chemical 
shift vs. T _ 1 plots, AV= 31530 Hz), then substituting Into the 
formulas, k = 2" 0 - 5nATand -AG* = RTln(kh/KkgT), where K = 1 (AG* 
= 5.2 kcal/mol). 
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The preparation of l,l'-Dlphenyluranocene is given in the ex­
perimental section of Chapter 1. 

1.1'-Di-QrtoIv1cvc1ooctatetraene.5''° A 250 mL 3-neck flask 
equipped with condenser, dropping funnel and mechanical stirrer 
was flame-dried and purged with argon. To this was added 2.0 g 
(290 mmol) of clean, finely cut lithium wire (It sodium) and 100 
mL of dry ether. Next, 20 g (120 mmol) of o-bromotoluene was 
slowly dropped in, after which the solution was refluxed for 2 
hr. The excess lithium was removed, and 20.5 g of freshly dis­
tilled COT (197 mmol) was added. The irvchanIca11 y stirred solu­
tion was slowly warmed to 100°, during which time the ether was 
allowed to evaporate. The yellow mixture was stirred for 2 hr and 
was then cooled to 0°, whereupon 100 mL of ether was added to 
dissolve the mixture. Air was bubbled through for 1 hr, and the 
reaction was quenched by adding 100 mL of water and 100 mL of 
hexane. The layers were separated and the organic phase was 
washed successively with 100 mL of water followed by 60 mL of 
brine. The yellow solution was dried over calcium carbonate and 
evaporated to a yellow oil, b.p. 95-98" (0.5 mm). This material 
was further purified by filtration through a silica column eluted 
with hexane. lH NMR (90 MHz), S : 6.95 (m, 4H), 5.7 (m, 7H), 2.3 
(s, 3H). 1 3 C NMR (25 MHz) ppm: 144.4, 141.9. 135.2, 132.9, 132.4, 
131.7, 130.4, 129.9, 128.8, 127.5. 126.0, 20.1. Anal. 
Calcd for C 1 5 H U : C, 92.74; H, 7.26. Found: C. 92.51; H, 7.42. 
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1.1'-D1-o-To1y1uranocene. In an argon-filled glove box 
1.75 g (9.1 nrnol) of o-tolylcyclooctatetraene dissolved in 135 mL 
of THF was treated with 0.7 g (18.2 rnnol) of clean potassium. The 
mixture was stirred for 8 hr, whereupon all of the potassium had 
disappeared leaving a brown solution. To this was added 1.7 g (5 
mnol) of uranium tetrachloride dissolved in 100 mL of THF. The 
solution turned green and was stirred for 3 hr. The THF was 
removed by vacuum transfer and the residue subjected to high 
vacuum overnight. The green residue was then loaded into a 
Soxhlet extractor and extracted with 100 mL of hexane for 10 hr. 
The hexane was removed leaving 1.1 g (39% yield) of a green 
solid. A small amount of this material was recrystallIzed from a 
hexane-THF mixture, 'H NHR (180 MHz, toluene-dg. 30°): S 15 (s, 
3H>, 6.3 (s, 1H), 3.1 (s, IH), -1.1 (s, 1H), -34 (s, IH5, -33.2 
(s. 2H), -34.2 (s, 2H), -37 (s, 2H), -38.3 (s, 1H). Visible 
spectrum: 623 X max. 650, 668. Mass spectrum m/e (relative Inten­
sity) 626 (M+. 94.32). 433(16.58), 432(100.00), 164(90.80), 
179(88.50). 

Anal. Calcd for C 3 Q H 2 8 U : C, 57.51; H, 4.50. Found: 57.46; H, 
4.70. 
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