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ABSTRACTé)

The basic interest in pericyclic addition réacti&ns of bicyclo-
@.l.q nona-2,4,6-triene systems has led to the X-ray structure deter-
.mination of two product compounds of such reactions. Upon reaction of
fetracyanoethy}ene with bicyélo [6.1.Q) nona-2,4,6-triene (1) and 9-chloro-

bicyclo[ﬁ.l.q nona-2,4,6~triene (2) compounds 3 and 4 are formed.1

' 'I;CNE (CN)
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A reaction scheme has been proposed for the production of 3 and 4.

A severe test for any postulated reaction mechanism is the .geometrical
‘ !

-configuration of the product. Chemical and spectroscopic means of

elucidating the stereochemistry had been tried to no avail; hence, X-ray

diffraction tecaniques were chosen to unambiguously resolve the geometry.

'J. Clardy, L. K. Read, M. J. Broadhurst, and L. A. Paquette, J. Amer.’
Chem. Soc., 94, 2904 (1972).

2. A. Paquette, M. J. Broadhurst, C. M. Lee, and J. C. Clardy,
J. Amer. Chem. Soc., 94, 630 (1972).
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From the acquired knowledge of the geometry of 3 and(&, a proposed mech-~
anistic scheme has been suggested which involves a 1,3-bishomotro-
Lo |
pylium ion.
Crystals of 3 (kindly donated by L. A. Paquette) were obtained by
glow evaporation of methylene chloride solution. The crystals were

found to belong to the orthorhombic space group class P with system-

ben
atic extinctions for 0kl (k=2n+1), hOl (1=2n+1), and hk0 (h+k=2n+1),
From cell constants of a=15.4(1)2,vb=6.93(1)g, and c=24.97(1)R, the den=-
sity was calculated to be 1.239/cm3 with Z=8. The final unweighted
discrepancy index was calculated to be R=8.5 per cent for the observed
data. | |
Crystals of 4 (kindly donated by Le A. Paquette) were grown by slow

evaporétion from methylene chioride solution. The crystals Qere found

to belong to the triclinic space group class Pf. Cell constants of a= .
7.37(2)R, b=6.97(3)R, c=11.07(2)R, <=88.6(1%, B=76.3(1F, and ¥=101.7(1F
yie]déd a congruent calculated and observed density of 1.36g/cm3 fqr =2,

The final unweighted discrepancy index was calculated to be R=8.9 per

cent for the observed data.
. ‘b

1J. Clardy, L. K. Read, M. J. Broadhurst, and L. A. Paquette, J. Amer.
Chem. Soc., 94, 2904 (1972).
[ . . .



INTRODUCT 10N

In this thesis, the Efystél structures of 10,10,11,1]-tétracyano-
bicyclot7.2.0]undeca-2,4,7-triehe (1) and 6-chloro-10,10,11,11-tetra- ‘
cyaﬁobithlo[?.Z.0]undeca-2,h,7-triene (2) are reported. The' interest
in the geometrical configuration of the twb related compounds evolves .
from the desire to elucidate the meqhanistjc ﬁqhéMe of their production
from cycloaddition of tetracyanoethylene tofgig;bicyc]o[G.I.Ojnona-2,4,6-
triene systems. A severe test of any<postylated reaction mechanism is the
geometfical copfiguratidn of the product. Chgmical and spectroscopic
. means of elucidating the stereochemistry had been tried to no avail;

. hence, X-ray diffraction‘techniques were chosen té-unambiguously resolve
the geometry. From the acquired knowledge of the geometry of 1 épd 2, a
prOppsed mechanistft séheme, which involves a I,3-bishomotr0pylium ion

‘intermediate, has been suggested.

(o),

‘(QN)Z




HISTORICAL BACKGROUND

Perfcytlic Rearrangements of éig-Bicyclo[6.1.0jﬁona-2,4,6-triene
Reactions involving cis-bicyclo[6.1.0]nona-2,4,6-triene (3a, 3b)

have been extensively studied in the past ten years (1-5). Since the
advent of orbital symmetry theory (6), thermal pericyclic rearrangeméngs
‘6f bicyclononatrféne havé been of promineqt interest due to-the confor-
mational flexibility of the bicyclic system. Such flexibility would
lead to different alignments of the pm orbitals in the triene segment
and the cyclopropane orbitals within the fused rings (}é, 3b). By
studyiﬁg many of the'intriguing thermal reactions of cis-bicyclo[6.1.0]-

nona-2,4,6-triene, one could then predict the mechanism involved during

3b

these various rearrangement processes.

32

Thé waks‘éf'Vogel and Kiefer (1) showed that thermal bond relocation

was possible ih‘the bicyclononatriene system. They observed that bi-
cyclononatriene (4) and 9,9-dichlorobicyclononatriene (5) underwent
valence isomerization to yield 8,9-dihydroindene (6) and 1,2-dichloro-
8,9—dihydroindéne (2) (Equations 1 and 2), respectively. Equation 3,
which involQes a valence tautomer intermediate-tricyclo[4.3.0.0]nona-

2,4-diene (8), demonstrates a possible mechanism for these reactions (2).
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Similar experiments were performed by Katz and Garratt (3) with
both anti- énd syn-9-chlorobicyclo[6.1.0]nona-2,4,6-trienes (9 and 10,
respectively). They discovered, upon thermal rearrangement, that both
anti- and s n-§-chlorqbicyclononatriene yielded the same prodﬁct,
1-chloro-8,9 -dihydroindene (11) (Equation L), and suggested that the
gg;l—9-éhioro derivatiQe followed Vogel and Kiefer's mechanistic scheme
(1,2).

Another mechanism for thermal rearrangement, which was inclusive
fdr both the anti- and syn-9-chloro derivatives of bicyclononatriene,
Qas advocated by La Lancette and Benson (4). .This mechanism postulated

that chlorocyclononatetraene (12) was the common intermediate since both



.

2

(5)

Applying the techniques of orbijtal symmetfy theory, as illustrated

by Woodward and Hoffmann (6), and the known tendency of disrotatory syn-

bicyclocyclopropyl chloride ring opening“(7) to 9-chlorobicyclononatriene,

the syn-9-chloro derivative could react via the Vogel-Kiefer mechanism.
In support of these conclusions, Barborak et al. (5) demonstrated that

the syn-9-deuterio-9-chloro deri?ative of bicyclonoatriene produced,



with known stereothemistry, 259-1-chloro-z-deuterfo-gi§~8,9-dih9droindéne;'
‘which dbes indee& agree with the stfucture predicted by the Vogel-Kiefer'
mechanism (Eqﬁation 6). Such a meéhanism could also be theorized for the
thermal rearrangement of tﬁe 9,9-dichloro derivative. Barborak et al:
also proposed that the anti-9-chloro derivative of bicyclononatriene did
not react by the same mechanism as the syn derivative, but followed

La Lancette and Benson's (4). theorgtical.scheme using. the cyclonona-

tetraene intermediate. At that time, no considerations had been given

to the conformation of the cyclononatetraene intermediate.

MMD)

c1 H(D)

G- h

When considering the stereochemistry of the cyclononatetraene inter-

(6)

mediate, Staley and Henry (8,9) postulated- that symmetry-allowed con-
rotatory concerted ring opening of bicyclononatriene would lead to

cis,cis,cis,trans~cyclononatetraene (13) which would then proceed through

disrotatory ring closure to trans-8,9-qihydroindene (14) (Equation 7).



Although they discovered somé examples of 9,9-dialkyl derivatives that
did yield trans qued riﬁgs in the 8,9;dihydroindene,system, most re-
arrangements of bfcyclononatrienes were'foqnd to lead to cis fﬁsed rings.
For a cis fused ring, this mechanistic scheme would not obey 6rbital
symmetry rules becaﬁse conrotatory rihg closure, required to-form a gig

fused ring, does not follow orbital symmetry considerations (6).

S 2

)

By use of_trapping experiments, where the intermediate stafe would
be ”trépped” by reaction with a selected stereo-gpecific reagent,
Anastassiou and Griffith (10) were able to hypothesize that the inter-
mediate_stafé for the thermolysis of bicyclononatriene and éggi-9-chloro-
bicyclononatriene was not _c_l_§3, trans-1,3,5,7-cyclononatetraene but actually

. 2 NPT . : .
cis, trans,cis~1,3,5,7=-cyclononatetraene. Their results, as summarized

in Scheme I, predicted a "Cope'' rearrangement of cis-bicyclo[6.1.0]-

nona-2,4,6-triene to 15, which could then undergo symmefry-allowed con-

rotatory opening to give the desired cis% trans,cis-cyclonona-1,3,5,7-

tetraene (16). The symmetry-allowed thermal ring closure of the cié% -

trans,clis-cyclononatetraene intermediate would then ‘lead -directly to

trans-8,9-dihYdroindene (14). Since glg&-cyclononafetraene (17) is



a precursor to cis fused dihydroindéne.(11,12),,aASymmetry-forbldden
_rearrangement of bicyclo[S.Z.O]nona-1,#,7-triene to cis ~-cyclonona-
tetraene coﬁld thén.léad to the observed formation of.gig-S,S-dihydro-
indene (6). To account for such an onersgyconjectpre,Athey postﬁlated'
ihat,‘on'fhe:basis of kinefits '(K_1 >§ Kz) » an eventual drain of
‘ Blcyclo[S;Z.d]nohafJ,&,7-trien§ (15); to EiéF-;yglohonatétraene (12)

would occur (10).

Scheme I
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Electrophilic Cycldadditioﬁs'to gingicyclq[6.1.0]nona-2,4,6ftriehe
Until the late 1960's only rudimentary investigations had been .
‘carried out on the electrophilic cycloaddtion reactions of cis-bicyclo~
[6.1.0]nona-2,h,6-triene. More recently, such electrophiles as chloro-
sulfonyl'isocfanate (CSI) and tetrécyanoefhylene (TCNE) have been used
under a varfetytof conaitions to lead tb'as many of a(var}éty éf cyclo-
ad&ition products. In 1964, Katz.and Garratt (3) first noted thaf theA
cycloaddition of TCNE to glg-bicy;lo[G.1.0]nonatriene and 8,9-dihydro-
indene led fo two different adducts, but they did not suggest any struc-
tural possibilities for fhese adducts. Subsequently, La Lanéetteland
Benson (4) discovered that both 9-chlorobicyclononatriene and 1-chloroj
8,9-dihydroindehe react at room temperature with TCNE to give the same

adduct (18).

The qﬁestfon then arose as to the actual structural configuration of
the TCNE adduct'of Eicyc]ononatr!ene. Okamura and Osborn (13) ﬁarrowed
the structufal possibilities to one that corresponds formally to an
adduct produced by tﬁé cycloaddition of TCNE with cyclononatetraene;

They suggested compound 1 by structural assignment from nmr and uv

spectra of the compound and postulated that cis% trans,cis-cyclonona~

1,3,5;7-tetraehe (16) was the intermediate involved. "



(cN),
(CN),

,,_
|

: Baxtef and Garratt (14) published a paper simultaneously with
' Okamura and Osborn's. fhey supported Okamura and Osborn's structure (l)
for the cycloaddition of TCNE with bicyclononatriene and recognized the
exéct-stereochemlstry of the rfng juncture héd to be known before at-
tempting to supply a mechanism for the reaction. The nmr spectrum was
of no help fnvelucid;ting fhe'étereoconfigufation of the molécule. The
compound appeared to be thermally stable, but endeavors to catalytically
 hydrogenate it led to a slow uptake of more than a theoretical amount of
hydrogen. Since the TCNE adduct of bicyclonénatriene did not iﬁvolve the
‘ tricyclic valence tautomer 12, and the reaction led almost completely to '
'dﬁly‘one formal cyclononatetraene product, Baxter and Garratt (14) |

suggested that the reaction was nonconcerted.

=z
X

19

L. A. Paquette et al. (15,16), after detailed study, have proposed
a nonconcerted mechanistic scheme for the electrophilic addition to
bicyclo[6.I.O]honatriene. While studying the two conformations of

cis~bicyclo[6.1.0]nona-2,4,6-triene (endo (20a) and exo (20b) - fusion



 of the cyclopropane ring with respect to the cyclooctatriene ring), they.
';propdsed that énly one possible conformation (20b) could lead to electro-

philic addifion (15). They rationalized that initfal_bonding‘of the

Aienophile toia sz-hybridized carbon atom Qould be prevalent, but
stabilizatioh afrqm delocalization of the cationic charge in the triene
segﬁent could not occur in either 20a or 20b due to the orthogonality
of:the double bonds.

Paquette et al. (15) propdsed that‘initiallbondfng of the electro-
phile would not occur at carbon atoms C2 or Cu since the vacated p
orbitals.gn carbon atoms C3 and CS, EeSpectively, would be spacially
oriented inapprOpriately for stabilization (glg,glg); The vacant

orbitals are directed away from neighboring sz-hybridized carbon atoms

and’aléo‘away from the orbitals on the cyclopropane ring.

21a | 21b

In the case of 20b, initial bonding of the electrophile to C3 would
lead to stabilization of the carbonium ion (gg), since the vacant

p orbital of C2 would align with the internal cyclopropyl bond such that
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delocalization of thé cationic center cégld occur‘(l7,18). When ]ook%ng'
at e]éétroPhilic'atta;k at C3 in 20a, one will observe that the vacant

p orbital on C2 is essentially destabilized due to its positioning
toward the center of fhe cyclopropane ring (g;)A(17,18). Therefore, .
‘the first step towards the reacfion of anAeleqtrOphile with bicyclo-
nonatriene woulid be bond%ng at C3 on the endo fused bjcyclononatriéne

system (20b).

" Paquette et al. (15) theorized that the reactivity of the
9-substituted derivatives of the bicyclohonatriene system depended upon

their capability to attain the endo fused cohformation. As gxhibited in

20a and'20b, ;yn-9-substituted derivatives, i.e. A= H; B = Cl, CH3, etc.,
of bicyclononatriene would probably attain the exo conformat ion (20a)

due to steric hindrance of "the substituted groups with the double bond
most remote from the cyclopropane ring, while anti-9-substituted derjv-
atives, i.e. B = H; A= Cl, CH3,etc., could attain the endo positioning
(20b) needed for reaction. Péquétte et al. proved this to be the case
by demonstrating the lack of reactivity of the syn-9-substituted deriv-

atives of bicyclononatriene towards electrophilic addition.
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Warner énd Winstein (19) reacted bicyclononatriene with tﬁe simp]est
of electrOphiies ~ the pfoton. From analysis using NMR techniques, fhey
deduced fhat a:l,B-bishomotrOpylium ion (g&) had been produced. As
reinforcement to the Paqﬁette é& gl. thesis (i5), they prOposéd

“an Initlal attack of the proton to carbon atom C,

24

The 1;3-blshomotr0pyl§um fon is composed of a system of five Sp2-
hybrldlzed_carbon atoms separated from two sz-hybrldized carbon atoms
by two methylene brldgeﬁ. Theoretically, conjugation occurs between all
7_5p2-hybridlzed carbons to nge an aromatic system (Hutkel's Lkn+2 rule)
by cbnjugatlng across the methylene bridges. Warner ana.WinsteTn (19)
believed this conjugation did océur across the meth&lene bridges on
account of similar control experiments they ran on cyclooctatetraene (25)
(Equation 8). They found the nmr data for gi énd 23 tb be significantly
~different as to justify the seven carbon aromaticity of the 1,3-bishomo-

i

tropylium fon. ° ' ‘

FSO3H-
S0
_1200

25 130 26 (8) -

CIF
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Warner and Winstein also postulated that the methylene bridges were cis
disposed (24) as Opposed4to trans disposed (27) basing their analysis
on chemical shift differences of inner and outer protons in the nmr.

. . [
spectra and the charge distribution observed for the ion.

24

Paquette et gl."(15) believed, that after electrophilic'aftack
at carbon gtoh C3 in the ntublconformafioﬁ of bicyclononafrieﬁe,»the
innér cyclbpfopyl bond WOuld breaklgﬁd the molecule would rearrange to
form a~1,3-5ishoﬁotropyliuﬁ ion. The question arose as to what the

stereoéhemistry of the bishomotropylium ion was and how the dienophile

attacked the molecule. Scheme 1T (TS)-shows the four possible combina-

tions (28 -31) of cis or trans methylene bridges with endo or exo bonding
of the dienophile. |

Paquette et al. (15) used chlorosulfonyl isocyanate (CSI) as an
-electrOphilic'reagent to support their hypothesis. THe réaction of
CSI with bicyclononatriene (4) and 9-methylbicyclononatriene (37) led
to trans fused B-lactams (36, 38) in both cases (Equétions 9 and 10)
as suggested by nmr data.and catalytic hydrogenation to stereochemically

‘elucidated compounds (15). These observations cut the number of possible

modes of reaction from four to two.
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Scheme II

1) csi
2) PhSH,Py”

(9)

_cH3 1) Csl
: : rd
‘H  2) PhSH,Py

(10).
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If the stefeochémistry of carbon atom Cu was-known'ln 38, one could
identify the'réaction‘mode and tﬁe stereochemistry of the intermediate
1,3-blshoﬁotropylium ion. Coﬁsequently, the x;ray analysis of'gg was
performed. 'The‘stereochemistry of the molecule plaéed the Hy@rqgen
éfdmsAof carbon atoms\bu and C, trans to each other;,theréfore,‘g§
was assUmed.to be the mechanistic intermediate (15). This result directly:
contradicts Warner and Winsteln's (19) prediction that the i,3-blshomb-
tropylium Ton has cls positioned methylene brldges.

fo.further investlgate their mechanistic sscheme, Paquette selected‘
the TCNE adduct of clis-bicyclononatriene (1). By resolving the stereo-
chemlstry.of 1, the reaction mechanism would agair be Iimited,té two
possibilities in Scheme II. But the stereochemistry of 1 was apparently
unr¢SOIVable by ordinary chemical teéhnlques such as NMR and hydrogenation
tb'a stereochemically elucidated compound (14). Theréfore, X-ray crystal
stfuéture analysls wés'fhe bbvlous alternatlve method for determining the
stereochemistry of 1.

| ‘IP this thesls, conclusive stereochemical results for the structure
of the TCNE adduct of cls- blcyclo[6.1.0]nona42,4,6-trlené are shown, -
thereby narrowing the four megﬁanistic pathways in Scheme II to two.
Affer the resolution of the stereochemistry of 1 had been_acéomplished,,
Paquette and co-workers found that the cyéloaddltfon of TCNE to 9-chloro-
bicyclo[6.1.0]nona-2,4,6-triene (9), not only produced compound 18 in

50% yield, but careful extraction from the mother liquor also yielded

'compdund 2 (Equation 11).



o (cN), -
+ — (cN),
Dy
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“The X-ray analysis of 2 is also reported in this thesis. On the basis
of this analysis, the mechanistic pathway in Scheme II was again
narrowed to one as it had been for the CSI adduct. of 9-methylbicyclo-

nonatriene.



THE CRYSTAL STRUCTURE OF 10,10,11,11-TETRA-

CYANOBICYCLO[7.2.0]UNDECA-2,4,7-TRIENE'

jPrelimlnary lnvestlgat:on and Data Collectlon .

~ Clear aclcular crystals-of 10,10,11,11- tetracyanobncylo[7 2,0]-
undeca 2,4,7- trlene ), (klndly supplied by L. A. Paquette) were obtained.
by slow evaporatlon of methylene chlorlde solgtion. Prellmlnary X=-ray
photographs revealed Laue symmetry of mmm, which places the crystals In
the orthorhombic space grodp class. Systematlc extinctiohs were observed
for OkL(k = 2n-+1), hot (L = 2n-+1), and hkO(h + k = 2n+1) and uniquely
determlned the Space group to be Py (DZh) A congruent caléulated and
experimental density {p = 1.23g/cm3) disclosed Z = 8 (or one motecule per
- asymmetric unit). A crysfal with approximate dimensions of 0.15x0.10 x
* 0.10 mm was mounted along its b axis‘and transferred to a fully-automated
Hljger-WAtts four-circle ﬁlffré;tometg? equipped with a scintillation
defectof'system. From accurately measured 6 values, cell constants were
calculatedlto be a = 15;#(1)2, b = 6.93(1)2, c= 24.97(1)2.

,_'Daga were collected at room femperature'for the hkt octant within a
2 6 sphere of 500 using Zr-filtered MoKd radiation (0.71073). Anw =26
scan technique was eﬁﬁléyed with béckgrounds measured at
* (0.25 +0.01 xie . | |

hk&)'

Throughout data collection, periodic measurements were made on three

Onkt

assigned standard reflections to assess crystal and electronic stability.
. The intensities were corrected for Lorentz and polarization factors and
the estimated deviation of the lntenslty; o (I), was based on [(total

. . 1
count) + (background count) +0.05 (total count)z-f0.0S‘(background count)zj2
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The estimated deviation of F, c(F);'was’calculafed frdm

1
2

o(F) = {[I+o(D] /e - (/p)F (20).

A total of 2220 refléctionS'Were judged observed using the criterion
. that' F > 3o (F) for any data to Be observed. Cbrrecffons*were not made

for anomolous dispersion, absorptlon (i = 0.835 en™ 1y, or decomposit lon.

_ Solution and Refinement
Normalized st;ucture factoré were calculated from a Wllsén Plot in
"a standard way (21). Phases were assigned to the 436 E's greater than
1.5 b* the iterative application'of Sayre's equafion (22).  An E-map
was computed from the most conslsteﬁ;'set of phased E's, and all 20
honhydrogen atoh positions were located (23). Full-matrix least-squares
refinements on |

N - >
Zw ||Fobs| - |Fcalc| | <y
obs =

where w = t1/o(F)j2, with anisotropic tgmperatdre factors reduced the
.conventlonal welghted and unweighted discrepancy indexes to R= 13.6%

and R=11.0%, respectively. At this polnt, hydrogen atom-posltlons wgfe
calculated for tHe trigonal and tetrahedral carbon étéms With_C-H boﬁd
distanqes set at 1.08x.‘ Introducfng the hydrogen atoms and refining on
the parameters of the nonhydrogeﬁ atoms (321 parameters)'lowefed the
‘weightea discrepéncy indek_to R=9.4% and the unweighted.ﬁo R==8.S% for‘
the dbserved data. - The scattering factor tables Qere those of Hah#on
et al. (24). In Tables 1 and 2 are-listed the final X~ray coordinates

and thermal parameters, respectively, along with thelr standard
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deviations (25). -Figure 1 lists the observed and calculated structure

factors for 1 (25) based on the parameters' shown in Tables 1 and 2.

Descriptiqn'and Dlscusgion of Structure

- The geometrical configuraiion'of 1 is illustrated in Figure 2-(26)ﬂ a
As can be clearly'seen, ;he fusion of the.?yc]obutane and cyclononane
riﬁgs-is 35253 with a.C(Z)-C(l)-C(9)-C(8) dihedral angle of 100°. Pucker-
ing of the cyclobutane ring and skeletél ;train in the ring are evident .
from the C(1)-C(11)-C(10)-C(9) dihédral,angle and the‘bond‘leﬁgthg (1.57 -.
' 1.59R5, which-are longer.théh e*peéfed for such a system (27); The
C(l)-C(Z)-C(ﬁ)iC(h) éystem varies from coplanarity by 8° which impiieﬁ
that torsional straln does exist on the C(2)-C(3).doub1é Bénd, ‘The
&lhedra] angle of the butadiene portion, C(2)-C(5), is 57°. Figdre 3
(26) illustrates the posltlonﬁ-of the symmetry-related molecules in the
unit cgl]. All bond ]engths and bond angles agree with accepted  values
and are listed, with their standard deviations; in Tablés 3 and 4 (28).

Table 5 1ists selected dihedral angles for 1.
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Table 1. Final fractional coordinates? for 1

Atom X y z
c(1) . 0.5013(2) -0.1012 (k) 0. 3484 (1)
c(2) - 0.4720(2) 0.0778(5) 0.3200(1) -
. €(3) 0.3898(2) 0.1169(5) 0.3078(1)
C.(4) 0.3136(2) 0.0079(6) - 0.3251(1)
c(5) 0.2935(2) = -0.0248(6) 0.3758(1)
- c(6) - 0.3418(2) 0.0515(6) 0.4235(1)
c(7) ©0.3819(2) -0.1085(6) = 0.4560(1)
c(8) 0.4618(2) -0.1732(5) 0.4k499 (1)
. C(9 . 0.5258(2) -0.1019(4) 0.4093(1)
SR e(10) L 0.6017(2) -0.2458(4)  0.3958(1)
T e 0.5966(2) -0.1709(4) 0.3356(1)
“c(12) - 0.5752(2) -0.4485 (4) 0.4005(1)
c(13) 0.6837(2) -0.2111(5) 0.4246(1)
C(14) 0.6578(2) -0.0118(5) 0.3278(1)
.c(15) 0.6043(2) -0.3150(5) 0.2925(1)
N(1) '0.5531(3) -0.6036(5) 0.4054(2)
N(2) 0.7447 (2) -0.1756(5)  0.4480(1)
N(3) 0.7052(2) 0.1135(2) 0.3241(1)
N (L) 0.6055(2) -0.4277(5) 0.2588(1)
H(1) 0. L4435 -0.1775 0.3361
H(2) 0.5208 0.1817 0.3087
H(3) 0.3784 ' 0.2412 0.2829
H(4) 0.2711 . =0.0488 0.2946
H(5) 0.2377 0. 1145 0.3835
H(6) 0.2971 0.1302 0.4487 -
H(7). 0.3426 -0.1750 0.4866
H(8) 0.4828 -0.2866 0.476k
H(9) 0.5358 0.03k4k 0.4293
H(10) 0.3924 0.1472 - 0.4099

' aThe-estjma;edisténdard deviafion is given in parentheses for the
least significant. figurex



Table 2. Final values -of the thermal .parameters (xlo.u) and their standard deviations for l The

form of the temperature factor is exp (-B]lhz-BZZkZ-B”LZ-ZBBh{, -2523k&)a

Atom By Ba2 P33 Pz Bz B3
c(1) 37(1) 214(7) 1(1) 0(3) TONEEEE Y
c(2) - bs(2) 218(8) 11(1) 1(3) 3(1) . 6(2)
c(3) 50(2) 267(9) 12() - 1703) 1(1) 12)
c(b) 16(2)- 334(10) 18(1) 2 =2(1) -2(2)
c(5) | 16 (2) ©353(11) 21(1) (k) 3(1) 5(2)
c(6) 56(2) 315(10) 15(1) 21 (k) 6()  1(2)
c(7) 57(2) 332(10) (1) -16(%) 8(1) . 6(2)
c(8 - - 59(2) 247 (9) 12(1) = =11(H) 5(1) , 9(2)
(9 - bs5(1) 196(7) 1(1) 2(3) . o(n) 3(2)
c(10) L2 (1) 182(6) - 13(1) -3(3) -2(1) C1(1)
c(11) - 37(1). 218(7) 11(1) 0(3) -1(1) -7(1)
c(12) 55(2) 194(8) 18(1) 5(3) -7(1) 3(2)
c(13) k9(2) 214(8) 13(1) 1(3) =2 72
c(iw) - 38(1) 259(8) 259(1) 12(3) 2(1) -3(2)
c(is)y - 37(1) 274(9) 18(1) - 8(3) -4(1) . -19(2)
N(1) 89(2) 215(7)  30(1) -13(3) -8(1) 5(2) -
N() - 54(2)  358(10) 18(1) . -4(3)  -8(1) o 8(2)
N(3) 56(2) - :330(9) 19(1) . =22(3) - L)y 0(2)
N 6L (2) 4o7 (10) 25(1) 18k k() -54(2)

12

 %The hydrogen atoms were given an isotropic temperature factor of 68 2 which was not. varied, .



Figure 1. Comparisons of the observed and calculated structure factors
(in electrons x10) for 1
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Figure 2. A computer generated perspective drawing of 1
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Figure 3. A computer gene-ated perspective drawing of the unit cell of 1.

A is the refereice molecule at (x,y,z). The other molecules
are generated in the following way: B{3-x, 3-y, 3+2);
C(%"*") %"Y, ~2); D(1=-x, y,5-2); E(1-%x, 1-y,1-2);
F(3+x, 3+y, 3~2); G(3-x,3+y,2); H(x,-y, 3+2)
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" Table 3. Selected bond lengths®’P

for 1
" Atoms | " Bond length, &
c(1)-C(2) | s
c(1)=C(9) - 1.57(1)
cy-cany 1.58(1)
- C(2)=C(3). ; : N i.33(1)
Cc@)e-c 1,46 (1)
cw-c(s) | | 1.32(1)
c(5)-C(6) - 1.50(1)
C(6)-C(7)' , . 1.51(1)
cn-c@® @)
c@-c) 7 1.50(1)
c(9)-c(10) | 1.57(1)
c(1o)-c(11j' | 1.59(1).
c(10)-c(12) ' ()
€(10)-C(13) 1.47(1)
c(11)-c(1L) | o 1.47(1)
c(11y-c(1s) - o 1.47 (1)
c(12)-N(1) o 1.13(1)
€(13)-N(2) | 1 (1)
COW-N(3) 1. 14(1)
CO15) -N(k) 1.13(1)

3A11 carbon-hydrogen bond- lengths were set at 1. 082

Tbe estimated standard devlatlon Is gl\@en In parentheses for the
least sfgnificant flgure. =
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Table 4, Selected Interatomlc angles® for 1 |

Atoms Angle, degrees  Atoms Angle, degrees
c(2)-c(n-c(9 - . 122(1) c(9)-c(10)-c(12) 113(1)
c@-c(y-can - 116(1) C(9)-c(10)-c(13) - 115(1)
Ac(9)éc(1)-c(11) . '88(1) ¢ (11)-c(10)-C(13) | 117(1)
c(1)-C(2)-C(3) C124(1) c(12)-c(10)-Cc(13) ~ 111(1)
c(2)=C(3)-C(4) 126(1) | c(1)~-c(11)-c(10) | 88(1)
C(3)-C(4)-C(5) - 124(1) C(1)-C(11)~C(1L) 113(1)
C () ~C (5) -C (6) 126(1) - c()-c(-c(1s)  115(1)
C(5) -C (6) ~C (7) n2(1) - c(10)-C(11)=C(14) 110(1)
¢(6)=C(7)~C (8) 125(1) ¢ (10)=C(11)~C (15) 118(1)
C(7)-C(8)-C(9) - 126(1) C(14)-Cc(11)-C(15) : 111(1)
c(8)-c(9)-C(1) 12001)  N(1)-c(12)-C(10) - 178(1)
c(8)-c(9)-c(10) - nis() N(2)-C(13)-C(10) - 176(1)
€(10)~C(9) ~C(1) 89(1) N(3)-C(14)-C(11) 17701)
c(9)=-c(10)-C(11) 88(1) N(&)=-C(15)-C(11) 176(1)

The standard deviation (In parentheses) is calculated from the
Inverse matrix of least squares refinement.
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Table 5. Selected dihedral angles for 1

Atoms . ~ Angle, degrees
c(-c(2)-c(3)-clt) | 8
C(2)-c(3)-cy-cs - 57
C(3)-C(4)-C(5)~C(6) - —
C(6)-C (7)-C (8) ~C (9) C 2
| C(8)-C(9)~-C(1)~-C(2) » 106
c(1)-c(9)-c(10)-c(_11») 22
C(I)—C(I])fC(IO)-C<9) . 21
C(10)-C(9)-C(1)4C(1i) o . 22

c(10)-c(11)-c(1)-C(9) 21
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THE CRYSTAL STRUCTURE OF 6-CHLORO-

‘10,10,1l,iI-TETRACYANOBICYCLO[7.2.0]UNDECA-2,4,7-TRIENE

Prelimlnary Investigation and Data Collection

Crysta1c~;;mc-chloro-10,10,11 11- tetracyanobucyclo[7 2. 0]undeca-
2,4,7- trlene (2) (klndly supplied by L. A. Paquette) were grown by slow
evaporatlon of methylene chloride solution. Microscopic examinatfon
. revealed clear,Aneedle-lfke crystals wlth Qell-deflned faces. A crystal
with approximate dimensions of 0.15x0.10x0.10 mm was selected'for
diffraction work. Laue symmetry of 1 and the absence of any systematic
extinctions deflned the space group as either Py (C ) or P, (Cl) A

3

calculated and observed denslty of 1.36 g/cm for Z= 2 Indicated one

molecule per asymmetric unit for the presumed space group P]'.

- A crystal mounted on the c axis was transferred to a fully-automated
Hilgerewatts~fourecirc]e”diffractometer with a scintillation detector |
éystem. Cell constants of a = 7.37(2)3, b = 6.97(3)8, c = 1#.07(2)8,
o= 88.6(1)0, B = 76.3(1)?, and Y e 101.7(1)° were obtalned from a least-
squares flt. of accurately measured theta values. Alf data within a 26
sphere of 50° for the hkt, hkt, hk{, and hki octants were collected using
Zr—flltered MoKu radlation (0.71072). A moving crystal-moving counter |
scan ;echnlque was used with backgrounds measured at thL (0.25 +
0,0J.tht). Periodic measurements of three assigned standard reflections
were checked to appraise crystal and electronic stability. A decline of
fvlo%'was noticed in the lntensities of the standard refltections. No

correction for this effect was made. The intensities were corrected for
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- Lorentz and p&iérizafioﬁ factbfs, and o (I) was estimated'from t(totaj
count) + (baékground count)~f0.05 (tofal counéjz + 0.05 (background'
CoUnt)zj%t The estimated deviation of F, q(F), was calculated from
--c‘»(F) = {[I+0(I)]/Lp}% - (I/Lp)% (20).. Of the 2332 reflections
measdred, 1736 were judged Qbserved (FE$3<3(F)). A sméli*célculated
Ijneér absorptlbn.céefficignf of 2.1 cmfl, iﬁdlcated'that no absorption -

correction was necessary.

Solution and Refinement
Normallzed structure factors were calculated In a standard way from
~a Wilson plot (21), and from the statistical distribution of the E's

1
230 E's greater than 1.5 by the iterative application of Sayre's equa-

the space group was postulated to be P—. Phases were assigned to the

tion (22). The most consistent set of phased E's were used to compute ‘
_'an ﬁémap which revealed eighteen of the twenty nonhydrogen'atomvpositions
(23). A guBseduent elecfron dénsity map was calculated with phases of
the élghteéh atom ffagment, and the ﬁwo remaining nonhydrogen atom posi-
~ tlons were disclosed (23). Full-matrix least-squares réflnements»(222
parameters) on Lo ||Fobs| - |Fcalcl|2, where o = [l/c(F)]z,wigh aniso-
fropic temperature parameters reduced the conventional weighted and un;
welghted discrepéncy’indexes, fespectively, to a minimum of wR=10.6%
_and R=8.9% for the-observedjreflegtions. The scéttering factors used
were those of Hanson et al. (24). Tables 6'and 7 list the final X-ray
cpofdfnates and thermal parameters, respectively, along with their
standard‘deviatldns (25). The calculated.and observed structure factors
are listed.in Figure 4 (25). |

!
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Table 6. Final fractional coordinates for nonhydrogen atoms of

compound 2 @

Atom X ' . y z.

c1 10.1936(2) -0.3429(2) 0.8832(1)
c(1) '0.5246(7) | 0.2735(7) o.A7,093(3)
c(2) 0.4181(7) 0.0924(7) 0.6732(4)

| c(3) 6.3262(8) ~0.0690(8) 0.7284 (L)
c(4) ~0.3117(8) ~ -0.0929(7) 0.8362(4)
c(s): “ 'o.zoi8(9) 0.0417(8) : '0‘.8_9027(&)- |
c(6) 0.2716(9). ‘6.1919(95 0.9384 (L)
(7 0.4725(9) ".0.2496(8l) 0.9470(4) |
c(8) 0.6322(8) ' 0.2719(8) 0.8813(k)
c(9) 1 0.6728(7) -0.2569(7) 0.7710(3)
c(10) 0.8088(6)  0.4475(7) 0.7103(3)
‘c(1.1$ '0.6930(7) 0.4065(7) . 0.6283(4)
c(12) 0.6441(7) 0.5769(8)  0.5857 (1)
C(13) 0.7878(8) 0.2993(8) 105506 (k)

c(14) 1.0107(7) 0.4347 (7) 0.6827 ()
c(15). 0.7854(7) 0.6260(8) 0.7561(4)
N(1) 0.6050(8) ~  0.7020(7) 0.5545 (4)
N 2) 0.8640(8) 0.2224(8) 0.4895 (1)
N(3) 1.1645 (7) 0.4168(8) 0.6652 ()
(L) 0.7703(8) 0.7924(4)

®Estimated standard deviations, shown in parentheses, are right

0.7622(7)

‘adjusted to the least significant digit of the preceding number.



Table 7. Final values of the thermal parametérs (x10u) and their standard deviafions for compound

2. The form of the temperature factor-is exp(-B hz—B kz-ﬁ &2-25 hk=28, ,h2-28,_kt)
£ 11 22 33 12 13 23

Atom B]]

P B33 Br2 By3 By3
C1 311(5) 7(3) ~ 65(1) . - =53(3) -61(3) . 38(1)
c(1) 120(10) . 120(10) " - 36(3) - 20(8) -29.(4) Co12()
c(2) 160(10) 160(10) 43(3) -18(9) - =37(5) L(5)
c(3) - 170(10) 140(10) 49(3) -10(10) -34(5) . 8(5)
C (k) 170(10) 130(10) 50(3) -7(9) -15(5) - - 23(5)
c(5) 220(10) 160(10) L9 (4) 30(10) -11(6) 30(5)
C(6) 260(20) 180(10) L1 (3) 20(10) -11(6) 17(6)
c(7) 300(20) 140(10) 39(3) 0(10) - =32(6) 5(5)
c@e) 220(10) 160(20) 36(3) . 10(i0) -28(6) 16(5)
c(9) 120(10) 140 (10) 36(3) -26(8) -33(4) 24 (L)
c(10) 93(9) 140 (10) 35(3) 21(8) -22 (k) . 10()
Cc(i) 120(10) 140(10) 37(3) . 0(9) - -28 (1) 21(5)
c(12) 130(10) 160 (10) 37(10) 18(9) -23(4) 12(5)
c(13) 160(10) 150(10) 34(3) 18(9) -20(5) 8(5)
c(14) 130(10) 150(10) W(3) - 8(9) ~28(5) 8(5

)
c(15) 130(10) 180(10) L1 (3) 9(9) -20(5) 15(5)
N(1) 260(10).  220(10) 56(3) © 90(10) -38(5) 13(5) -
N(2) 260(10) - 290(20) 50(3) - 80(10) -26(5) -15(6)
N(3) 170(10) 250(10) ) 57(9) -50(5) - -5(6)

N (L) 250(10) 190(10) 63(3) 60(3) -39(5) - 23(5)

#t




: Fivgure L. Comparisons of the observed and calculated structure factors
(in electrons x10) for 2
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A Descfiptipn and Discussion of Structure

The geometrical configufation of 2 is illustrated in Figure 5 (26).
The figure distinctl?'éhows_the trans fusion of the four and niné mem-
bered rings;: The hydroéén-atbms on Ckl) and'C(h);are'also trans dESposed.;
PuckerfngiofAthe cyclobutyl rlﬁg'ls'ev!dent'WIth a C(j)-c(11j¥c(lo)-c(9).
.dlﬁedral angle. of 19°. ,Bond‘léngfhs for the cyclébutyl ring are long
(varylng from 1.57 -1}592) lndlcétfng theugtraln wfthjn‘the rfng (27).
fhe dihedrél angle for the butadiene{ségment.C(S)-C(B) is 47°. Most
vbond distances and angles agree Qell-with accepted values. Figyre 6
shows the’unit ceIlAdrawinQ of fhe two centrosymmetrically related
~molecules (26). Tables 8 and 9 list the bénd.djsiances and angles,
respectively, along with their deviations' (28). Selected dihedral angles

are shdwn:in‘Table 10.
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_ Figure 5. ' A computer generated perspective drawing of 2

1
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Figure 6. A computer generated perspective drawing of the unit ceH of 2. A is
the reference molecu1e at (x,y,z) and B is the oentrosymnetrlcally
related molecule at (X, Y, Z)
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" “Table 8. Selected bond lengths? for 2

Ato@s ‘ - - Bond length X
c(1)-C(2) 1.51(1)
c(1)-c(9) 1.57(1)
C(1)=c(11) - 1.59(1)
c(2)-c(3) 1.32(1)
C(3)-c(4) 1.50(1)
cwy-cr 1.81(1)
c(4)=Cc(5) 1.47 (1)
c(5)-c(6) - 1.34(1)

. c(6)=c(7) 1.49(1)
C(7)-C(8) 1.29(1)
c(8)-c(9) . 1.52(1)
c(9)-c(10) 1.58(1)
c(10)-c(11) 1.59(1)

- €(10)=C(14) 1.47(1)
c(10)-C(15) 1.44(1)
c(11)-c(12) 1.46(1)
CE11)-C(13) 1.46(1)
C(12)-N(1) 1.13(1)
C(13)-N(2) 1.12(1)
C(14)-N(3) 1.13(1)

1.16(1)

C(15)-N(L)

®The estimated standard deviation is given in parentheses for the
least significant figure.. .
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Table 9. Selected interatomic. angles® for 2

‘Ames : - Angle, degrees Atoms Angle, degrees |
cy-c(-cl9) 21 c@-c0)-c(b) 131
c(2)-C(1)-C(11) | 115(1) | : c(9)-c(id)-c(15) ii3(1)<
€(9) =€ (1) -C(11) 88(1) C(11)=C(10) =C (14) 117(1)
€(1)-C(2)-C(3) Sk c(i)-c(10)-c(15)  112(1)
c(z)éc(s)-c(h) S 123(1) c(i)-c(10)-c(15) - 111(1)
(3 =C (k) ~C (5) i c-cin-cio)  88(1)-
: c(3);c(u)-c1- ' 110(1)  c(1)=c(11)-c(12) 115(15
C1-C () -C (5) 09 . c(-cin=c(3)  115(1)
C (L) -C (5) -C(6) 126(1) €(10)=C(11)=C(12) 116(1)
€(5)~C(6) -C(7) C126(1)  c(10)-C(11)=C(13) 1M1(1)°
€(6)-C(7)-C(8) 131 c(12)-c(1)-c(13) 17(1)
c(7)-Cc(8)-C(9) = 131(1) - c(11)=-c(12)-N(1) 179(1)
C(8)-C(9) ~C (10) HB() c(c(RN@) 1781
(1)< (9) ¢ (8) 1230)  C(10)-cOW-NG) - 177()
¢(1)-¢(9)-C(10) 89(1) C(10)-C(15)-N(W) 178(1)

| c(9)-c(10)-C(11) 88(1)

The estimated standard deviation is given in parentheses for the
least significant figure and is calculated from the inverse matrix of
least squares refinement. .
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Table 10. Selected dihedral angles of 2

Atoms Angle, degrees
C(1)-C(9)-C(10)~C(11) - 18°
c(9)-c0)-c(1n-c(1) 19°
€(10)-C(11)=C(1)-C(9) 19
c(11)-c(1)-c(9)-c(1o) | 18°
C(9)-C(8) - (7)-C(6) 3°
€(7)-C(6) -C(5) ~C (4) o 0°
C(1)-C(2)-C(3)=C(k) | 1°
C(2)-C(1)-C(9)~C(8) | 76°

C(5)-C(6)~C(7) -C(8) | 147°
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DISCUSSION OF RESULTS’

As was diséovered in the structure determinationsAof l‘and,g, the
ring juncturé of the four and nine membered rings in both cases was
trans. This Ezghg disposition of the hydrogen atoms on carbon atoms
CI-and.Ch in 2 supports thé_mechénistic scheme involQing the trans-1,3-
bishomotropy1ium ion intermediate advanced by Paquette ggAgl; (15).
.To.foilbw such a scheme where initial bonding of the electrophile to C3
 would occur .in an ggg,fashlon with fgadjustment to a 55295-1,3-bjshomo-
trOpyliuh fon, Clardy et al. _(29) suggested that TCNE acfed as a .
dipolar electrophile (Equation 12). The ionlc character of TCNE Iﬁ

cycloaddition reactions has been manifest for a variety of systems (30,31)

LN
(N,

TCNE o
7

(2)
Clardy et al. (29) also stated that the 9-methyl derivative of bicyclo-
nonatriene reacted with TCNE'to give a compound similar to 2 with respect
to nmr data.ln 69%‘yield; although crystals §ultabje for X-ray: structure
analysis could not be obfalﬁed.

‘In summary; the crystal structures of 1 and 2 support a mechanlstfé
scheme which Involves a trans-1,3-bishomotropylium ion lnterﬁedlate (29).
The negatlve control experliments of Baxter and Garratt (14) rule out the
possibility of a concerted (nzs-+n25) cycloaddition of TCNE to gl;#-cyc]o-

: . . . .2
nonatetraene, and the concerted (nza-+n25) reaction of cis ,trans,
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cis-cyclononatetraene would lead exclusively to cis ring fusion in the

adduct. - Also,'because of the stereoselectivity at C4 in 2, the pos-.

tulation of stepwise n2-+n2 cy;ioaddition to cisz,trans,cis-bicyclo-
nonatetraene can be rejected (29). The results obtained‘also contrédict
Warner and Winétein's (19) proposal that the 1,3-bfshomotr0py1ium ion
intermediaté evolVing‘from electrophilic additioﬁ to bfﬁycloEG.I.O]nona-
2,4,6-triene has cis disposed methylene‘bridges.

In conclusion, a question may now be posed as to why the TCNE
cycloéddition to the 9-chloro and 9-methyl derivatives of‘bicyclonona;
triene lead to two different major products. In the 9-chloro derivative
reaction with TCNE the main product is'compound 18, whife~the 9-methyl
derivative reaction with TCNE leads to a compound with characteristics
similar to compound 2 which is a minor product of the 9-chloro deriv-
ative reaction. ’?ufther mechahistip studies would be of infereSt in

So]ving this question.
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