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Abstrw Tbc molecular structure of trimethyknecyclopropnc bu b&n dctcmuwd from ckclron 

diffraction dau obtained on the vapor. PIamity of the molecuk wu assumal and shrinka,p were al- 

culated froah tbc evahaled non-bonded C 4 disunm Tbc powtic pramems cakuhai by larr 

squarea from the mokcular intensity [qM(q)] are : 

c+z - 1.343 f oa2A;c4 = 1.4~3 + 002A.c H = 1.108 * oa15A; LCCH - 121.8 f 2’. 

~hc akuktec~ sbrinluw l nz : cc,,, - 0009 A; c&a = 0028 A. l-be u~~rtainlia quoted for tbc dw 

mot) are wia Ibe akukrcd standard deviations. A variatioo of Wakb’r model for Ibc bonding in cyclo- 

propux U propaecd. to aaxnm1 for reportal differram in bond kngthl bctwen trimclbyknecyclo- 

propux md bcvcral related mole&es. The structural drta suggest that dcloatition ~a pracnt in tbcac 

3-manbcr rings 

INTRODUCTION 

TRIME~WLENECXLOPROPA~’ . ’ provides a unique opportunity for a structural 
study since it is one of the two known C,H6 isomers with D,, symmetry. The sign& 
cance of this structural type is underlined by several theoretical analyses’*’ which 
appeared in the literature prior to its initial synthesis. Subsequent preparations of 
the compound’.’ and of its hexamethyl derivative’ provided the possibility for 
checking these predictions. In view of the current interest in the chemistry of tri- 
methylenecyclopropane and of its derivatives the riced for a precise structure 
determination is apparent. 

ANALYSIS AND RESULTS 

The experimental intensity and the best background are reproduced in Fig. 1. 

The experimental molecular intensity (x/10) q&,,(q) is sketched in Fig. 2, and the 
experimental distribution curve, as calculated with a damping factor, exp [ -0.00536 
(n2/100)q2]. is given in Fig. 3. 

The IR spectrum of TMCP has frequencies characteristic of CX and c=c; 
also, their assignment is compatible with D,, symmetry.” Hence it is planar. 
Experimental diffraction data from planar mokcuks cannot be satisfied by planar 
models unless corrections for shrinkage in the nonbonded distances are included. ‘** * ’ 
In molecules like TMCP, where angles are determined by symmetry, the &rinkagc 
factors can be determined experimentally. 

l Rcscnr Address Dcpanmen~ of Chemistry. Univcrmy of Windsor. Wmdsor. Ontano. Canada. 
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Practical shrinkages b, were estimated for the nonboaded carboncarbon distances 
by a modification of the method of Morioo et al.” Since the peaks due to the non- 
bonded distances were not resolved in the radial distribution curve, the r,(O) inter- 
atomic distances could not be determioed from them. The procedure adopted was to 
assume a nonplanar model and to refine it by least squares, so that it fitted the M,._(q) 
curve. The distances obtained from this model were then used to calculate the shrink- 
ages (numbering of the atoms is indicated in Fig 4). 

and 

-&6 = f16 - [rT, + $4 - 2r~c_ccos 15Oq 

-626 = r16 - [b,, cos (,t - l%O) + r-1. 

The magnitudes rCICI r,, rll, and rz6 are rA0) values evaluated from 

rA0) = r,(l) + I’/r&l). 

Here, the r,(l) values were obtained from bond lengths and vaknce angles computed 
by least squares, assuming that neglecting the anharmonicity correction in h&_(q) 
is of no consequence. Because of the D ,,, symmetry, the angle contained by rM 
and rG c is 150”. 

The “best set” of interatomic distances and shrinkage factors is given in the left 
column of Table 1. The assigned limits of error are approximately twice the standard 

r- --- 
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FIG. I The expcrimenrrl mtcnstty (heavy hne) and the best smooth background for the 

relined model. For 7 < q < 14 the particular sector used had an undulatron for whtch a 

corra%on was mscned. as indlcatcd by rhc dashed curve. 
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deviations. The refined parameters listed in the right-hand column were calculated 
for a planar model (no shrinkage). However, the constraint to planarity is not a 
physically realizable condition because it does not include averages of non-bonded 
distances over their out-of-plane vibrations The “shrinkage effect” appears because 
the measured distances in the “weighted average structure” are averages over oil the 
molecular vibrations. Theoretical (n/lO)qM(q) curves for both models are sketched in 
Fig. 2, and the resolution of the radial distribution curve, in terms of atom-pair 
contributions according to the “non-planar” model is given in Fig. 3. The lower 
“error curve” in the latter figure is the difference between the experimental curve and 
that calculated from (n/lO)qM(q) for the planar model including shrinkage. The 
corresponding error matrix is reproduced in Table 2. wherein the diagonal elements 
arc the calculated uncertamties for the listed parameters. The constrained paramctcrs 
(labeled in Table 1) were not included. Some constraints had to be imposed because 
allowing full freedom of variation for all parameters simultaneously led to completely 
unreasonable values for the root-mean square displacements. This is due partly to the 
limited amount of data available for this structure dctcrmination and partly to the 
large off-diagonal elements in the [B]- ’ matrix. 
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FIG 2 The rcduczd expenmcntal molecular intensity comprcd with calculated intcnsitlez. 

Curve(b) 1s that for the planar model (den& by kast squares) allowing for no shrinkage, and 

(c) IS the non-planar model (weightal avcrap structure). Tbc dashed lines indicate the 

dcvutlons between the calculated and observed intensities. 
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FIG. 3 The experlmcntal radial distribution curve. resolval aaxxdmg to model (c) of Fig. 2. 

The undulating curve near the base Ime is the deviatloa berween the cxpaimcntal curve 
and the inverted thcorctxal inkrwty curve for that model. 

DISCUSSION 

The molecule has a planar structure in which shrinkage is evident. The shrinkage 
effect precludes tbc possibility of experimentally establishing the mokculc’s planarity 
to less than an out-of-plane angle of 7.7”. However, the determination of interatomic 
distances is not greatly affected by this. 

The obsened bond lengths in TMCP (non-planar model, corrcctd for shrinkage) 
agree well with those predicted by Dcwar and Gleicher,’ who assumed local&d 
bonds and an empirical relation between bond length and bond order. Their results 
for the monocyclic isomers of C6H6 arc summarized in Table 3. Nevertheless, it 
is interesting to compare the experimental values with those in related molecules in 
order to check whether there is a bit more electronic delocalization in TMCP tban 
in butadicne. Observed bond lengths in several related molecules are listed in Table 4. 

Attention is called to the relative shortness of the carbowbon singk bond 
(1.453 f om A) compared with that in cyclopropanc.” The C=C distance 
(1~343f0020~)andtheC-Hbondlength(1~108f0015)areesstntiallythesame 
as in ethykne. ‘* The shortness of the C C bond relative to that in cyclopropane 
suggests that it is inappropriate to assume complete localization of bonding to 
regard TMCP as a linear combination of ethykne and cyclopropanc. A less naive 
view, which has some merit, is to treat TMCP as a ternary combination of butadicncs. 
The single bond in TMCP is indeed shorter than the single bond in butadkne19’ by 
011 A. This decrement. though somewhat less than the shortening (0025 A) of the 
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C42 bond in cyclopropane relative to that in ethar~t,~~ can be attributed to a similar 
effect operating in both systems 

Neither of the above descriptions adequately accounts for the observatioo that the 
carbon-carbon double bond in TMCP is longer than the double bood in the related 
molecules methylenecyclopropane’ ’ and Feist’s acid (3methyknecyclopropane- 
rronr- 12dicarboxylic acid). ” The shorter C==C kogth in the latter is similar to 
that in the cumuknes”~‘* and is described as an spsp2, CJ bond.” The description of 
bonding given by Walsh26 for cyclopropanc, which has received theoretical support 
from Coulson.” postulates sp2 hybridized carbon atoms to form the ring The 
bonding, in methylcnecyclopropanc according to this description is illustrated in 
Fig. 5a. One of the sp2 carbon atoms in the cyclopropanc ring has been replaced 
by an spcarbon which results in a shortening of the double bond length. Concurrently 
there is a decrease in the carbon-carbon single bond lengths adjacent to the sp 
carbon relative to cyclopropane (i.e. by the replacement ofan sp’ orbital with a shorter 
sp orbital). 
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Fig. Sb is a similar description of the bonding in TMCP. Such a model explains the 
shortening of the C C bond kngths relative to cyclopropanc in terms of the shorter 
sp orbitals of TMCP relative to the sp’ orbitals in cyclopropane. The kngthcning of 
the c=C bonds in TMCP over that in methyknecyclopropane is rationalized in 

I”IY!x7”“LEW #cL-f 

WCighWd 
avmgc modcr 

- --- 

PI8nar model 
no rhrinkagc 

._- . 

CC 
C- H 
< CCH 

.- 

- .-. 

r,,‘ 
- ._- 
‘C-C I .343 

‘c-c I-453 
rC*C* 2695 
‘CK. 3-758 

rc.-_w I.108 
‘C&l, 2.144 
‘C,M, 3.186 

‘Cl& 3%l 
‘Cl% 3,947 
‘Cd% 4.760 

‘wrw. I-883 
*&It, 3.819 
T)(r& 5032 
‘n.lcr 5.702 

1.343 it002 
I.453 f 002 
I.108 f 0015 

121.8” f 2’ 
.-_ .- 

Interatomic Distances (m X) 
._ ._-. .~ 

I II f,JW 4/w 
. - 

0069*tcH)I1 I.347 
c@65*ooll f .456 
0+99*VOO2 2.698 ooop 
VI11 * Mx)7 3.761 0028 
VO88*VaI7 
0110 f ooo9 
ujr 
VIY 
or 
or 
VlY 
VP 
up 
VP 

1.334 f w2 
1,457 f: 002 
I.101 * 001s 

1225’ f: 2” 
..- 

_.- _.. 

I#,‘ t V 
_- -- 

1.334 VO67*:M)t1 
! ,457 VO56*VO11 
2695 VO99*VoO2 
3.767 0110 f ooo7 
I.101 OO88fVOo7 

VllO f VQV9 
VlF 
VIP 
02 
O-1 
VIP 
or 
VP 
VP 

l Non-planar model required, due to shrinkage dlcct ; T -; 7 7 2 4 
* Shrinkages ulculated from r&O) valuer. 
‘ r&l) values; harmonic oscillrtor approximation. 
‘ 1,;s constramcd to the vrlua indiataf 
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terms of some delocaltition of the n electrons in the double bonds. A measure 

of the delocalization inherent in the three member ring can be ascertained from the 

observed dilTerences between the C-C bond lengths in cyclopropane, ethylenimine, 

ethylene oxide and ethylene sulfide. It is less in the latter three compounds than in 

C,H, because of ring orbital conjugation with the heteroatom orbitals; lower 

portion of Table 4. 

EXPERIMENTAL 

The sampk of rrimechyknccyclopropanc (hereafter referred IO as TMCP) was prepared as described m 

Ref. I. Exozpt during use. it was maintained at - 78’. Its punty was checked man spcctrowtnally. The 

sampk was used as prrparcd. sectored diffractloa patterns were razordad with an rs sector using rhc new 

apparatus in the convergent mode.‘, ’ During the exposures, a pressure of about 5 mm was mainkincd by 

keeping the sample tube at - IO’. Kodak Recess Plates. 4 in x 5 in, were ucad An MgO pattern was re- 

corded for cub vohage at each sampk-plate dirunce to provide the calibrating acak factor. 

Polymerization d the sampk caused con&krabk difticulty. Although seta of plates WCR made for 

three magnifiations covering lhc scattering angle q - 3 IO q = I43 [q - 4()0/A ‘sin e/Z, where i is the 

ckctroo wavckngth and 0 is the diffraction aogk]. only one set showed no evidcncc of impurities as asozr- 

rained by maasrpectnlanalysisfollowin8theclatron diffraction run.Thiasctcoveral the range 5 c q < 66. 
The plates were microphotomctercd on a modihcd Jamll Ash microdenaitomcter fitted with a rotatmg 

plate holder.’ Optical densities were convened IO rrlauvc mtensitia by the mehod previously dewzribed.* 

Dar0 rtdrurfon 

Rcductioo of the data and calculation of 0~ expcrima~ul tndral dlsrribution function followed the 

usual proadurcs” Tnal and error adjustments of an aasumaJ model was made until raronabk agree- 

me111 was obtained between the cxpcrimcn~A and thcor&A radial distribution curves; chin M,,(q). 
the experimental molecular intensity, as calculated from the but background and IJK experimental 

relative intensity. was fitted by kas~ squares for ti bcs~ se1 of mokcular parameters in cakulating 

M,,JqL the x-ray form factors F, sod F, were evaluated wilb the puamc~nc equation of Cromcr. Larson. 

and Waber.” while Use incoherent scattering facton S, WR cakuhted from the expression proposed by 
Elonbam and Ukaji.” The interatomic dirunczs r,, wrc cxprasd in terms of s&ctcd bond kngthx and 
an&s pabk I. upper portion].” the parameters used in the rcfukmeot stqwna; the resolution factor 

was ako nflncd 

Arlrnowlcdgcmrnrs -Thus work was supported in part by the National Science Foundation. under grant 

GP-4291 and by Ihc Makrral Scknc-c <*enter at Cornell Ijntrcrsuy. ARPA-SD-68. to whom grateful 
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TABLE 3. MONOCYCLIC UOYERS OF (‘*Ii, 

Bond Im8ths alculrtcd In Ref. 4 (In A) 

PPP SPO 
l-2 I463 I.469 
24 I.349 I.346 

PPP Pariser. Parr, Popk 
SPO Spht porbltals 

PPP SPO PPP SPO 
l-2 IJs9 1466 I.393 I.393 
2 3 I.354 I.350 
34 l-446 I.454 
I 6 I.351 I.347 

Mokcuk 
__-._ 

TMCP 

Cyclopropanc 

Ethylene 

Butadlcnc 

Ethanc 

Methyknccyclopropane 

F&t’s acid 

Allcnc 

But~rrknc 

C=C CA MClhOd Rd. 
.-. - -. 

I.347 I466 Calc (ave.) (4) 
- I.509 f o.001, E.D. (II) 

I.3369 f 001 - E.D. (18) 
_. 1464*0.4lo3 M.W. (l9a) 

I.344 1.4467 E.D. (l9b) 
-. I.5324 +- ml E.D. (20) 

I-312 * 001 
I.484 f 001 (side) 
I.535 * 015 (unique) 

E.D. (21) 

I.317 
I.494 (side) 
1545 (unique) 

x-ray 

I-312 E.D. (23) 

I.318 E.D. (24) 

~_ _ 
Ethykniminc 
Ethylene oxide 
Etbyknc sulphidc 

c-x c-c 
._ _~. _. ~. _ 

1488 l-480 M.W. (28) 
I .43s I.470 M.W. (29) 
I.819 I.492 M.W. (30) 

E.D. Ekctron Dillraction 
M.W MIcrowave 
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