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Abstract: The crystal and molecular structures of trlcyeIoC7.2.1.~r61decane- 
2*8-dlone (41, Its 4,5-benzo fused homologue (51, and tetracyc10C7.2.1.04*1 ‘- 
.D6r10~-dodeca-2r7-dlene-5-h1Z-dlone (6) have been determfned. The conforma- 
tions adopted by the saturated and unsaturated five-membered rlngs In these 
molecules have been determined. The slgntflcantly dlfferent angles adopted 
by the carbonyl groups of the central rlng In each of these diketones were 
al so accurate1 y measured. In order to evaluate these relatlonshlpr a com- 
panion MWZ-based computational study vas undertaken simultaneously and relevant 
comparisons are made. The range covered by thls triad of molecules provldes 
lnslght Into structural factors that contrfbute to the preferred ground-state 
conformations of bridged dfqulnane systems. 

Polycyclopentanold systems have attracted considerable attention durlng the last decade.’ 

Expsrlmental and theoretical studles have both emphasized the untque properttes that five-membered 

rings can bring to varfous classes of compounds. The family of hydrocarbons that tncludes penta- 

p&mane f1),3 hypostrophene (2J,4 the head-to-head ES+41 dimer of cyclopentadiene (31,’ its head- 

to-tal I lsanerr and related saturated congener&6 have been of fnterest for a number of reasons.7 

Desplte the hlgh level of faxlnatlon wfth these molecules, detailed structural lnfo~atfon 

1s available for only a very 1 imlted nuRlber of compounds. Recently, ue have found it posstble to 

prepare the trlad of dlketones 4-6 and noted that thelr crystal habtts were suftable for X-ray 

analysis. Accordlngly~ thelr thre~dlmensfonal structures have been determined and detalled MU2 

calculations of thelr ground-state gecmetrles have been performed for comparison. The varied 

degrees of unsaturat~on and numbsr of fnterconnectlve bonds provlde ~nfo~ttve lnsfght fnto the 

Static and dynamtc sterecchernlstrles adopted by the lndlvldual qulnane subunits. 

??MttltS 

Syntbesfs, Dfketone 4 was prepared by epoxldatfon8 of~sesqufnorborneneg and perfodlc acfd 

cleavagelo of the oxfrane ring. Compound 5 was prepared by alr oxfdatfon of syp-benzosesqulnor- 

bornene as prevlously described.” Access to 6 was galned by oxtdatlve decarboxylatlon of dl- 

methyl ~~~~12-bfs~methyIthlo~tetracycloE7.21,04’11.O6~10 3dodeca-2r7-dlene-5~12-dlcarboxy- 

late.12*13 

2909 



2910 C. Xv et al. 

Experlmntal and calaIlated calfomatlons of 4. A computer-generated perspective drarlng of 

the flnal x-ray model of 4 Is given fn Figure la. The molecule has a crystal lographlcal ly re- 

qulred two-fold axfs and approxlmste c22y pofnt group s-try. Atoms related by the two-fold axls 

are designated with a prims (‘1. The conformation of 4 was the crucial polnt of Interest. As can 

be appreciated from Flgure la, atoms C2, C3, Olr C4, C2’r C3 *. OIVr and C4’ are planar wlthln 

experlmental error. The conformation of the fivebered rlng Is best described as a sllghtly 

dlstorted envelope or nlrror conformatlon. Usuallyr the shapes of flvenwmbered rings are dls- 

cussed In terms of two (deal conformatlons - the envelope conformatlon rlth mfrror symnetry and 

the skew conform&Ion rfth two-fold syrmetry.14 These confomatlons are quantltatfvely assessed 

using the ring torslonal angles. Mirror symmetry requires that one torslonal angle be 0’1 the two 

flankfng torsional angles be approximately + and -24O. and the rsmalnfng two angles - and +38’, 

respectively. The exact angles could vary In magnftude, but syimnetry requires equal magnltudes 

and opposlte signs for the pafrs. In the case of 4, thls would correspond to the following 

torslonal angles: Cl-W = 09 C5W4 = +24O, Cl-C2 - -24’. W-C6 = -38’, and C2X6 = +38’. 

Thls would represent the envelope conformation rlth C6 servlng as the flap. Atoms Cl, C21 C4% 

and C5’ uould be planar, and C6 would be projected out of the plane sway from C3. 

Thls Is close to what Is actually observed for 4. The two-fold confomatfon would require a 

relatfvely large torslonal angle for Cl-C51 of approximately 45’, values of -37’ for Cl-C2 and 

C5QW. and +14’ for C2c6 rhere planar* and C2 and C4’ were above and belon thls plane. In 

actual fact, cyclopentanes rarely adopt one of the two Ideal conformations. In the present case* 

the cyclopentane rlngs adopt mfrror confomatfons with a sllght two-fold dlstortlon. The Ideally 

0’ torsfonal angle for Cl-CS’ Is observed to be 4.5’. Usfng the fact that the flanklng torslonal 

angles In the two-fold conformer are roughly 80% of this value, the flanklng torsional angles 

should be adjusted by -3.7’ (80% of 4.5’). The flanklng angles should dfffer In absolute value by 

7.40. The observed value of C5W4 Is 13.4’, and CZ-C6, -20.6O. The remalnlng two torslonal 

angles should be adjusted by roughly 1.5’ (32% of 4.5’) In the posftlve sense. The observed 

values are -27.1” for W-C6 and t29.3’ for C2-G. 

The conformatlonal preferences of 4 were also explored rlth molecular mechanics uslng the MM2 

series of programs. The results of thls study are shown In Figure lb. In general the agreement 

Is good, but the MM2 confomatlon has a greatly enhanced two-fold dlstortlon. The Cl-W tor- 

slonal angle Is predlcted to be t14.2’ - roughly three times larger than the observed value. The 

MM2 conformation also puckers the central rlng so that the oxygens of the carbonyl are pofntlng 

toward the methano brldges (see Figure lb). The H-H distance between the two closest hydrogens on 

the methano brldges Is predlcted to be 2.08 & The observed distance Is 1.94 i but thfs 1s 

subject to an experlmental error of 0.3 k 

The Effect of Benz0 Annulatfon. Figure 2 1s a computer-generated perspective drarfng of the 

flnal x-ray model of 5. Interatomfc distances and angles are qulte reasonable for the left-hand 

portfon of the molecule, but there Is evidence for substantial dfsorder In the rlght-hand portion. 

Thls Is most clearly demonstrated by the Cl-Cl0 distance of 1.334(14) A - a shortenlng of this 

bond from the standard value by some 0.2 h The Cl-C2 and C9-ClO bonds are also too short by 

about 0.1 k The C2-Cl-ClO-C9 torslonal angle Is roughly 0’. me x-ray temperature factors, 

measures of the spatlal dlstrlbutlon of an atom , for Cl and Cl0 are the largest In the structure 

with values of 11.1 and 10.7, respectively. The benzene ring, for purposes of ccfnparlsonr has an 

average temperature factor of 6.8tl.l). Presumably the Cl-Cl0 bond has a large torsional motlon 

which Is well known to lead to unreasonably short distances. 

We have attempted to explore thfs phenomenon with MM2 calculations. The mlnlnum energy 

structure Is shown fn Ffgure 2b. As can be seen. the mfnfmum energy conformatlon also has an 

essentially O” Cl-Cl0 torsfonal angle. The calculations dfd lndlcate that torsion about this bond 

would be a relatively low energy process. For example. a torslonal angle of 260r sho*n In Ffgure 

PCS raised the calculated energy by only 0.9 kcal/mol. In view of thls evidence for disorder, 

further attempts to analyze the confomatlon of 5 dld not appear warranted. 



Crystallographic analysis of structural effects 

Figure 1. At the top (la) Is a ccquter- Flgure 2. At the top (2a) Is a computer- 
generated perspective drawing of the ffnal x- generated perspective drarlng of the flnal x- 
ray model of 4. The molecule has a crystal- ray model of 5. Note the small torsional angle 
lographlc two-fold axls. At the bottcm (lb) about the Cl410 bond. In the center (2b) Is a 
Is the MU2 smdel of 4. Note the puckerfng of drarlng of the mlnlmum energy conformation found 
the carbonyl groups and the larger torslonal by mZ calculations. At the bottm (2~) Is a 
angle of the ethano brldges. draulng of the conform&Ion with a 26’ Cl-Cl0 

torslonal angle that Is only 0.9 kcal/mol 
hlgher In energy than 2b. 

The Ccmequma of AddItional Interpla~r Bonding. A computer-generated perspectlvo of 6 1s 

given In Figure 3a and the MM2 model In Flgure 3b. In general the agreement Is good* but there 

are some differences. Both the calculated and experlmental structures have essentially planar 

cyclopentene rlngs. The Cll-Cl2 distance fs observed to be 1.563(5) A, and the calculated value 
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Ffgure 3. At the top (3a) Is a computer-generated perspectfve 
drawfng of the final x-ray model of 6. Note the planar cyclopentene 
rfngs and the pronounced tflt of the carbonyl groups. At the bottan 
(3b) Is the best Wf2 structure. 

Is 1.549 R In the x-ray structure, the carbonyl oxygens are bent downward more than In the 

calculated structure. me average (four observatfons) torsfonal angle (e.g., Cll-C2-C2-01) In 

the x-ray structure Is 171.4(14) O, and the calculated value Is 160.0(l)“. 

Dfscussfal 

The crystal lographfc data presented herefn provfde a detafled pfcture of conform&Ions 

adopted by saturated and unsaturated ffvwnembered rings when brfdged symnetrfcally In a lr3- 

fashfon by ketone carbonyl groups. Two Important conformatfonally related Issues have been ad- 

dressed. One Is, of course, assocfated wfth the extent of foldfng that occurs fn the cyclopentane 

or cyclopentene subunfts. In 4 and 5, envelope conformatfons are adopted to dffferent degrees as 

detafled above. When the pafr of atoms that constftute the respective flaps are covalently bonded 

as In 6, the ffve-membered rfngs develop essentfally planar characterfstfcs. In general, good 

agreement has been found with MM2 computations, although varfous torslonal angles were not alrays 

closely reproduced. 

As a consequence of these structural studfes , ft has also become clear that the central 

oxygen-substftuted rfngs In 4-6 develop lnterestfng topologfcal features that are not at al 1 rell 

reproduced by WW2. In dfketone 4, for example, the calculated mfnfmum energy conformatfon has the 

two carbonyl oxygens pofntfng upward toward the methano brfdges (Ffgure lb). Perhaps to facllf- 

tate thfs flexfng, the ethano bridges are made to adopt enhanced two-fold dfstortlon. In the 

solfd state, possible strafn relfef of thfs type Is not observed and the carbonyl oxygens actually 

cant In a slfghtly downward dlrectfon (Ffgure la). Thfs dfvergence Is more exacerbated In 5, as 

a comparison of Ffgures 2a and 2b ~111 fmnedfately fndfcate.15 

As expected, the downward tilt of the carbonyl oxygens In 6 Is hlghly accentuated (Figure 
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3a), Although MM2 properly predfcts folding In the same directton (Figure 3b1, the extent of 

this deformation Is not as severe as It should be. Although perturbatlons brought on by crystal 

packing forces need to be factored fnto the crystallographic data as a whole, It nevertheless 

remains that the MM2 force field-optimized calculated structures fall slnerhat short in arrlvfng 

at vleus of the true molecular orfentatlons. With the pendfng Introduction of an additional 

torsional-stretch term Into the force field equations (I.e., the advent of MU3)+16 there Is 

every expectatfon that dlscrepancles of the type wltnessed above may well be resolved. 

?kpsrfmentalS4Kztlon 

Preparetlon of Diketons 4. A cold (0 '0, magnetfcally stfrred solutioi! ofu-sesqulnor- 
bornene (160 mgr 1 wnoll in dry dfchloromethane (8 ml) was treated with 1.5 equiv of Sg-chloro- 
perbenzolc acid and stfrred at 0 oC for 3 h. Water was added and excess peracid was reduced 
wlth aqueous sodfum blsulffte solution. Addltlonal CH2C12 was introduced and the organic phase 
was washed with sodium carbonate solution, dried, and evaporated. The resfdual yellow 011 was 
dissolved In 5 mL of 10% aqueous methanol to which 455 mg (2 mnol) of perlodfc acid was added. 
The reactlon mlxture was heated overnight at the reflux temperature, diluted with 50 ml of 
dlchloromethane, and washed with sodium thlosulfate solution and brlne prlor to drying. After 
solvent removal, the pale yellow oil solfdlfled. Recrys allltatfon from ethyl acetate-hexane 
gave 98 mg (51%) of 4 as colorless crystalsr mp 192 DC; 13 

54.48, 31.32, 31.16. 
C NMR (75 MHz, CDC13) ppm 214.53, 

Single Crystal, x-fby Dlffrectloll halysls of 4. Prelfmtnary x-ray photographs displayed 
orthorhomblc symmetry. Accurate lattice constants of a=Q.7508(141r b=7&246(14L and 
c=l2.7704G!O) A were determined from a least-squares fft of fifteen diffractometer measured 2e- 
values. The crystal density (P, = 1.31 g/cm31 and systmtic extlnctlons were accmated by 
space group C2cb cAba In an alternate setting) with four molecules In the unit cell. This 
requfres that only one half of the molecule constitutes an asymnetric unft; the remafnlng 
portfon of the molecule is generated by the two-fold axis. All unique diffraction maxima with 
28 <: 114' were collected on a computer controlled four-circle dfffractometer using graphite mono- 
chrunated Cu Kc radlatlon (1.54178 A, and varlable speed. lo m-scans. Of the 354 independent 
reflecttons collected In thls fashion, 326 (92%) were judged observed (F, > %Y(F,)) and used in 
subsequent calculatlons.17 The structure was phased uneventfully. Hydrogens were located In a 
difference synthesis following partlal refinement of the nonhydrogen atoms. Block dfagonal 
least-squares refinaMlnts wlth anfsotroplc nonhydrogen atoms and fsotroplc hydrogens have 
converged to a conventfonal crystallographfc restdual of 0.0528 for the observed reflecttons. 
Addltfonal crystallographic details are avallable and are described In the paragraph entitled 
Supple#mtaryWaterfal AvaIlable at the end of this paper. 

Single Crystal X-Ray Dlffractlon kralysls of 5. Prel Imfnary x-ray photographs displayed 
monocllnlc symmetry. A least-squares flt of fifteen diffractometer measured Z&values gave 
lattice constants of a=10.5990(32)r b-9.5540(31), c=12.6706(27) & and B=71.990(22f". A 
plausfble crystal density (PC = 1.30 g/cm31 and systematic extlnctfons were unlquely 
accormnodated by the CoImnon space group PZl/c with one molecule of composttlon C16H1602 forming 
the asynmtetrlc unit. All unique diffraction maxima with 28 < 114O were collected on a ccmputer 
controlled four-circle diffractometer using graphlte monochromated Cu K?Y radiation (1.54178 A) 
and variable speed, lo w-scans. Of the 1666 reflections ;yrveyed In thfs fashion. 1242 (75%) 
were judged observed and used In subsequent calculations. The structure was solved 
uneventfully by direct methods, and the hydrogens were located on a difference synthesis 
following partial refinement of the nonhydwen atoms. Block diagonal least-squares refinement 
with anlsotroptc nonhydrogen atoms and Isotropic hydrogens have converged to the current 
crystallographic residual of 0.0871. Additional crystallographic details are avaflable and are 
described in the paragraph entltled Supplementary Waterfal Available at the end of this paper. 

Sfngle Crystal X-Ray DiffractIon Analysfs of 6. Prellmlnary x-ray photographs showed 
monoclinic symmetry, and accurate lattice constants of a=7.6019<16>, b-10.6064(21?, 
c=12.8281(15) A, and 3=102S4(71° were obtalned from a least-squares flt of fifteen dlf- 
fractometer measured 2e-values. Systematic extlnctlons and crystal denslty (p, = 1.39 g/cm31 
uniquely Indfcated space group P21/c with one molecule of C12H~o02 fonnlng the asynww&rlc unit. 
All unique dlffraction maxima with 29 c 114O were collected on a computer controlled dif- 
fractometer uslng graphite monochromated Cu Kx radiation (1.54178 61) and varlable speed, lo 

;";";pV. 
Of the 1197 reflections collected In this way, 1046 (87%) were judged observed (F, > 30 
A phasfng model *as found using dtrect methods, and hydrogens were found on a 

dioffirence synthesis. Block dlagonal least-squares refinements with anisotropic nonhydrogen 
atoms and Isotropic hydrogens have converged to a conventional crystallographic restdual of 
0.0884 for the observed data. Addltlonal crystallographtc details are available and are des- 
crlbed In the paragraph entftled sUpp\e#ltwy Material Available at the end of this paper. 
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