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Matraci: Dlmeltyl 2.2’.6.6’-talrachloro-(t-truxlnata (1) displays restricted rotation 
of Ita phony1 grow l a evidenced by Ilnashapa analvsls 01 tho dvnemlc ‘H and “C 
NMR &ire- wiih the ldlowlng .&tlvation. parameters: AH*~lO.tMJ f 0.24 kcal 
mol -I. AS* -4.36 f 0.8ozal mol - ‘K - ’ In the transltlon steh lor rotatlorr the two 
phony1 groups arm ~p&tlcular to one another and lha ICI 01 roteM Involves one 
phony1 grorlp el a tfms. The major contribullon to the barrlor ot rotation has Its orlgln 
In the chlorine &oms. X-Ray analysis 01 1 ylalds a structure with an an@e ol pucker 
01 14.9 lor lha cyclobutane ring In which one chlorlnm group hovers over the 
cyclobutana ring while Iha two chlorines of Iha other phanyl group avoid the 
cyclobutane ring. 

Spectroscopic and ditlractlon studies as wall as thaoratlcal calculations revealed that some cyclobutanas are 

planar whereas others are puckered with an angle of pucker 01 up to 3Y and a barrier to ring inversion not 

axcaading 2 kcal mol- l.l The puckering Is a rasull of a balance between a decrease In torsional strain caused 

by the acllpslng ot substituents In the planar ring and Iha increase In bond-•ngk alroln and 1.3 WC nonbonded 

transannular repulsions In the puckered conformation 

Nunmous tetra-aubetitutad cyclobulanes. obtalned by soltd-state pholodlmarlutlon of clnnemk acid da- 

rivatlves ue l valiabta.2 The c/u-1.2-dlphanyl groups In such cyclobutones co&d be viewed aa belonging to 

froron dleubstitutad eihnes In an acUpaad conlormation ol a planer cyctobutane or to a gaucho contormetion 

d l puckmrad cyciobutana ring. A slmpla molecular modal3 01 one such compound. dlmethyt 

2.2’.6.6’-tehachlor~f&-truxirute (1) (F)g. 1) indicated that lhe overcrowdlng d two bulky 2,Mkhlocophenyl 

groups In an eclipsed con(ormation ot a planar cyclobutana could led lo raatrktad rotation about the 

cyclobutanaphenyl bond. The same is true even I( the substltuents were assumed to be In paeudoaxlal and 

pseudoequatoriol positions In l puckered ring In Iact. the large value 01 the conlormallonal energy 01 the 

phenyl ring (3 kcal mol - I)’ and the large van der Weals radlua 01 the chlorine atom (1.60 A)s support such a 

proposition. It should also be mentioned lhat sterk hindrance to rotatlon &out q&p3 bonds has been ob- 

sarnd in compounds with structures ramlniscant 01 our compound 1. f hus a.a.2.4.6pentachlorololusne and 

a.a.a’.a’.2.3.5,~techlor~~xylaneb aa wall OS l-c-melhyl~-methyl-l-phenylcyclohaxand J have barrl- 

ars lo rotatlon 01 about 15 kcal mol- 1 In the latter type ot compound. lhosa In which the Methyl or the 

2.gdlmehyl group b mlsaing. do not dlsplay sterlc hindrance to rotation. ’ The antlctpated hindered rotation 

can than be obmrved by the temperature dependence of the line&ape ot the arometk ragkm 01 the NMR 

spectra (DNMR). The process Is studied in our work not only in Iha ‘Ii NMR spectra. but also at two sites in the 

“C NMR spectra 

X-Frey 8trucl~0 Analysta. The X-ray structure analysis ol 1 (FIQ 2) Is Invaluable In the Intarpralatlon and 
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Fig.1. ‘Perepectlve’ view d 1 with the atomic labels 01 the X-ray analysis. 

Flg.2. Sterewcopk view of 1 trvm X-ray structure analysis. 

comparison ot the NMR and DNMR results obtatned In this study. loed Tabta 1 Iti all cyctobutanes wllh 

clr,franr,clr contlguratton lof whkh X-rw ahuclure analysis exhts. tO.tt The Table corroborator Margulls’s 

predktlon ot 1971.@6 that It the ring Is not cenlrosymmelrlcally subrlltuted. the cyclobuhne will ba pucker& In 

the crystal. whsrear centresymmelrlcally subslltutsd cyc)obutanas may still be planar (In 5 of 7 caaaa In Table 

1). His anllclpatlon thit cyclobutanes ol formula 2 might all be planar In the crystal did not materlallrs; one 01 

me compounds Ilrted. 20. Is mered. 

In Tabte 1 we obwrva that In cyclobutanss substituted with one or two palrs ot aromallc 01 heteroaromallc 

rings. these padre l rraw9a themrotves In both the planar and puckered rlnv. In ouch a kahion that one 

arematlc or heteroaromalk ring Is dtagonafly suspended over the cyclobutane ring whereaa the other avolds 

It (wllh the exception d M) (Flg.3). Models Indlcale that In sud, a conlwmatlon the nonbonded InteractIons 

are at a mlnlmum. Wo are therelore Qolng to compare the geometry of 1 obtalnwd lrom our low-lomperatvre 

slatlc NMR results and the geometry ot the lransltlon stale of phenyl rotation speculated lrom the DNMR sludls~ 

with lho geomolry of the molecule extracted from the X-ray structure l nalyslr. 

The lour bond angles 01 the puckered cyclobulane ring 01 1 III well wllh lhon 01 planar 2b and 2c. Ot the 

lour bond lengths, Ihore ot C(CO$Ae)-C(COzMe) (C13-C14) and thoeo 01 the two Irons bonds (Cl3-Cl6 and 
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Table 1. Cryrtrkgtrphic drtr of cyclobutsnw with ci),lranr,eir configuration 

Compound 

2.b 

2bIb 

2ck 

2dBd 

2em 

Highat 

SPW z Symmetry of hrtglt ol eymmctry 

8rov molecule in pockef in d free 

cry&al WJItd t?dCCUl~ 

p2l/” (4,) * ci 00 C2h 

pi (Cl) 1 ci 00 C2L 

Ml/* (4,) * ‘i 00 C2h 

C2/e (gh) 4 ci 00 C2h 

Pecn (Dig) 4 C2 210 C2h 

3rw Pi(cf) 1 

a* p2t/a (Gh) 4 

lgs C2 CC& 4 

4% ml21*l (D$ 4 

ci 

Cl 

01 

Cl 

oo 

19.1O 

149 

10.70 

c2h 

C2h 

C, 

Cl on1 
C, ‘F 

C14-15) are alao In line with Zb and 2c but the C(Ph)-C(Ph) bond (ClS-Cl& 1.W4 A) is longer by 0.022 A than 

that In 2a and Ilr cnume may be rlerlc because 01 the large chlorine subatlluenla.ld In Iact. the average bond 

length ot the bond between the carbona of c&1.2-disubstituted cyclobutrner for l large number of compounds 

Is only 1.559 A for planmr and 1.555 A for puckered rings. td The overcro*rdlng Is else manIfestad In the larger 

dihedral angle between the phony1 bonds to the puckered cyclobutans rlng which Is 2W In 1 and only 5.5’ In 

2c. thus the nonbondod dlstancee In 1. ClT-C23 3.25 A and C22C28 4.17 A. are longer than the correnpondlng 

onea In ie, whkh are 3.18 and 3.42 A rsspecllvely. This al80 causes an Incroaee In tho nonbonded dlr- 

lances between the chlorlner In 1 to 3 43 A (Cl2Cl3) and 3.57 A (Cll-Cl4). The torced puckering of the 

rlng Is then aho rsflectod In the large dlhedrsl angle of the carbomethoxy groupa which Is 17. In 1, 
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Fig.4 Experimental (left) and computed (rlghl) ‘H NMR speclra ol the sromalk protons 01 compound 1. 

chlorines and phenylr In a phonyI-phony1 coplsnar lranslllon slate will enaua. Transition staler wilh perpsn- 

dkular phenyl groups have also been propored for phenyl rolollon In 1.84lphenylnaphthalenes ‘7.‘9 

The lwo m-dkhlorophenyl groups ol 1 are not mulually as congw(ed aa the Iwo phenyls ot 

(2.2lparacyclophone. whkh are also In vklnal posllions lo each other. Thlr tact Is deduced from a comparison 

between their UV spectra: 1 has a UV absorpllon very slmllar lo that of m-dlchlorobenrene.~ except that II la 

balhachromkally ahlllmd by ca 8 nm and has a larger exllncllon coallklenl es a result 01 IIn blndlng lo lhe 

cyclobulane ring and because Iwo phenyl groups are Involved. I1 By conlrasl. the shape of the WV speclrum 

of Ihe cyclophane Is sub8lanllatty dllferenl. n Furlhermors. In the cyctophans crystal lhe clossst approach of 
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the two phony1 groupa Is 2.76 Aanen whereas In crystals of 1 this Intramolecular &stance Is 3.25 A. close lo the 

Inlerrnotecular dhtance between alacked atornalk nuclcl In crystals whkh ts 3.40 A.n The dlllerence Is also 

manllested in the dynamk behavbr of the rings’ whereas 1 has lo be cooled to -lo(w: In order lo observe Its 

lroren rpectrum In the NM9 an oplkalty acllve 12 2tparacyclophane does racemlre al 200%. albell only by a 

melhylenbbrldge cleaving mechanlsm.n.z4 

Table 3. Talc conaLntc/g lor phcuyl rohtion in 1 
(from C L)NMIt)a 

Tcmp Iligll lie d Low licl 
K k WC- \ k WC- f 

222.8 5f3 
229.7 12 f 3 I3 f 5 
240.0 46 f 4 40 f 8 
250.0 85 f 5 IWO f 6 
258.1 105 f 5 loo f 10 
270.6 790 f 110 000 f 75 
283.7 1490 f 350 

It la lnteresllng to compare the value 01 AG* ot 1 with those 01 structures wllh slmllar characlerlsllcs The 

lree energies 01 actlvallon lor phenyl rotallon via lranslllon slates In which the phenyl groups are perpendlc- 

ular. have been measured and are about 18 5 kcal mol - ’ lor Sam and 8bM Thla value Includes a contrib- 

ullon 01 ca l-3 kcal mot - ’ Z6.21J8 lrom one nonbondod H .+I lnleracllon 01 the blphenyl lypo and a conlrlbullon 

01 ca l%t!5 kcal mot - t, orlglnallng lrom the Interaction 01 the Iwo perpendicular phenyl groups lo 1 the lree 

energy 01 acllvallon Is only co 12 kcal mol - ‘, although II carries chlorine atoms very close lo the slle 01 rota- 

Ilon. whereas they are absent In compounds 5 The relallve low AG* of 1 Is a result not only 01 the Iact that a 

blphenyl type 01 lnleracllon Is mlsslng In the lranslllon stale 01 1. but mainly because the splaying 01 the two 

phenyl rings In crystals 01 1 Is 6tV. This value is only 22’ and 35’. respectlvsly. In the two compounds 01 type 

Sol known cryslel structure. namely. peri-I.&dlphenylacenaphlhene~ and 1.4.5.6-telraphenylnaphthalene.~ 

The average dlslance between the aromatic carbons In 1 Is 5 0 A,. whereas In the above-menlloned compounds 

II le only 3.7 A and 3.8 A. rospecllvely. This geometry asslsls In the rellel 01 overcrowding In the l lmosl per- 

pendicular lranslllon slate 01 1 lo a much larger extent than In the Iranslllon slates 01 compounds 01 type 5. It 

seeme therefore that the major conlrlbullon lo AG’ has Its origin In the Inleracllon 01 the Iwo chlorine atoms 

lrom the two adjacent phenyl groups and only lo a lesser extent lrom the lnteractlon 01 the phenyl groups 

themselves The barrler lo phenyl rolstlon In cyclopentyl-2.4.6-lrlmelhylbenrene and Its cyclopropyl analog 

le less than 7.5 kcal mol- ’ J1 Replaclng the methyl groups wllh’ chlorines will keep AG* lor the cyclobulyl 

anaiog as low since the van der Waals radll ol methyl and chlorine are close In sire (2.0 A and 1.80 A).’ as are 

their volumes and surface areas (13.67 and 12 0 cm3 mol I; 2.12 and 1 61X10’- o cm? mol- ‘) 32 Only the 

proxlmlly ot Iwo such phenyl groups wllh bulky chlorine subslltuents wlll ralse AQ* by al least 5 kcat mol - *. 

Enlroptw are plagued by much larger errors than lree energies and enlhalples.3J*M Still. the entropy 01 

actlvatlon 01 1 extracted here lrom a lull llneshape analysis 01 dynamic ‘H NMR spectra may be given some 

credlblllty: as polnled out by Blnsch ef al.. M’ dlllerentlal ellecls al the extremes 01 the dynamic range 01 the 

spectra are Important. In tact. Inspectton 01 our ‘H NMR spectra showa that these spectra lulllll this requlre- 

men). Al the hlgh temperature end we eastly observe the gradual sharpening 01 the doublet al low lleld and 

01 the quartet at hlgh lleld wlth rlse In temperature. Poeltive lree enlroples 01 nctlvatton were reported lor ex- 

ample. lor psubstlluted N.Kdtmethyl aromallc amlder. In lhls case the perpendicular translllon slate enjoys 

larger motlonal freedom than the planar ground slate. because 01 the parllat double bond character 01 Its C-N 

b~nd.~ The small negative AS* that we observe in 1 lndtcaler that motlonal freedom In the perpendlcutar 

Iranslllon slate Is somewhat curtatted compared to that In the ground stale. Thlr pkture. which IS In accord 
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FIg.6. Experlmenlal (loft) and compuled (mlddle and rlght) 
pound 1. 

“C NMR rpectro ol (he aromalk carbonn of com- 

wilh our model al tha ground and lrsnslllon slates. also rejectr a concorted rotollon 01 both phony1 rings. It 

does not contradkl the co&u&on 01 Jackman and coworkers Ihat In correlated mollons entropies of acllvallon 

are negatlvo but Iargo (-7 lo -29 cal mol - ‘K -_ ‘).= 
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Flg.7. Eyrlng plots and error barr of phmnyl rolallon in compound 1: (a) from ‘H NMR rpecVa. (b) lrom high lleld 
‘C NMR rpectra and (c) from low fleld “C NMR spectra. 

Flg.8. Storwscopk view of 1 after a 1ZV rotation of one phony1 ring about the Cl7420 bond of the X-rsy cryalal 
rlruclure. 
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EXPERIMENTAL 

Olmothyl 2.2’.6.6’-tetr~hlor~~fruxlnate ( 1) was prepared lrom 2.2’.6.6’-tstrachlor~truxlnlc acl&r with 
dlaromethane. mp 116-l 18% (Iso-PrOH; Flsher-Johns npparatus: uncorrected). LJV(MeOH) &,,sr 2B8sh. 273sh. 
275. 264 nm (c 430. 504. 642. 4t8) (Hewletl-Packard 645OA diode array spaclrophotomeler): 
lm-dlchlorobenrene (EtOH) I,,, 250. 256. 263. 270. 276 nm (t 60. 140. 250. 330. 270)1.~ Anal. Calcd lor 
C&i,~O&t4: C. 51.97; H. 3.49; Cl 30.69. Found: C. 52.14; H. 3.59: Cl. 30.19 

NMR Spectra were recorded on a Bruker WH-270 NMR spectrometer In the Fourier transform mode oper- 
nltng al 270 (‘H) MHz and at 67.088 (I%) MHz For ‘H NMR spectra the lollowing data are relevant: 0.02 M 
solution In CS,CDCI, (31) In srnrn o.d. NMR tubes. Internal standard TMS. sweep width 2404 Hr. 16 K data 
points. a pulse with a m lllp angle, line broadening 0 I Hr. An Inverslon-recovery experiment on 40b Indtcated 
that all Tt proton valuaa were less than t sac; thus the acqulsltlon time 3.4 set was sulflclent to ellmlnate sal- 
uratlon ellects. The corrwpondlng data for “C DNMR aromatlc region were the lollowlng. 0.16 M solution In 
CFCIJ-CD2C12 (5.1) In l&mm o.d. NMR tubes. 1605 Hz. 16 K. 45* and 0 689 Hr. Broadband decoupled “C NMR 
spectra at room temperature In CDCI, and at co 190 K In CS,-CDCI, (511) were also recorded wllh the above 
parameters except that the sweep wldlh was 14705.9 Hz 
methan@ 

Tile clremlcal shllt dlllerences In the spectra 01 
and methyl lodldaTM@ were used In the determlnatlon 01 temperalures lor the ‘H NMR and 

“C NMR spectra. respectively 
For spln analysis 01 the low lemperature ‘H NMR spectra 01 the aromallc region over the entlre temperalure 

range program DAVINS’O was used. For the ‘H ONMR spectra program DNMRS” In Its slmulatlon and lteratlon 
mode was used. but lor the “C DNMR spectra only the llrst mode was used. The errors In the rate conslants 
were determlnbd by slmutntlon with smaller and larger rote constants until changas In Intensity and line shape 
were beglnnlng to appear. Hall the Interval between the extreme Isle conetanls wao taken as the error Long 
range benryllc coupling between the cyclobutane and aromatlc protons was Ignored In the spin and dynamic 
nnalysls Actlvatlon parameters and their errors were computed. usin the Eyrlng equatlon. with a linear re- 
gresslon - least squares program based on equations In the literature 9 ’ These equatlons weight the errors In 
both the temperatures and rate constants 

X-Ray cryrlallographk dala. Crystals lor X-ray analysis were obtalned from CHCI -Iso-PrOH. 
C&its04C14. M-462 160. monocllnic. space group C2. a - 11 172(l) A. b= lQ.g05(1) A. c- 1 0294(l) A. 
p = 119.36(l)*. V = 1885.1 As. 2 = 4; calculated density 1 54 gem - 3. The measurements were done at 95 K. The 
Intensltles 01 all rellectlons were measured according to the w-M technlqus by using a scan range of 1’ and 
constant scan speed of 2 per mln on an Enraf-Nonius CAD-4 automatic dlllractomelar (MoK, radlatton. 
X= 0 7114 A). The structure was solved by direct methods using SHELX-66.‘3 A set of 2217 rellectlons was 
used In all calculations with IF,,1 > 3o (F 1 Emplrlcal absorption correctlon was applied ()i=6.66 cm- ‘I.” 
The non-hydrogen l tonu wore relined afilsotroplcally. All hydrogens were located on a dllleronce Fourler 
map, and poslllonal and thermal parameters were relined. A llnal dltleronce Fourier map possessed no spe- 
clal lealures. Final R values ara R -0.036. R_ - 0 04 1, Tables 01 Iractlonal atomic coordinates 01 C. 0. and H 
atoms, anlsotroplc temperature (thermal) factors. bond lengths and bond angles are avaltable on request from 
the Dlrector 01 the Cambrldge Cry$tallographlc Dala Centre. Unlverslty Chemical Laboratory. Lenslteld Road. 
Cambrldge CC2 1EW. England. Any request should be accompanied by the lull literature ctlatlon tor this paper. 

Achnorladgemenl. We thank Dr. Felix Frolow of lhls Instllute lor the X-ray analysis 01 compound 1. Thanks 
are also due to Prol. B SOreen for hle Interest and advlce 
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