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Abstract: The preferred conformation and conformational 
ayn&C8 of 2,2,3,4-tetramethyl-3-i-butylpentane, 2,2,4- 
trimethyl-3-t-butyl-peatme, md it8 cyclic raalogue zie-2,2,4,6- 
%-pent~thyT-i8o-propylcyclohe~ne we determined by dyanmic 
ll8lr 8peCtrOSCOF Molecular Menhanica calculations for each 
compound help to illuminate the interpretation of the 
experimental meoauremente. In e8ch case the most significant 
potentirl minlmr are two stable distorted gauche-ones separated 
by about 180° of rotation, and 8 much lee8 stable trrns-one, 80 
the rotational barrier is two-fold, 

While tbe barrier to rotation in simple polysubstituted ethanes like, for 

example t appears to correlate reStSOn8bly well with the interactions to be 

expected in an eclipsed transition etate I,2 , it has become apparent from etudies 

of mOre highly branched compounds, and from analysis of the detail8 of molecular 

mechanic8 calculation8 5.6 , that other less straight-forward factors mny be 

important in determining the barrier. Further, in such highly-braoched compounds, 

sfmple symm8trlcaX staggered conformation8 may involve strong long-range 
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inter*ctions~ so that ground-state conformations may be of unusual structure. 

High or low barriers to conformational interconversion may result largely as a 

reflection of the stability or Instability of these unusual ground-state 

structures. 

In one of the mOSt impressive example6 of this, tetra-tert-butylethme, 

,7,B,9,19 L , the typical three-fold rotational potential of ethane is Ereatly 

distorted. Two enantiomeric conformations 2 and f ('gauche-like'), are populate a 

while the third staggered one with the methine hydrogen6 anti is much more 

unstable. Osawal', has calculated that the o~trical -conformation 2 is 

actually an energy maximum, and that in the total sweep from one gauche 

conformation through the e-one to the enantiotmrlc gauche-one, -91 

the only minima encountered are so shallow and of so high relative energy a6 to be 

insignificant.in the conformational discussion. The three-fold rotationalbarrier 

of ethane has been transformed into a two-fold barrier, and although it hre not 

been measured it is likely to be at least rlOkcal/mol 
8,lO by analogy with similar 

11 
compounds . 

These ground-state conformations ror 2 are in fact, particularly stable 

points in a congested rotational cycle, and a high barrier to rotation Is the 

result. In a comparably complex mlecule with no confomation in which conaestlon 

is low, rotational barriers will be small. Tri-t-butylmethme with a barrier of 

only about Ikcal/mol 
12 

, is one example. 

The steric interactions in 2 which lead to this conformatlonal situation are 

worth considering. 6a Two t-butyl groups attached to the same carbon atom interact 

strongly with each other, and with the two t-butyl groups at the other end of the 

ethane bond. The most significant distortions to accomdate these interactions 

are firstly the opening of the t-butyl - e- t-butyl bond angle, secondly 

synchronised rotation of individual t-butyl group6 and individual methyl groups 

away from perfectly staggered conformations, dihedral distortions, and thirdly 

coupled to this, rotation away from a Staggered COnfOrP!!tiOn abOUt the Central 

ethane bond, another dihedral distortion. 

These are all interrelated of course, for as diagram 2 for the anti- 

conformation emphasizes, the Newman projection of each end of the ethane becoPe 

markedly T-shaped. The tert-butyl groups on adjacent carbons are thU6 close to 

each other in this conformation 2 (the one 6UBpOSedly favoured by sumning gruche- 

interactions), and conformations 3 and 1 represent the best ways of fitting two 

T-shaped Newman projection6 together. 

As a consequence of these ObServatiOn6 of a high two-fold rotational barrier 

for tetra-tert-butylethane and other similar one6 
Cb,lls,ll.b , Plm-ter Yeer, 

Beckhaue, and Rilchardt 
llc 

Subsequently synthesized the diaetereomeric 

1,2-bi6adamantyl-l,2-bi6-tert-butylethane6 and separated the raCemiC diastereomer 

into stable rotational isomers (atropisomers due to hindered rotation in a 

saturated acyclic alkane). 

Compound 2 is one of several example6 of tetrasubstituted ethanes ACKL-CHIN, 

2, adopting unusual conformations,and similar behavlour is shorn, albeit le66 

spectacularly even in simple compound6 of this kind. In 2,3-dimethylhutane 

(2, K-L=H=N=CIi2), the conformations 1 and g with two hydrogen6 gauche (and thus 

with formally three gauche methyl interactions) are of energy more Or less equal 

to that of the anti-conformation 2, (with formally only two gauche- 

interactions)l'F 
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Intenwdiate members of the series HCIU ---CMJB can be expected to 

show interesting behaviour. We have already inveetigated trl-isopropylmethane, 

(0, I,L,-isopropyl, Y,N-methyl)15 and we now want to report on some further 

examples. Each compound of this type merits diecussion In detail so we will 

restrict ourselves here to reporting the cctspounds lo, 11, and 12. For compound 

l0, the conformation about the central bond shown, and that of each tert-butyl 

group, and the barrier to rotation of each of these bonds is of interest. 11 
(with the methyl and isopropyl groups in a cis-l,&arrangement on the ring) is a 

close cyclic analogue of 10 in which the conformation and rotation 0: the - 
isopropyl group are the principal points of Interest. The pentasibstituted ethane 

12 will be compared with 10 to which it is related by addition of one wthyl - - 

group. 

We have also investigated compound l3, its corresponding methylated analogue 

2, and compound 15, the methylated analogue oi tris-lso propylmethane but so much 

of their conformational behaviour is a reflection of the interaction of isopropyl 

groups when attached to the same carbon ato%, that we will discuss these comounds 

in a separate p*perl’, referring to them only briefly as they are relevant to the 

“\ /” (13) R-t-Bu, X-H 

CX-CH 
/ \ 

(/I) R= t-Bu , X= ~g 

i-Pr Ma (I”) R-i-R, x=klr 

discussion of, compounds l0, 11, and g. 

The evidence for the conformational situation in these heavily congested 

molecule’s WB in three forms. Nt(R coupling constants between the two q ethine 

protons in wt--craTa_ should give an Indication of populated conformations. 

Dynamic aar Easurements should allow the detertinatlon of rotational barriers, 

and molecular,~chmics calculations should give a fairly detailed indication of 

the structure of the ground-etate conformations, and the potential energy diagram 
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for their intercoaperaion. 

The nature of the results which emerge from molecular mecbsaics calculatioae 

of crowded molecule8 sre quite fsmiliar now, 6,17 ,but general coasaents.,r8 

introduction to the present cslculatioas sre worth-while. Bond-angle diatortioo 

and dihedral distortioa are relatively leee energy-expensive than bond-lengthening. 

for tertiary carbon atoms, bond-sagle dietortion will be prrticulrrly Importsat, 

for C-C-C bond opening can be compensated by H-e-C bond cloelag. ’ Dihedral 

distortion 18 likely both with tertiary and quaternary carbons; blrt ieprrticularly 

favoured when two tertiary carbons are adjacent se in 2, l0, IJ, andl9, becsuee 

the near-eclipsing lnterrctioas (pee 2 and 2) esch involve hydrogen rs one 

substituent snd 80 are relatively smsll. 

Nolecuisr H6chsuics are lsea generally succe8stuf~in calculrtiag rotationul 

barriers which mstch experiment ].a,19 , often predicting eathrlples of activation 

which are much smaller than experiments1 free energies of rctivstion. This 

sppareat discrepancy is reduced if a negative entropy of activstloo for rotation 

is measured or can be ir?puted 19 . The quality of the experiments1 dats in the 

present work wae not good enough to allo* the determiartion of rate coastsate over 

a wide range of temperatures, from which an entropy of activation for rotstioa 

might be derived. We have however calculated rotational potential energy disgrm 

for lo-1220*2I ,.and these are reported and discussed later in thie psper, 

Compound 10 is sa analogue of isopropyl-di-tert-but91 phoenhine E which has - 
been studied by Bithner and Suehweller 22 , The substitueats are slnilar, but since 

the phosphorus-csrboa boads are shout 20% longer thaa carbon-csrbon oaeu, the 

interactions we hnve highlighted will be considerably smsller. The bsrrier to 

rotation of the tert-butyl sad feo-propyl grows is nersured to be 8.7 and 4.8 

kcsl/mol respectively. In the ground-state conformation, the hydrogen-carboa- 

t-Du 0) RmUe ‘J,m2-Om 

\ /‘” 6) Et 
cH~-ui, 

I*6 Hz 
/ I.4 Hz 

R 
\ cl IPr 

CH, d) t-au O-8 Ht 

(f71 (la) 

phosphorus-csrbon dihedral angle is calculated to be 32O correeoonding to s 

structure G sad the G-conformation is calculated to be about 3.8 kcol@ol less 

stable than the gauche ground-state one. 

.9esults 

Hellmsan, Beckhsus and Ruchardt 10,21 have reported some aspects of the nmr 

spectra of the s, z, and $S$ (Es). Ve have re-exsmined these compounds snd 

in addition conpoundelSc (Es) sad ll., determining precise values of thecoupling 

constant between HA onh ED by spectrsl simulstioa. The results are reported 

alongside disgrsm 2 for these compounds. For 11 the coupling constsnt is 1.15 

Hz, while for tetra-tert-butylethane, the corresponding coupling is 2.0 Bx 
a . 

NW spectra of 10 - G are temperature-dependent sad sre described in Table 1 

(proton) md Table 2(csrboa-13). The following ore the sfgaificsnt frets. 

The proton-decoupled carbon-13 spectrum of 10 st 100°C -the expected five - 
8iaglet6. Figure 1 ehoas the upfield region of this spectrum st S~verSl 
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Table I 

proton Chemical Shifts (6) and Coupling Constmts’(Htf for 

compounds lo, 2, and E. $3’ and $0’ represent CH3 groups; 

‘E’ represents A CH2 group. 
B 

C~~O~O TE!@EIUTl:M 6A 68 62 60 OTHER 6,J 
_._.-.-..“” - .c- - .-,__-.- _-_. r -_---. 

Ambient 2.19 1.15 1.10 1.08 
3 0 3JhE 97.5 J&O.8 

Z-H -750 2.19 1.15 b 1.08 1.10 

Y-H (1:ll 

-1400 C 1.16 e d 

-- - ___- _-__--_ 

11 &mbitnt 2.14 1.13 0.98 l.D8(sq~ Y-1.75(H), 0.85(Me), J96.4 

ZTH 
1.01(u) E=l.Sl(sq), l.l4(ax), 5114.0 

Y= Jhi! -7.4, J&.15, JEY-5.5, 10.5 

-1300 C I.15 C d 

12 Ambient 2.06 1.17 0.85 1.09 =J.7.2 - 

2 = Mt -750 2.12 1.19 0.88 0.99 1.08 1.26 

Y=H (1:1:1) 

-!iW c e 0.87 C 

Footnotes: a) Arithmetic vrluss. sign not dstslrined. b) covered by other signals. cf not 

oCstrvtble at vtry low temperatures. df coaplcx. 

Table 2 
2 

Carbon-13 chtmic~l shifts (6) for compounds 2, U_, &nd 

11 nf various ttntperatorts (T). I *Cc 
~-Q-co /+f 

Y- 
/ 

Q---c, 
‘G 

COMPOUnD TEHPERATUPI 6& da K 60 6F: OTHER 6 

.?L! *SLJO 61.3 30.1 23.3 37.2 J1.S 

Y=H -500 59.8 29.7 26.7 19.1 37.2 36.8 31.6 30.5 
(1:l) (1:l) (1:l) 

Z-H -1tso SS.5 29.6 26.5 19.1 37.1 36.6 Jb.9 33.8 23.8 
(1:l) (1:l) (1:1:1) 

33.9 32.1 25.2 
(1:1:1) 

Ir ss* 55.11 29.7 29.1 36.0 74.6 33.7 50.4 (CH2) Y=ZS.4(CH) 23.6 

Z*H -1400 I 26.9 26.6 30.0 36.0 21.1 28.2; 31.3 35.8 

Y= 

4 

CHI 

(1:l) 4S.S 52.0 (1:1) 24.3 23S(CX3) 

(1:l) 

-z 17 25” . . 2 23.i.J 42.6 31.6 t-22.4 

z*CH 3 -500 47.6 34.8 23.7 42.5 32.3 31.7 30.5 22.5 
(1:l:l) 

Y=H -1000 47.1 34.3. 24.4. 42.4 42.2 32.5 31.9 51.8 31.0 22.5 
(l:l?) (i:i) 29.6 a (1:1:1:1:1:1) 

Footnote: a) obscured by solvent or other peaks. 
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Figure 1 

Upfield region oi the proton decoupled 

carbon-13 omr spectrum of (t-Bu)2C(E)i-Pr, 

10 at various temperatures. Three - 

singlets split to doublets when Isopropyl 

group rotation becomes slow (-50°) viz 

the isopropyl methyl (623.3) and the 

primary (631.5) and quaternary (637.2) 

;-butyl carbons. At temperatures below 

-75’ as rotation of the two t-butyl groups 

becomes slow, the two t-butyl methyl 

singlete A+ eplit to triplets at 

different rates (-12V). 

I 
40 

IL 

-soa 
-00. 

A 
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6 

cspectrum of 12 

(t-Bu)2C(Ye)f-Pr, atSlrious 

temperaturee. The &-butyl 

methyl singlet at 631.5 

splits to three singlets aa 

t-butyl rotation becomes 

slow (-500). Each of these 

three, the Isopropyl methyl 

carbon 623.0 and the 

quaternary &-butyl carbon 

642.6 epllte to a doublet 

when the isopropyl group 

rotation becomes slow (-150” 



Two-fold rotmooal barriers 3707 

temperatures. Below about 60° the iso- propylmethyf signal, the tert-butyl methyl 

signal and the quaternary -butyl carbon signal broaden and each splits to two 

equal eignale at sligbtlp different temperatures below about -2W. Below about 

-BOO the two tert-butpl aignalo broaden further then each 8plitE below -7P and 

-9W respectively to give a 1:l:l triplet, eee Table 2. 

The first change8 correspond to iso-propyl group rotation (10*20) becoming 

slow on the nmr timescale, and from the temperature of coalescence the barrier to 

this process of 11.5 keal/aDol at -29*. The two s-butyl groups in 2 (or 20) 

are different on the iimr timescale at this low temperature and the changes in 

the nmr spectrum on further cooling correspond to rotatton of these tert-but91 

groups becoming slow on the nmr timescale and a complete line-shape fit of spectra 

suggests barriers to rotation of 8.4 and 7.6 kcallmol at -7B” and-QW 

respectively. Analogous changes are observed in the proton nmr spectrua see Table 

1, but at very low temperatures a complex overlapping set of broad signals, 

difficult of analysis, is observed. Nothing incongruous with the carbon-13 nmr 

spectrum interpretation was observed. 

Both the proton and carbon-13 nmr spectra of 12 are temperature-dependent, and 

Figure 2 shows tbe latter spectrum with proton decouplfng at a range of 

temperatures. Tables 1 and 2 give full details of both sets of spectra at several 

different temperatures of particular interest. The most striking aspect is that 

as the temperature is lowered, change8 are first seen in the tert-butyl methyl 

signal without changes in the iso-propyl signal. - The singlet splits into three 

singlets below about -41° indicating that there is a barrier of 11.0 kcalfmol to 

the rotation at that temperature. At slightly lower temperatures the iso-propyl - 
methyl signal splits to a doublet, aa do each of the three tert-butyl singlets 

indicating that rotation of the iso-propyl group fs DOW slow on the nmr timeacale - 
with a barrier rotation of 9.0 kcal/mol at -84O. 

The nau epectra of compound 11 are reported In Tables 1 and 2. In the 

carbon-13 nmr there is a doubling of certain signals at temperatures below about 

-1200. If the cis-compound 11 can be assumed to adopt a chair conformation with - 
the unique methyl-group equatorial aad the mropyl group axial see 2 and g, 

these changes correspond to iso-propyl group rotation (s*z) becoming slow on 

the omr tiroeecale at these low temperatures. Because of the ring structure there 

are no complications from other rotations. The barrier to the iso-propyl group - 
rotation is calculated to be 6.6 kcal/mol at -124”. 

Molecular Mechanics Calculations 

Acyclic molecules g and G and the two chair conformations of IIt viz. iso- - 
propyl-xial 2l, and isopropyl-equatorial 23 have been examined. Table 3 reports 

molecular parameters calculated for the ground state conformations of these four 

structures ueing Allinger’e MM282 program 17b . The potential energy diagram for 

rotation of the iso-propyl group in each of these four structures as calculated 
by driving tbe 8-C2-Cl -2 dihedral angle fsee Table 3) are showa In Figure 3. 
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DISCUSSION 
Ul )(O.O) (r?*) (2.09~ 

The vicinal coupling constant between the q ethine hydrogen8 in 10 and 11, - 
0.8Hz and 1.15Hz respectively, indicates that the adjacent carbon-hydrogen bonds 

are near orthogonal. There are four coaaoonly-used equations linking dihedral 

angle between two carbon-hydrogen bonds to the vicinal coupling constant 
23-26 

Two of these 
24,26 

do not admit of the coupling constant being as low as the two 

measured values, at any angle. The other tso relations suggest that the dihedral 

angle is about 74O or 104O for 10, 4J 
4 23-26 

= 0.83&., and about 72O or 106O for 2, 

J = 1.15Hz. The citations of these references give the relation used and 

specific values of dihedral angles and corresponding calculated coupling constant 

Application of these four equations to compounds 10 and 11 thus sheds no - - 
clear light on the question of their conformation, and serves as a caution 

against seeking to derive much detail rrom the proposed relations. Conformations 

with unusual dihedral angles near to 90: are suggested, but nothing more precise 

than that. 

The source of the problems may be that in E and 2, there are large 

distortions rrom ideal ethane-like conformations, not only dihedral distortions, 

but others involving bond angles and bond lengths which may arrect the 

applicability of these equations. In any case, these equations are derived from 

experimental measurements on compounds with their own particular distortions 

(e.g. bicyclic compounds), or with the modifying influence of electropositive or 

electronegative substituents, so lack of general applicability is hardly 

surprising, 

It Is interesting that in the compound 2 the coupling constant of 2.OAz is 

not as small as in 10 and 11 This is best taken as an indication that the - -. 

dihedral angle is even more distorted away for 60°, beyond the angle around 90° 

which gives a minimum coupling constant, into the region where the coupling 

constant is increasing again. In the bis-1,2-adamantyl-his-1,2-tert- - - 
butylmethane analogues of 2, the dihedral angle is 108.8O and 106.6O 

11 
respectively c. From these values the various equations relating coupling 

constant to dehedral angle would predict couplings of 1.80-2.178~~~, 

2.35-2.568~~~, 1.34-1.67B~~~, and 3.38-3.678~~~ respectively. 

The set of barriers for iso-propyl group rotation reported in this work is 

quite remarkable as the collation in Table 4 indicates. The barrier in g is 

strikingly large when compared with less-substituted and more-substituted 



Two-fold rotrtio~I bar&n 3709 

TAMa 3 

Molecular Muohanical Calculatione of 

Conformational Eathalpies, and structure8 

for compounds lQ, X - Z - 8; 21, 23, Y = 

-C(H)CR3-, 2 - H; aad E. Y m 8, 2 - CR3. 

Three bond angles nt C1 (apd C2) are greater 

than 109,5°,‘opeaed up’, and three are lees 

than 109,5°,‘clo8ed down’. The Road angle 

entries are the mean values of three eucb 

angles in each case, A Dihedral angle is the 

arithmetic difference between calculated 

values and 60° (or 1800). 

XRTRALPY TERMS (kcaf/mol) 

Total Steric Energy 
Road Length Distortion 

Bond Angle Distortion 

l-4 van der Waals 

Other van der laals 

Torsional strain 

BOND LXNGTRS 
Cl.._C2 

C1_-C5 

i&C6 

#ND ARCZES to f 

Mean opened-up bond aagle at C1 

Wean closed-down bond angle at C1 

Mean opened-up bond angle at C2 

Yean closed down bond angle at C2 

DIREDRAL ANGLES 

Mean A, z-cl-CS-c 

Mean A, z-cl-c6-c 

Yeaa A, z-Cf-C2-C/R 

R-C2-CfC5 

R-C2 cl-c6 

w2-c1 z _ - 

TABLX 4 

22 23 22 4.2 
32.07 34.34 36.43 49.57 

4.27 4.04 3.si 8.59 

10.10 9.17 11 .I6 11.91 

8.15 10.61 11.47 9.21 

2.30 1.11 -0.05 6.88 

6.20 8.41 10.30 7.49 

1.571 1.568 1.561 1.594 

1.584 1.581 1.570 1.622 

1,578 1.572 1.567 1.609 

116.2 115.2 116.3 113.3 

101.5 102.8 101.3 105.3 

114.6 i14.5 113.8 114.8 

103.6 103.7 104.6 103.3 

11.0 22.8 3.m 15,Q 

lR.l 24.4 8.70 16.8 

27,8 9.6 34.0 2f.Q 

21.0 43.2 14.2 31.2 

164.7 179.1 156.8 163.8 

86.5 67.0 93.0 80.8 

Rarrfers (kcal/mot) for iso-Propy1 Group Rotation in Coqounds of the type 

RPaR3C ---t-W . 
- 

This aork 

This work 

This work 
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compounds. The barrier in 2 contrasts with that in lo, and is of the same order 

as that in much less substituted compounds. The barrler for the most hlghly- 

subs$Ftuted compound ;2 is not particularly large. 

Fiq 3 

I20 loo 240 300 360 

H-c-c-H(M~}-~~8~rai Aqfe (‘1 

The rationallsation of such a set of results, as is often the case In 

crowded molecules, is best done in terms of the Mobility of the ground state. 

Por a eet of such molecules with a similar rotation process, it seems somehow 

that the transition states, which are equally Important of course ln determining 

barrier size, are nonetheless more homogeneous in thefr total strain. Conslder 

z and 12 in the light of molecular mechanics calculations (seeTable 3 and Figure 3). 

Increasing zpethyIf -butyl torsional angles to reduce their ground-state 

interactions must lead to a reduction of other torsional angles, In l0, the two 

.torsiooal angles which are particularly small both involve an undemandinghydrogen 

atom. As a result, rotation away from 6W to dlmfaish strain Is as much as 26.S” 

(if the H--C--C--H dihedral angle of 86.5O is taken as criterion). In 12 compared 

with IO, one of the undemanding hydrogens has been replaced by a methyl group and 

the corresponding ground-state dihedral angle is only t 80.S”, Overall torsional 

interactions in 12 are thus less reduced in the ground state, and there is in - 
addition a new methyl-methyl torsional interactlon at only 31* dihedral angle. 

This last interaction actually diminishes in the transition state with a dihedral 

angle of 60° and so favours a lower barrier. 

A second important feature of 2 (and of G as it happens) rhich is absent 

in g is the hydrogen atom substituent at each end of the bond, Opening of 

C--C--C bond angles at both ends of the bond in s relieves strain betweengemlnal 
.+ 

substituents but must be accompanied by closing of E--C--C bond angles. In 12 - 
the additional methyl group will destabilise the ground state by resisting this 

closing, and the calculated bond angles for s and E reflect this point. 

The third significant feature emerging from the calculations is the much 

greater total steric strain in the ground state of 12 compared with 1, 45.57 - 
kcal/mol compared witb 32.07, even although there is only one addltlonal CH2- 

group. Part of this difference arises from the first two features as discussed, 

but without looking at the total strain in any more detail, these three features 

make it easy to assign the low barrier to increased strain in the ground state. 

The calculated barriers (See Table) while not reproducing magnitudes to agree 

with the experimental vaLuea, do find the difference in strain between 
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transition state6 to be la66 than that between ground states, i.e. the barrier 

is calculated to be lower in 2. 

Rotation between the two enantiomeric grouad stats8 of g and _?2 48 

calculated to take place more ea6ily through the &-confOrm8tfon rather than 

through the CP eclipsed one, eee Figure 3. la both compounds, the perfectly 

staggered lSO" anti conformation 1s calculated to be the high-energy point iD 

rotation, reflecting the large deetobilising parallel-I,3-interactionea6sociated3 

with such st8ggerlng. The l20* eclipsed conformation la indeed an energy maximum, 

but the staggered 100* confornutioa between theee two 16 even higher in energy. 

The anti-conformation is mUch higher In energy than the ground-state skewed- 

gauche conformationa 40° or 50* on aitber side of perfectly staggered. The 

overall picture for both compound6 ie of two well-defined minima sebarated by 

187O or 138.4O of rotation through a barrier whose profile includes sore6 local 

minima of insignificant population, in other worde, a two-fold rotationalbarrier 

with a perfectly staggered transition state. 

The barriers are not high because they are two-fold--there is a 1~ two- 

fold barrier in 2. Nor are the barrier6 high becawre they involve rotation 

through a large arc-- the larger rotational arc of 12 leads to a lower barrier 

than in 10 -* 
It is particularly noticeable that the lso-propyl rotational barrier is much 

lower in the cyclic compound 2 than in lo. It is not uncanxnon tbat the 

rotational barrier should drop when the substitution pattern is incorporated in 

a five or six-wmbered ring 
19,30,31 

. This may be attributed to two cau6es. The 

restrictions of the cyclic eyetern may prevent the ground-state conformation from 

relaxing to the least strained arrangement that the acyclic system achieves. 

This restriction must be less important in the transition state, Secondly, the 

acyclic compound has rotational degrees of freedom not present in the cyclic one, 

Which are likely to be constrained in the transition state for rotation. This 

entropy effect will tend to produce a higher free energy of activation In the 

acyclic case. Larger rfnga with much more freedom of motion give rise to 

rotatfonal barriers30dtrectly comparable to acyclic ralogues. 

(25) (24) 
The results and calculations for the compound 2 deserve some dlecussion 

beginning with the question of its configuration and its conformation. From 

its synthesis by the hydride reduction 02 the corresponding olefin 2532, it Wa8 - 
expected that the aompound we had prepared was the cls-compound g rather than - 
Its trane-epimer. The nmr spectrum ebowed that the ring-methine hydrogenadjacent 

to the metbyl group has coupling of 5.582 and lO.SAx to the tao pair8 of ring 

hydrogen6 next to it. This ie consonant with that methine hydrogen's being axial 

andtheriag-methyl group's befog equatorial. A tie-conri6Uration imnliesthen that 

the iso-propyl group is axial. This is not unrersonable, for In an idealieed 

cyclohexane ring, the preference which eubetituent X has for an equatorial 

conformation more or lees dieaDtrear6 when that eubetituent is flanked by four 
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methyl groups at poeltlons 2 8nd 6 (see dl8grrm 26, comprring 2 - H, Y - CH2, 
with 2 - CE2, Y - II). 

We found from our molecul8r mechanics crlcul8tlons th8t the b8rrler to 

rotation of 8n eqrutori81 isopropyl group in conformrtlon 23 of 11 should be - 
6.26 kcal/mol, while for an ax181 Iso-propyl group in conformation z of fi 

it should be 12.46 kc8l/mol. ‘%e brrrier we me88ured experiment.8119 Is 6.6 

kc8l/mol which 8greee with LIP equrtorirl loo-prop91 group. Thie with the 

demonstrated equator181 confornution of the methyl group could be trken to Imply 

th8t the compound we h8d prepued Is of the trma-coaflgur8tion. 

There is 8n alternative expl8n8tlon however of the nmr obeerv8tlons In terrrm 

of the cl8-configuration which the compound ueed undoubtedly h8a. Thus the 

ground-8trte conforavtlon is 8s 21, but the route to the isomerlc rot8tlonrl 

conforlat ion 22 lnvolvee ring Inversion to 8n fso-prop91 equ8torirl conform8tion - 
fi, rot8tion by the low ‘eqnrtori81 iso-propyl’ path 2=23, then finally reverse - - 
ring inverulon to give 22. - 

The barrier to ring inversion 2ll_ ‘24 ie expected to be 8 kcrl/ml or lane as 

the progreeelvely decreasing b8rrlere 288-28~ indioate. -- Conform8tlon z it3 

c8lcul8ted to be lees etrble th8n 21 by 2.OB kc8l/mol which lmplles 8 population - 
on only 0.1% 8t -120° so it la not eurprlning th8t no signs of this conforr~tion81 

exoh8nge (e.g. 8nomrlou8 signal brondeniop) are meen in the low temper8ture nntr. 

Me Me 

G 

AG# RderWKe 

(280) X=Y-H IO.3 34 

X Y (286) X=H, Y=kk 8.7 35 

m9c) X=Y=Me 8.0 34 
X Y 

The rot8tlon81 barrier is me8sured to be 6.6 kcal/aol for compound 11 (and 18 

c8lcul8ted to be 6.22 kc8l/mol in conform8tion z). One c8nnot reasonably Insert 

8 ring-inversion barrier of about I3 kc8l/mol Into the inversion pathwry, 8nd Cl8im 

that the crlculated and experiment81 values spree well, but if rot8tion and ring 

inversion ore Interdependent rather than discrete processes, and if the 

c8lculated ‘axial lso-propyl’ rotation81 barrier of 12.48 kcal/mol Is kept In 

mind, the roundabout rotrtional p8thwrp 21 ~24~23~22 IS perhaps not too 

improbable. 

It la comp8rrbly vrluable to list In T8ble 6, some known tert-butyl proup 

rot8tion barriers. There eeeme to be an upper limit of about 12 kc8l/mol for the 

barrier for a tert-group 8tt8ched to 8 saturated hydrocarbon fragment, 8nd this 

ie cle8rlp linked to increased etr8in lo the around state, 18rgely aesoci8ted 

with long-range p8r8llel-1,3-interactions. When substituente other than rlkyl 

Table 5 Barriers (kcal/mol) for the tert-butyl group rotation in compounds of the 

:ype X1R2P3C --- C(CH3)3 

“1 R2 % 

CE3 c83 B 

CH3 (=3 CHZCH3 

CB3 c83 C(CR3)2.L-Bu 

z t-Bu CH(@U)~ E 

L!i! t-Bu A-pr g 

l0 _ &-Bu I-Pi. - - cB3 

Barrier Reference 

6.0 

0.4 

11.74 

7 

7.6, 8.4 

11.0 

27, 28 

5 

33 

7 

mLs work 

This work 
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groups hinder rotation--for example halogen atoms, higher barrier8 may obtain 38 . 

Another strategy for high barrier8 is to arrange that torsional and longer range 

interactiona are minimieed In the ground state and maximized in the transition 

state, a8 In triptycyl or fluorenyl compounds, when much higher barriers ceault 37 

tbe tert-butyl group rotation barrier8 of 8.4 and 7.6 kcal/mol for s are 

therefore not unusual in size, and it is reasonable that such cbemlcally 

different groups within the same molecule show different barriers. Siml lar 

bebaviour has been observed for 27$8. Fe believe that the lower of the two 

barriers observed ie for a tert-but91 group with a more hindered ground state, 

i.e. the one gauche to both iso-propyl groups. More worthy of note perhaps is 

the Increase in barrier in going to $J vlth one more methyl group, a quite 

uncoamnon sort of substftuent errect in such highly-branched molecules. 

It is worthwhile making some general observation on the molecular mechanics 

results in Table 3. Bond-lengthening in 2 and 2 is only 3 or 4 plcometers but 

when there is the additional quaternary centre in l2, lengthening of as much as 8 

picometere is calculated, and at the same time bond angle and particularly the 

H-C-C-C dihedral angle are less removed rrom ideal values than in E and zs 

Bond-lengthening ie a route to strain minimlsatlon adopted when bond-angle 

distortion and dihedral distortion become energetically expensive. These two 

latter distortions are preseat however to a greater or lesser extent in alI 

rragments or all structures. The potential energy diagrams of Figure 3 bring out 

well the two-fold nature of the rotatioa- in a 360° rotation there are two well- 

defined minima. 

Concluding Suxrnare 

The compounds 2 to 12 Indicate in their observed and their calculated 

behaviour , the extent to which distortion away from ideal saturated hydrocarbon 

structure can happen. Tbe particular feature of the 1,1,2,2-tetraeubstituted 

ethanes is rotation away from 60° staggered conformations, opening of certain bond 

angles, and the closing of others (involving hydrogen). A two-fold as opposed to 

tbe usual three-fold potential results, and further substftution produces lower 

rotational barriers. A ring system as substltuent leads to lower barrier to 

rotation than a formally-equivalent acycllc substitution pattern. 

Experimental 

The synthesis of 9 and a20e21a and of zsZb have been described elsewhere. 

NMR spectra from a Yariaa XL200 spectrometer are forwO.111 solutions inr4:4:1 

CHFC12:CIIF2C1:CD2C12. Errors in the reported coupling constants arising from the 

aesumptiona made inspsctral Simulation and from dfgittsatfon are estimated to be 

**.1II2. Errors in the free energies ot activation quoted arise from the 

simulation method, and xxtre particularly rrom uncertainties as to sample 

temperature (which was taken form the spectrometer’s thermocouple calibrated by a 

methanol or a 2-cblorobutane thermometer), and are estimated to be iO.‘Jkcal/mol. 

Acknowledgement: The ‘Deutsche Forschungs~emeinschaft’ and ‘Fond6 der Cbemiscben’ 

Induetrie’ are thanked for rinancial support. 

Reference8 

(1) S. Sternbell, DynamZo Nuctear Magrtetic Resonance Spectroeoapy (Edited by 
L.W. Jackman and F.A. Cotton), Chapter 6, Academic Press, New York (1974). 

(2) Bveo la simple molecules, however, 
import ant. 

longer range interactions can be 
These afrect tb; B 

affect barriers of rotation s . 
ound state in particular3 and consequently 

(3) A.B. Dsmpster, I(. Price and N. Sheppard, Spaatroohim. Acta, @, 1381 (lQGQ), 
and earlier work cited therein. 



3714 J. E. &4D-N cl al 

(4) 
(5) 

J.E. Anderson and A. Pearson, J. Chum. Soo. Chem. Cornman., 908, (1972). 
C.H. Bushweller, W.C. Anderson, Y.J. Goldberg, Y.W. Gabriel, L.R. Gilliom 

(6) 
and K. Yisloa, J. Org. Chum., s, 3880, (1980). 
a. C. Ruchardt and E.-D. Beckhaus, Angew. Chom. Int. Edn., 24, 529, (1985). 
b. G. Hellmann, S. Bellmann, B.-D. Beckhaus and C. Ruchardt, Chum. Bar., 
115, 3384, (1982). 

(7) S.Brownsteln, J. Dunogues, D. Lindsay and K.U. Ingold, J. Amer. Chum. Sod., 
99, 2073, (1977). 

(8) K-D. Beckhaus, G. Hellmann, and C. Ruchardt, Chem. Ber., G, 72, (1978). 

(9) W.D. Hounshell, D.A. Dougnerty, and K. Yislow, J. Amer. Chem. Soo., 100, 
3149 (1978). 

(10) E. Oeawa, B. Shlrahama, and T. Yateumoto, J. Amer. Chem. Sod., 101, 4824 
(1979J. 

(lla) 

(lib) 

(llc) 

(lld) 
(12) 
(13) 

(14a) 
(14b) 
c151- 
(16) 
(17a) 

S.G. Baxter, II. Fritz, G. Hellmann, B. Kitschke, E.J. Lindler, K. Mielow, 
C. RUchardt and S. Weiner, J. Amer. Chem. Soo., 101, 4493 (1979). 
H.D. Beckhaus, G. Hellmann, C. RUchardt, B. Klts~e, H.J. Lindler, and 
H.J. Fritz, Chum. Bet-., 111, 3764 1978. 
M.A. Plaaun-ter Yeer. H.Dxeckhaus, K. Peters, E.G. van Scherlng, If. Fritz, 
and C. RUchardt, Chum. Bar., E, 1492 (1086). 
M.E. Bquillacote, J. Chum. Soo. Chem. Sommun., 1406 (1986). 
R.J. Hroczynski and K. Yisloa, J. Amer. Chem. Soo., 101 3080 (1979). 
L. Lunazzl, D. Yacciantelli, R. Bernardi, and K.U. Ingold, J. Amer. Chem. 
soo., 8Q, 4573 (1977). 
U. Rltter, W. Bull, and H.J. Cantow, Tetrahedron Lett., 3093 (1978). 
1. Ritter, Y. Moller, and B.J. Cantor, PoZvmer Bull., 2 533 (1980). 
J.E. Anderson, K.H. Koon, and J.E. Parkin, Tetrahedron, 1, 561 (1085). 
J.E. Anderson and B.R. Bettels, to be published. 
'Molecular Mechanics', by U. 
No. 177, (1082). 

Burkert and N.L. Allinger, A.C.S. Monograph 

(17b) S. Profeta and N.L. Allinger, J. Amer. Chem. Soo., 107, 1447 (1985). 
(18) 
(19) 

C. Jalme and E. Osawa, Tetrahedron, 39, 2769 (1983). 
J.E. Anderson, H. Pearson and D.I. Rawson, J. Amer. Chem. Soo., 107, 1447 
(1085). 

(20) Calculations of the ground-state conformations of 10 and 12 have appeared 
previously in S. Hellmann, H.D. Beckhaus, and C. REbardt,Chem. Ber., x, 
2219 (1983), and reference 21a describes their total potential energy 
diagram. 

_- 

(21a) 8. Hellmann, Doctorate Dissertation, Freiburg University 1082. 
(21b) These calculations suggest that the anti-conformation is an energy maximum 

for 10 and 12. Calculations for coniormation 23 of 11 suggest that there 
is aXtastiXle anti-conformation so a transmi~ion coefficient of l/2 was 
used to calculate the free energy of activation for rotation in 11. A co- 

(22) 
efficient of 1 produces an expeFimenta1 barrier 0.2 kcal/mol hlg&r. 

(23) 
C.D. Rithner and C.H. Bushweller, J. Amer. Chem. Sot., 107, 7823 (1985). 
E.W. Garbisch Jr., 

(?4) 
and Y.G. Grirfith, J. Amer. Chem., %6;-6543 (1968). 

Y. Karplus, J. Amer. Chsm. Soo., 85, 2870 (1063). We used a refined version 
suggested in reference 25. 

( :5) A.G. Haasnoot, F.A.A.Y. de Lieuw, and C. Altona, Tetrahedron, 2, 2783 
(1080). 

( :6) K.G.R. Pachler, J. Chem. Sot. Perkin Trans. II, 1936 (1972), with modified 
constants as suggested in reference 25. 

(?7) C.H. Bushweller and W.C. Anderson, Tetrahedron Lett., 1811, (1072). 
(28) J.E. Anderson and H. Pearson, J. Amer. Chem. Soo., 07, 764, (1975). 
(29) 
(30) 

J.E. Anderson and B.R. Bettels, Tetrahedron Lett., 27, 3000 (1986). 
P.A.L. Anet, 
(1968). 

M.St. Jacques and G.N. Chmurny, J. Amer. Chem. Soo., 90, 5243 

(31) J.E. Anderson, D.J.D. Barkel, and C.J. Cooksey, Totrahedron Zett., z, 1077 
(1983). 

(32) a. Tetramethyl-A1*7, A8-menthadlene on hydroboratlon with 9-BBN gave 
tetramethyl-cis-shisool after standard oxidative work up. This was then 
hydrogenatedTtalytlcally, converted Into the mesylate and reduced to the 
saturated hydrocarbon cis-11. b. Survey on the chemistry of tetramethyl 
monoterpenes: H.Y.R. Hoffm?iiin, Prop. E888ntiUl Oit Rf?88alroh, ed. E.J. 
Brunke, W. de Gruyter P Co, Berlin, 1986, p.320. 

(33) H.D. Beckhaus, C. RUchardt, and J.E. Anderson, Tetrahedron, 38, 2299 (1982). 
(34) H. Friebolin, H. Schmid, S. Kabuss, and W. Falsst, Org. Mag.aes., L, 147 

(1969). 
(35) 
(36) 

Y.St. Jacques, I!. Bernard, and Y. Vazlrl, Conrad. J. Chem., s, 2386 (1970). 
B.L. Hawkins, W. Bremser, S. Borclc, and J.D. Roberts, J. Amer. Chem. Soo., 
93, 4472 (1971). 
r Okl, Anger. Chom. Tnt. Edn., 15, 87 (1976). 
J.E. Anderson and H. Pearson, J.Them. Soo. Perkin TT 871, (1971). 


