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Examination of the IH DNMR spectra of a series of acyclic alcohols and methyl ethers showed changes 
consistent with slowing rotation about carbon-carbon single bonds and allowed an assessment of the rela- 
tive hindering potential to ter t -  butyl rotation of hydroxyl, methoxyl, and various alkyl groups. Both hin- 
dered tert- butyl and N,N-dimethyl rotation were observed in an acyclic N,N- dimethylurethane and N,N- 
dimethylthiourethane. 

Although the potential barrier to threefold rotation in 
ethane (2.9 kcal/mol) is well established experimentally? a 
quantitative theoretical assessment of various energy com- 
ponents contributing to the barrier is e l u ~ i v e . ~  It  is appar- 
ent that van der Waals repulsions can account for only a 
fraction of the barrier height in ethane and an orbital-con- 
trol mechanism has been proposed to account for the hin- 
dering p ~ t e n t i a l . ~  In more complicated systems,6 van der 
Waals repulsions become more important and in many in- 
stances, the barriers to rotation about carbon-carbon single 
bonds are large enough to be accessible to measurement by 
the dynamic nuclear magnetic resonance (DNMR)7 tech- 
nique. 

Although a large number of polyhalogenated ethanes and 
butanes have been examined by the DNMR method: there 
has been little effort to assess the effect of hydroxyl or al- 
koxyl on the barrier to carbon-carbon single bond rota- 
tion.8 This report concerns the DNMR measurement of the 
rate of tert- butyl rotation in a series of selectively deuter- 
ated acyclic alcohols, methyl ethers, and urethanes. The 
tert-butyl rotor was selected in order to provide a symmet- 
rical threefold potential surface for rotation and eliminate 
the need to determine more than one potential barrier for a 
given compound. The tert- butyl group has also been useful 
in establishing stereodynamical trends in tr ialkylamine~,~ 
trialkylphosphines,lO and trialkylphosphine complexes.11J2 

Results 
For the purpose of DNMR spectral simplification, a 

number of specifically deuteriated alcohols (1-5) and 

methyl ethers (6-9) were prepared by standard methods 
(see Experimental Section). 

CH, R 

H C-C-C-OR” 

CH, R’ 

I I  
I 1  

1, R = R’ = CD,; R” = D 
2, R = CD,; R’ = CD2CD3; R” = D 
3, R = R’ = CH,CD,; R = D 
4, R = CD,; R’ = CH,C,Hj; R” = D 
5, R = CD,; R = t-CIH9; R” = D 
6, R = R’ = CD,; R = CHj 
7, R = CD,; R’ = CD2CD,; R” = CHJ 
8, R = R’ = CH2CD3; R” = CH, 
9, R = CD,; R’ = t-C4H,; R”=CHJ 

10, R = R’ = CH,; R” = C(O)N(CH,)? 
11, R = R = CHI; R” = C(S)N(CH,)? 

Examination of the lH DNMR spectrum of 5 (4% v/v in 
CHzCHC1) at  -37.0 “C (Figure 1) revealed a singlet reso- 
nance for the tert-butyl protons (6 1.045) consistent with 
rapid tert- butyl rotation on the DNMR time scale. At tem- 
peratures below -37.0 O C ,  the tert-butyl resonance broad- 
ens and is separated at  -111.9 O C  (Figure 1) into three sin- 
glet resonances at  6 0.980 (3 H),  1.046 (3 H),  and 1.129 (3 
H) consistent with slow tert-butyl rotation on the DNMR 
time scale and the symmetry experienced by a static ter t -  
butyl (eq 1). Total DNMR line shape analyses at  various 
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Figure 1. Experimental 'H DNMR spectra (60 MHz) of the tert-butyl 
group of 5 (4% v/v in CH2CHCI) and theoretical spectra calculated 
as a function of the rate of tert-butyl rotation (k = first-order rate 
constant for conversion of one fert-butyl rotamer to one other ro- 
tamer). 
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temperatures (Figure 1) using a substantially modified 
local version of computer program DNMR313 gave the rate 
of tert- butyl rotation at  various temperatures. The activa- 
tion parameters derived from a weighted least-squares fit 
of an Eyring plot and slow exchange tert-butyl chemical 
shifts are compiled in Table I. 

Changes in the lH DNMR spectrum of 1 were observed 
at slightly lower temperatures than for 5 with the slow ex- 
change spectrum of 1 a t  -124 OC (Figure 2) consistent with 
the symmetry of 1 and slow tert-butyl rotation. Analogous 
changes in the 1H DNMR spectra were observed for 2 and 
4. Alcohol 3 did not show a separation of the l H  tert-butyl 
resonance in both CHzCHCl or CBrF3 to about -150 'C 
due most likely to a small or zero chemical shift difference 
between the stereochemically nonequivalent methyls of the 
tert-butyl group. Pertinent data are compiled in Table I. 
Also compiled in Table I are activation parameters for tert- 
butyl rotation in 5 in a variety of solvent systems. 

Examination of the lH DNMR spectra of the methyl 
ethers 7 (Figure 3; 5% v/v in CHZCHCl) and 9 (Figure 4; 5% 

c o t - m u ?  ori 
4 -  

The Journal of Physical Chemistry, Vol. 80, No. 6, 1976 



Potential Barrier to Rotation about C-C and C-N Bonds 645 

61.22 -lA I 60.64 I A 
Flgure 2. Experimental 'H DNMR spectra (60 MHz) of the ferl-butyl 
group of 1 (4% v/v in CH2CHCI) and theoretical spectra calculated 
as a function of the rate of tert-butyl rotation (k  = first-order rate 
constant for conversion of one fert-butyl rotamer to one other ro- 
tamer). 

v/v in CH2CHCl) also revealed changes a t  low temperature 
consistent with slowing tert- butyl rotation on the DNMR 
time scale. While it might be reasonable to expect three 
tert- butyl methyl resonances with slow tert- butyl rotation 
in 7, only two peaks are resolved (Figure 3). It  is apparent 
that the effective diamagnetic anisotropies of CD3 and 
CD2CD3 toward tert- butyl are the same in 7. A comparison 
of Figures 1 and 2 with Figures 3 and 4 also shows generally 
longer T2 values (sharper lines) for the ethers as compared 
to the alcohols. In the case of 6, the small chemical shift 
difference between the different tert-butyl methyl reso- 
nances precluded extraction of accurate AH* and AS* 
values from a complete line shape analysis and only a AG* 
value is tabulated (Table I). 

The 'H DNMR spectra of urethane 10 (Figure 5; 5.5 wt 
% in CH2C12 above -20 "C and 5 wt % in CH2CHCl below 
-20 "C) showed changes consistent with slowing rotation 
about the carbonyl carbon-nitrogen bond and  with slowing 
tert- butyl rotation. The activation parameters for N(CH3)2 
rotation in 10 (AH* = 15.4 f 1.4 kcal/mol; AS* = 0.3 f 5 
gibbs; AG* = 15.3 f 0.1 kcal/mol a t  6.3 "C) were deter- 
mined from a complete lH. DNMR line shape analysis. 
NMR and activation parameters for tert- butyl rotation in 
10 are compiled in Table I. Similar changes in the 1H 
DNMR spectra of thiourethane 11 were also observed (Fig- 
ure 6; 5.5 wt % in CC12CC12 above 25 "C and 5 wt % in 
CHzCHCl below -20 OC). Complete DNMR line shape 
analyses yielded the activation parameters for N(CH3)2 
rotation (AH* = 19.6 f 0.8 kcal/mol; AS* = 8 f 2 gibbs; 
AG* = 17.0 f 0.1 kcal/mol at  53.0 "C) and tert-butyl rota- 
tion (Table I). The barriers to N(CH3)2 rotation in 10 and 

-114.0°00/, 1 7.0 1 

60.60 

Flgure 3. Experimental 'H DNMR spectra (60 MHz) of the tert-butyl 
group of 7 (5% v/v in CH2CHCI) and theoretical spectra calculated 
as a function of the rate of fert-butyl rotation ( k  = first-order rate 
constant for conversion of one tert-butyl rotamer to one other ro- 
tamer). 

11 seem typical14 and are higher than those for tert-butyl 
rotation. 

It should also be noted that for those compounds in 
Table I which show changes in the tert-butyl lH DNMR 
spectra a t  iow temperatures, the slow exchange spectrum 
consists of two or three singlets. This is of course consis- 
tent with rapid rotation on the DNMR time scale of the in- 
dividual methyls of each tert- butyl group.15 

Discussion 
A perusal of Table I reveals some trends which can be 

correlated with conformational parameters from other sys- 
tems. For example, the conformational requirements of 
various alkyl groups as measured by preference for the 
equatorial conformer in the monosubstituted cyclohexane 
(-AGO or " A  value")16 reveals methyl ( A  = 1.7 kcal/mol) 
to be slightly smaller than ethyl ( A  = 1.8 kcal/mol)16 which 
is in turn comparable in size to benzyl ( A  = 1.8 kcal/mol).17 
The sequence of barriers to tert- butyl rotation in proceed- 
ing from compound 1 to 2 to 4 parallels reasonably well the 
corresponding A values for methyl, ethyl, and benzyl. 

However, the A value of tert-butyl (-5 kcal/mol) is very 
large compared to methyl or ethyl and the relatively small 
increase in the barrier to tert-butyl rotation in 5 as com- 
pared to 1,2, or 4 (Table I) reveals the potential inadequa- 
cy of employing A values to predict quantitatiue trends in 
potential barriers to rotation. Unexpectedly low barriers to 
tert- butyl rotation have also been observed in 2,2,3,4,4- 
pentamethyl-3-chl0ropentane~~ which is an analogue of 5. 
Two approaches may be taken to rationalize the small bar- 
rier increase in 5, one involving ground state geometry and 
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Figure 4. Experimental 'H DNMR spectra (60 MHz) of the ferf-butyi 
group of 9 (5% v/v in CH2CHCI) and theoretical spectra calculated 
as a function of the rate of fert-butyl rotation (k = first-order rate 
constant for conversion of one terf-butyl rotamer to one other ro- 
tamer). 

53.14 I 6 0.'70 

Figure 5. 'H DNMR sfectra (60 MHz) of 10 (5.5 wt % in CH2C12 
from 23.8 to -17.7 C and 5 wt % in CH2CHCl from -85.9 to 
-116.1 'C). 

Figure 6. Experimental 'H DNMR spectra (60 MHz) of the N(CH3)2 
group of 11 (5.5 wt % in CCI2CC12) and the t8rf-butyl group (5 wt YO 
in CH2CHCI) with theoretical spectra calculated as a function of the 
respective rates of rotation. 

the other transition state geometry. Examination of' a 
model of 5 keeping all bond angles at  109.5O and all vicinal 
substituents perfectly staggered (12; projection down 

Me f-$ Me 

OD 

12 
C-CDs bond) shows severe 1,3-dimethyl repulsions analo- 
gous to the 1,3-dimethyl repulsions (-4 kcal/mol) in the 
diaxial chair conformation of cis- 1,3-dimethylcyclohexane. 
In light of recent electron diffraction and molecular me- 
chanics studies of tri-tert- butylmethanels and di-tert- 
butylmethane,lg it is highly probable that the geometry of 
minimum potential energy for 5 is not 12 and that signifi- 
cant deviations from perfect staggering, from local T d  sym- 
metry a t  each carbon, and normal carbon-carbon bond 
lengths (1.53 A) occur. In tri-tert- butylmethane,ls the cen- 
tral carbon-carbon bond length is stretched to 1.611 8, the 
central (t-C4Hg)C(t-C4Hg) bond angle opens up to 116.2', 
and each tert-butyl group is rotated about 10' away from 
perfect staggering. All of these adjustments in molecular 
geometry as compared with less hindered systems are con- 
sistent with relief of nonbonded repulsions involving the 
large tert-butyl groups and are analogous to trends ob- 
served in hindered N-tert- butyl-N,N-dialkylamines.9 In 
di-tert-b~tylrnethane,~~ the central carbon-carbon bond 
length is nearly normal a t  1.545 A while the central ( t -  
C4Hg)C(t-C4Hg) bond angle opens up to 128'! 

In light of these observations, it  is virtually certain that 
the central carbon atom in the most stable geometry of 5 
does not possess local T d  symmetry and that the central 
(t-C4Hg)C(t-C4Hg) bond angle will be greater than 109.5' 
and the tert-butyl group will rotate away from perfect 
staggering, i.e., rotate toward the transition state geometry 
for tert- butyl rotation. Any deviation from T d  symmetry a t  
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the central carbon of 5 also precludes achieving any geome- 
try via tert- butyl rotation in which all three methyl groups 
of tert-butyl are perfectly eclipsed with the three other vic- 
inal atoms on the central carbon of 5 bonded to hydroxyl. 
Thus, partial rotation of tert- butyl in the ground state and 
less-than-perfect eclipsing in the transition state for tert- 
butyl rotation would tend presumably to compress the en- 
ergy difference between ground and transition states and 
lower the barrier. In addition to these effects of geometry 
on the barrier to tert-butyl rotation, it is very likely that 
the potential energy increase associated with one tert- butyl 
group in 5 rotating against the other may be optimized (Le., 
minimized) via a concomitant rotation of both tert-butyl 
moieties. Other workers6d have suggested such a cog-wheel 
mechanism in analogues of 5. All of these effects would 
tend to lower the barrier to tert- butyl rotation below what 
one would predict by analogy with the A value of tert- 
butyl. 

I t  is noteworthy that the barrier to tert- butyl rotation in 
5 in a variety of solvent systems (Table I) having different 
polarities and capacities to hydrogen bond varies to only a 
small degree indicating an almost negligible contribution of 
hydrogen bonding to restricting tert- butyl rotation in these 
relatively hindered systems. 

In considering the methyl ethers (6-9; Table I) of inter- 
est in this study, a comparison of alcohols 1-5 with ethers 
6-9 reveals hydroxyl to be roughly comparable to methoxyl 
in hindering tert- butyl rotation. However, in proceeding 
from ether 6 to 7 to 8, there is a clearly defined decrease in 
the barrier to tert-butyl rotation as steric bulk around the 
central carbon increases, In ether 9, the barrier then in- 
creases reflecting the presence of a much larger tert-butyl 
group. This inverse dependence of the barrier to tert-butyl 
rotation in ethers 6-8 on steric bulk is analogous to a simi- 
lar but more pronounced dependence of the barrier to in- 
version-rotation about nitrogen in a series of N-tert- butyl- 
N,N-dialkylamines? For the ethers 6-8, such a trend is 
very likely due to  yet-to-be-determined adjustments in 
ground state geometry resulting from the crowding of sev- 
eral bulky groups around the central atom. An important 
point to be made is that no simple approach can be taken 
to predict barrier trends in these encumbered systems 
without knowledge of the intimate details of ground state 
geometry. I t  is quite possible that methoxyl exerts a more 
pronounced buttressing effect than hydroxyl leading to 
more internal crowding in the ethers than in the alcohols 
and differences in preferred ground state geometry. 

A number of studies have now appeared in which the 
DNMR method was used to measure the rate of rotation 
about carbon-carbon single bonds.6 In addition, the rate of 
rotation about the carbonyl carbon-nitrogen bond of sever- 
al urethanes has been measured using the same tech- 
nique.14 In  light of these data and the barriers compiled in 
Table I, it  was then possible to predict qualitatively the 
temperature dependence of the l H  DNMR spectra of ure- 
thanes 10 and 11 (Table I; Figures 5 and 6). Separation of 
the N(CH& resonance of 10 or 11 into two singlets of equal 
intensity a t  low temperatures is consistent with slowing the 
N(CH& rotation (eq 2) and a significant degree of s bond- 

t4e Me a e  * 
x=o,s 

TABLE 11: Free Energies of Activation (AGZ) for 
tert-Butyl Rotation in t-C,H,C(CH,),X 

X AG Z , kcal/mol Ref 
H 6.9 6e,f 
F 8.0 20 
c1 10.4 6d,e 
Br 10.7 6d,e 
I 
OH 

11.1 
8.7 

20 
This work 

OCH, 9.3 This work 

ing across the carbon-nitrogen bond.14 The barriers to 
N(CH3)2 rotation in 10 (AH* = 15.4 f 1.3 kcal/mol; AS* = 
0.3 f 5 gibbs; AG* = 15.3 f 0.1 kcal/mol at  6.3 "C) and 11 
(AH* = 19.6 f 0.8 kcal/mol; AS* = 8 f 2 gibbs; AG* = 
17.0 f 0.1 kcal/mol a t  53 "C) are typical of such ure- 
t h a n e ~ . ~ ~  The barriers to tert-butyl rotation in 10 and 11 
(Table I) reveal the carbamate moiety"to be very similar to 
methoxyl and hydroxyl in its ability to restrict tert-butyl 
rotation. 

Finally, it  is interesting to compare the abilities of vari- 
ous functionalities incorporated into the same basic carbon 
skeleton to hinder tert-butyl rotation (Table 11). I t  is not 
surprising to note that hydrogen is the least effective sub- 
stituent in restricting rotation. The ability of halogens to 
hinder tert-butyl rotation (Table 11) seems to be more a 
function of van der Waals radius and does not parallel A 
value trends.16 Indeed the A values of methoxyl (0.55 kcal/ 
mo1)16 and non-hydrogen-bonded hydroxyl (-0.6 kcal/ 
mo1)16 are almost identical with chlorine (0.53 kcal/mol)16 
and yet hydroxyl and methoxyl are significantly less hin- 
dering to tert- butyl rotation than chlorine. These compari- 
sons point up the possible pitfalls of using conformational 
parameters from cyclic compounds to predict trends in 
both conformational preferences and barriers to rotation in 
acyclic systems. 

Experimental Section 
The 60-MHz lH DNMR spectra were obtained using a 

Varian HR-GOA spectrometer equipped with a custom- 
built variable temperature probe.21 The 100-MHz lH 
DNMR spectra were obtained using a Varian HA-100-15 
spectrometer equipped with a Varian variable temperature 
probe and temperature controller. 

The theoretical l H  DNMR spectral3 were calculated 
using DEC PDP-10 and RCA Spectra 70/46 computers and 
plotted using a Calcomp plotter. 
3,3-Dimethyl-2-butanone-l,l,l -d3 (13) was prepared by 

repeated exchanges with refluxing deuterium oxide and a 
trace of sodium carbonate. Alcohols 1,2,4, and 5 were pre- 
pared by reaction of CD3Mg1, CDSCDzMgI, 
C6H&H2MgBr, and t-C4HsMgBr respectively with 13 and 
worked up in deuterium oxide. Alcohol 3 was prepared by 
reaction of 2 M equivalents of CD3CH2MgI with the ethyl 
ester of pivalic acid followed by work-up in deuterium 
oxide. 

Methyl ethers 6-9 were prepared from the correspond- 
ing alcohols above by initial conversion to the potassium 
alkoxide using the potassium hydride procedure of Brown22 
followed by treatment with methyl iodide. 

Urethanes 10 and 11 were prepared by treating potassi- 
um alkoxide22 of 1 (R = R' = CH9) with N,N-dimethylcar- 
bamoyl chloride and N,N-  dimethylthiocarbamoyl chloride, 
respectively. 
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COMMUNICATIONS TO THE EDITOR 

Molecular Covolumes of Sphere and Ellipsoid 

of Revolution Combinations 

Sir: In the analysis of equilibrium sedimentation, light 
scattering, or osmotic pressure results on polydisperse or 
interacting macromolecular systems it is required to ex- 
press nonideality effects in terms of activity coefficients 
that are functions of solution composition. This implies 
that even for relatively simple interacting systems several 
self- and cross-term second virial coefficients must either 
be evaluated from the experimental results or assigned nu- 
merical values on the basis of molecular covolume and 
charge considerations. The former endeavor is formidable 
and has not been achieved without simplifying assump- 
tions,1*2 whereas the latter requires expressions for covo- 
lumes. Of particular interest in the protein field are covo- 
lume expressions for interactions between various combi- 
nations of spheres and ellipsoids of revolution (prolate or 
oblate). Recently, Ogston and Winzor3 formulated expres- 
sions for sphere and prolate ellipsoid combinations, but left 
unanswered two basic questions. The first pertains to the 
corresponding expressions for oblate ellipsoids and the sec- 
ond to the correlation of their formulation with the Isihara4 
treatment of self-covolumes of ellipsoids of either type. 

The basic set of equations considered by Ogston and 
Winzor3 in relation to their Figure 1 was ( (x2/a2)  + (y2 /b2)  
= 1, X = x + r sin 0, Y = y + r cos 0, dyldx  = tan 0) where 
u and b refer to the semimajor and semiminor axes, respec- 
tively, of the ellipse, which is tangential at the point (x,y) 
to a circle of radius r and center (X,Y). This same set of 
equations applies to the sphere-oblate ellipsoid problem, 
the difference being that in this instance rotation of the el- 
lipse is considered about the y axis. Formulation of the co- 
volume expressions requires consideration of the volume 
enclosed by the locus of the point (X,Y) which may be for- 
mulated in terms of circular transverse sections. In these 
terms the molecular covolume U is given by 

U = 2 l5" nY2 d X  (prolate) ( la)  

U = 2 L:y n X 2  dY (oblate) Ob) 

The indicated integrations may be performed directly once 
the quantities y2 d X  and X 2  d Y  are written (with the use 
of the basic set of equations) as functions of the respective 
single variables x and y .  Indeed, the required integrals (12 
in each case) are in standard form when the substitutions 
are made that c2 = 1 - (b2/u2) for the prolate case and 
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