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Abstract: '"H and '3C NMR spectra of symmetrically trisubstituted 1,3,5-trineopentylbenzenes may be consistently inter-
preted in terms of the predominance of a rotamer with all three neopentyl groups on the same side of the benzene ring, thus
providing evidence for attractive steric effects among the neopentyl groups. A complete band shape analysis of the 100-MHz
methylene proton spectrum of 2,4,6-tribromo-1,3,5-trineopentylbenzene has been carried out over a limited temperature in-
terval with the aid of a computer program by means of which all possible rotamer interconversions could be taken into ac-
count. Solvent effects on the rotamer ratio in 2,4-dibromo-1,3,5-trineopentyl-6-nitrobenzene are described and discussed in
terms of the existence of an “all cis” achiral rotamer and an enantiomeric pair of rotamers. For example, the predominance
of the achiral rotamer in fluorobenzene solution is interpreted in terms of solute-solvent interactions involving mutual polar-
ization of aromatic -electron clouds, which is sterically favored in an “all cis” rotamer.

The importance of attractive steric effects in the determi-
nation of the equilibrium conformations of organic mole-
cules has recently been reemphasized by Liberles,
Greenburg, and Eilers* in terms of the partitioning of the
total energy of a molecular system into components involv-
ing the kinetic energy of the electrons and the repuisive and
attractive interactions among the nuclei and the electrons.
Qualitatively similar conclusions may be reached by means
of empirical force field molecular mechanics calcula-
tions,>~8 employing appropriate non-bonded potential func-
tions with inclusion of an attractive term, and allowing for
relaxation of the input molecular geometry through bond
stretching, bending, and torsional modes.

Most of the presently available experimental evidence
for the operation of attractive steric effects emanates from
interpretations of the conformational or rotational energet-
ics of molecules containing adjacent electron pairs and/or
polar bonds (for example, the “gauche effect’’?). In saturat-
ed hydrocarbons and their derivatives, such evidence is not
often encountered in the organic chemical literature, espe-
cially since traditional views of steric phenomena in these
systems generally stress the *“‘bulk repulsive approach”.!?

In this paper, we present results from our work on the
1,3,5-trineopentyibenzene system, which may be given a
consistent interpretation in terms of attractive steric effects
among the neopentyl groups, leading to the stabilization of
a rotamer with all three neopentyls on the same side of the
benzene ring.

Results and Discussion

In previous work,!! the temperature-dependent meth-
ylene '"H NMR spectrum of 2,4-dibromo-1,3,5-trineo-
pentyl-6-nitrobenzene (I) was interpreted on the basis of in-
terconversions among three rotamers, A, B, and C (see Fig-
ure 1; X =Y = Br, Z = NO,), of which A and C form an
enantiomeric pair and B is an achiral molecule. In principle,
however, B may be replaced by a fourth rotamer, D, in the
interconversion scheme since, in this case, we can not a
priori determine which of these two rotamers is present by
means of the NMR spectrum. The energy difference be-
tween rotamers B and D was roughly estimated to be 0.6
kcal/mol'!® (with B at the lower energy) by a simple treat-
ment involving a Lennard-Jones 6-12 nonbonded potential
function,'? without allowing for relaxation as referred to
above. This was in line with our intuitive expectations
(using the “bulk repulsive approach”), and we feit them

further corroborated by the negative resuit of an investiga-
tion of the 13C NMR spectrum!? of compound I at —25°C,
which showed no signals attributable to the presence of a
fourth rotamer. In the light of subsequently obtained data,
to be described in detail below, we now suggest that the
achiral rotamer is in fact rotamer D, which is stabilized rel-
ative to B through attractive steric effects but destabilized
relative to A and C due to a decrease in the resonance inter-
action between the nitro substituent and the aromatic ring,
as discussed in the previous work!! (with reference to ro-
tamer B).

The first piece of positive evidence for the existence of ro-
tamer D took the form of a 300-MHz 'H NMR spectrum!#
of the methylene protons in 2,4,6-tribromo-1,3,5-trineopent-
ylbenzene (II) at about —20°C (Figure 2a). In view of the
symmetry properties of this molecule, there are only two
possible rotamers (A = B = C, and D; ¢f. Figure |, X =Y
= Z = Br), the methylene protons of which should theoreti-
cally give rise to a singlet from rotamer D, along with a
strongly coupled AB quartet and a singiet in the intensity
ratio 2:1 from rotamers A, B, and C. The spectrum in Fig-
ure 2a shows no AB quartet, but the AB shift is hardly ex-
pected to be detectable!s (see below); more interesting is
the fact that the two upfield signals appear to have a 2:1 in-
tensity ratio, and the area of the downfield signal is about
three times that of the two upfield peaks together, as indi-
cated by a simple curve-fitting procedure, assuming Lorent-
zian lines. These findings thus indicate not only the pres-
ence of rotamer D but its predominance in the rotamer mix-
ture by a population ratio of ca. 3:1.'¢ An analogous inter-
pretation of the three signals (intensities ca. 9:2:1) in the
13C NMR spectrum of the quaternary carbon-atoms in the
tert-butyl groups of the tribromo compound'? may also be
made, thus reversing the original assignments of Nilsson
and Drakenberg.!3

The tert-butyl region of the 300-MHz proton spectrum!*
of II at about —20°C consisted of two singlets with relative
heights of 11:1. Assuming the smaller singlet to arise from
one tert-butyl group in rotamers A, B, and C, and the larg-
er from the three equivalent rert-butyl groups in D plus the
remaining tert-butyl groups in A, B, and C, a population
ratio of ca. 3:1 may also be estimated in this case.

We have performed a complete band shape analysis of
the 100-MHz methylene proton spectrum of the tribromo
compound at temperatures between —20 and +50°C in
chloroform-d solution, using an “8-sites program”'® by
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Figure 1. The four rotamers in a trisubstituted 1,3,5-trineopentylben-
zene. Note that the wedges and the full or dashed lines denote meth-
ylene protons or lert-butyl methyl groups. as appropriate. The Z-sub-
stituent is omitted from rotamers B, C, and D for the sake of clarity.

-
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Figure 2. Methylene proton NMR spectrum of 2,4,6-tribromo-1,3,5-
trineopentylbenzene at about —20°C in chloroform-d solution: (a) 300
MHz;!3 (b) 100 MHz.

means of which all of the four rotamers A, B, C, and D
could be taken into account (see Figure 3). The population
ratio was estimated to be 2.6, at —19.4°C, and ratios at
higher temperatures were calculated assuming a tempera-
ture-independent AG® of 0.49 kcal/mol. The rather small
chemical shift difference between the high- and low-field
signals (2.8s Hz at —19.4°C; cf. Figure 2b), and the conse-
quent difficulty in deriving rate constants over a sufficiently
wide temperature interval, did not permit the accurate de-
termination of AH! and AS? for the interconversion pro-
cess?! but, by calculating AG? at each temperature and
plotting AG*vs. T, satisfactorily reliable vaiues for AG1y93k
could be obtained: 17.0 £ 0.1 kcal/mol for the D — A, B,
or C conversion, and 16.0 £ 0.1 kcal/mol for the A, B, or C
— D conversion. The latter AG? value, as might be expect-
ed, is in good agreement with the corresponding value for
2,6-dibromo-1,3,5-trineopentyibenzene?? (16.2 + 0.1 kcal/
mol).

The 100-MHz 'H NMR spectra of the analogous sym-
metrically substituted compounds 2,4,6-trichloro- and
2,4,6-trimethyl-1,3,5-trineopentylbenzene at low tempera-
tures (between —20 and —50°C) in chloroform-d or carbon
disulfide solutions could similarly be interpreted in terms of
the predominance of rotamer D but, in these cases, the shift
between the methylene signals became too small to be re-
solved. (The methylene proton band shapes were somewhat
distorted, with a tendency toward the appearance of a
shoulder.) However, in analogy with the case of the tribro-
mo compound, the tert-butyl proton spectrum consisted of
two signals separated by 3.2 and 4.0 Hz for the trichloro
and trimethyl compounds, respectively, in carbon disuifide

Figure 3. Rotamer interconversion scheme for 2,4,6-tribromo-1.3,5-tri-
neopentylbenzene. Interconversions are assumed to occur via rotation
of only one neopentyl group at a time. Note that the wedges and the
full or dashed lines denote methylene protons or reri-butyl methyl
groups, as appropriate.

solution at —50°C. The corresponding intensity ratios (i.e.,
the ratios of the heights of the two terr-butyl signals) were
6.2:1 and 6.3:1. In the 100-MHz rert-butyl proton spectrum
of the tribromo compound in carbon disulfide solution, the
intensity ratio was 8.8:1. The shift data are collected in
Table I, along with estimates of the relative populations of
the rotamers, assuming that the smaller signal in all cases
represents one tert-butyl group in rotamer A, B, or C.

Possible Origin of Chemical Shifts in Methylene Proton
Region. In the symmetrically trisubstituted compounds, the
difference in shift (at low temperature) between the meth-
ylene protons of the two ‘“‘cis” neopentyl groups in rotamer
A, B, or C and those of a given pair of neopentyl groups in
rotamer D is primarily determined by the difference in the
time average spatial orientation of the third neopentyl
group. The internal shift in the theoretically expected AB
quartet for the two “cis” neopentyls in A, B, or C is chiefly
due to a differential effect of the spatial orientation of the
remaining neopentyl group but, in view of the small magni-
tude of the shifts discussed above (at most a few hertz), this
much smaller effect is (not surprisingly) undetectable.

In the light of these observations, it is worthwhile consid-
ering the origin of the AB shifts in the 1- and 5-methylene
proton spectra of the corresponding 2,4-disubstituted
1,3,5-trineopentylbenzenes.?? In these compounds (at suffi-
ciently low temperatures), AB patterns were observed for
the methylene protons of the rapidly rotating 1- and 5-neo-
pentyl groups due to the presence of the slowly rotating 3-
neopentyl group.2? (The AB shifts were 21.7, 26.8, and 31.0
Hz at about —10°C in chloroform-d solution for the di-
chloro, dibromo, and dimethyl compounds, respectively.) If
the 1- and 5-neopentyl groups are assumed to rotate com-
pletely independently of each other, the AB shifts would be
determined solely by the differential effect of the spatial
orientation of the 3-neopentyl group, which would be
roughly of the same order of magnitude as in the trisubsti-
tuted analogs, i.e., most likely difficult or impossible to re-
solve at 100 MHz. However, since all of the possible rela-
tive orientations of the 1- and S-neopentyl groups are not
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Table I. Proton Chemical Shifts and Population Ratios for 2,4,6-Trisubstituted 1,3,5-Trineopentylbenzenes
. : 2
Chemical shifts, 6 Population
Substituents Temp,°C Solvent tert-Butyl Methylene Methyl ratiob
2,4,6-Trichloro -50 CS, 0.947 3.010 1.4¢
(A, B, C “trans”) (A,B,C, D)
0.979
(D; A, B, C “cis™)
2,4,6-Trichloro -20 CDCl, 0.985 3.099 2.1¢
(A, B, C, “trans”)
1.029
(D; A, B, C “cis™)
2,4,6-Tribromo -10 CS, 1.000 3.309 2.0¢c
(A, B, C “trans”) (A, B,O)
1.034 3.334
(D; A, B, C *cis™) (D)
2,4,6-Tribromo -10 CDCl, 1.020 3.362 2.5 (2.3)d
(A, B, C ““trans”) (A, B, O
1.065 3.388
(D; A, B, C “cis™) (D)
2.4,6-Trimethyl -50 CS, 0.848 2.658 2.194 1.4¢
(A, B, C ““trans™) (A, B,C, D) (A,B,C,D)
0.888
(D; A, B, C “cis”™)
2,4,6-Trimethyl -40 CDCl, 0.897 2.811 2.300 3.2 (3.1)¢
(A, B, C*‘trans”) (A,B,C, D) (A,B,O)
0.947 2.324
(D; A, B, C “cis”) (A,B,C,D)

a Assignments to rotamers in parentheses; cf. Figure 1. b Relative populations (D/A, B, C) were estimated by a straightforward curve-fitting
procedure, assuming Lorentzian line shapes. ¢ From tert-butyl signals. @ From band shape analysis of methylene proton signals; ratio from
tert-butyl signals in parentheses. € From tert-butyl signals and (in parentheses) from aryl methyl signals.

Table 1. '*C NMR Chemical Shifts at Approximately —30° in Chloroform-d Solution

tert-Butyl Chemical shifts, ppm from Me Si?
|
Substituents CH,” —C|-— Methylene Methyl Aryl
2,4,6-Trichloro 349 40.4, 40.7 50.1 135.5, 136.5
(D; A, B, C “cis™) (A,B,0) (A,B,C,D)
35.4 40.8
(A, B, C “trans™) (D)
2,4,6-Tribromob 30.6 34.5, 349 49.3 139.4, 139.7
(D; A, B, C “cis”) (A,B,0) (A,B,C,D)
31.1 35.2
(A, B, C ““trans™) (D)
2,4,6-Trimethyl 304 34.3,34.5 41.0 20.4 134.7,135.1
(D; A, B, C “cis™) (A, B, 0O) (A,B,C,D)
30.9 348
(A, B, C ““trans”) (D)

a Rotamer assignments in parentheses; cf. Figure 1. & From ref 12; rotamer assignments revised (see text).

energetically equal, one methylene proton in a given meth-
ylene group spends more time oriented toward the aromatic
proton (or toward the substituent) than does the other, and
the AB shift becomes easily detectable.

13C NMR Spectra. The '3C NMR spectra of the neo-
pentyl carbons in the trichioro and trimethyl compounds at
low temperatures (ca. —30°C) exhibited features similar to
those previously observed in the tribromo case!? and may be
interpreted in the same way as described above. The 3C
chemical shift data are summarized in Table II. In this con-
nection, it should be noted that the 13C NMR spectrum of
trineopentylbenzene itseif shows only one signal from the
quaternary carbon atoms at temperatures as low as ca.
—160°C. An interpretation of this observation consistent
with the other data reported in this paper may of course be
made in terms of the strong predominance of rotamer D.

Solvent Effects on the Population Ratio in the Dibromoni-
tro Compound. We reasoned that, if the nature of the sol-
vent were changed from “aliphatic” to “‘aromatic”, allow-
ing for some form of weak solute-solvent interaction involv-
ing mutual polarization of solute and solvent w-electron
clouds, we might be able to increase the relative amount of

the achiral rotamer (D or B), in which the nitro group is
thought to be essentially perpendicular to the ring plane. A
solute-solvent interaction of this type would be expected to
be favored for rotamer D, in which one side of the aromatic
ring plane is essentially entirely free from steric hindrance.
Furthermore, the energy gain associated with such a solute-
solvent interaction, in conjunction with the increase in at-
tractive non-bonded interactions among the rerr-butyl
groups on going from rotamer A, B, or C to rotamer D,
could counterbalance the energy loss due to decreased reso-
nance between the nitro group and the ring in rotamer D.

The data are summarized in Table III and show that our
expectations were fuifilled in the sense that a change in sol-
vent from, e.g., carbon disulfide to carbon disuifide-hexa-
fluorobenzene 25:75 (v/v) leads to a 43% increase in the
relative amount of the achiral rotamer. In monofluoroben-
zene solution, the achiral rotamer is the dominant species
(population ratio = 1.12). These data do not allow us to
unequivocally distinguish between rotamers B and D in the
dibromonitro system, but our preference is for D in the light
of the results for the symmetrically trisubstituted com-
pounds.
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Table I11. Solvent Effects on the Rotamer Population Ratio
in 2,4-Dibromo-1,3,5-trineopentyl-6-nitrobenzene (1)

Ratio of rotamer D
to A or C2 at ca.

Solvent -25°C
CHCLF 0.44
CS, 0.51
CS,-C,F, 50:50 0.61
CS,-CF,25:75b 0.73
Pyridine 0.93
CH.F 1.12

a Cf, Figure 1;rotamer B is excluded from consideration for rea-
sons given in the text..The population ratios were estimated by a
straightforward curve-fitting procedure, assuming Lorentzian line
shapes. b Spectra could not be obtained in C,F, in the absence of
CS, due to solubility difficulties.

Estimation of the Resonance Effect of the Nitro Group in
Compound I. The energy of stabilization due to the reso-
nance between the nitro group and the aromatic ring on
going from the tribromo to the dibromonitro compound
may be roughly estimated as follows: rotamer A, B, or C in
the tribromo system lies 0.49 kcal/mol higher in free energy
than rotamer D at a concentration of ca. 6 mol % in chloro-
form-d solution at —19.4°C (data from band shape analy-
sis); the corresponding difference for the dibromonitro com-
pound (excluding rotamer B from consideration) at compa-
rable concentration and temperature in chloroform-d solu-
tion''? is —0.3 kcal/mol (i.e., rotamers A and C at the
lower energy). Thus the replacement of a bromine by a
nitro group leads to a stabilization of the A/C rotamers by
about 0.8 kcal/mol. If the greater part of this stabilization
energy may be attributed to the resonance interaction be-
tween the nitro group and the aromatic ring, and the total
energy of this interaction is of the order of 3.0 + 1.5 kcal/
mol,2* we may derive a lower limit value for the nitro
group-aromatic ring dihedral angle of ca. 58°, assuming a
cos? (dihedral angle) dependence. This may be compared
with a dihedral angle of 66° in 2,6-dimethyinitrobenzene,
estimated from UV data by Wepster.2*

Experimental Section

The syntheses of 2,4-dibromo-1,3,5-trineopentyl-6-nitrobenzene
and 2,4,6-trichloro-1,3,5-trineopentylbenzene have been described
previously.26-27 The original sample of 2,4,6-tribromo-1,3,5-trineo-
pentylbenzene was a gift from Dr. Per Martinson, Goteborg.

2.4,6-Trimethyl-1,3,5-trineopentylbenzene was obtained via
chioromethylation of 2,4-dimethyl-1,3,5-trineopentylbenzene?®
and subsequent reduction of the product. 2,4-Dimethyl-1,3,5-trine-
opentyibenzene?® (640 mg, 2 mmol) was dissolved in § ml of car-
bon disulfide, and 0.12 ml (1 mmol) of tin(IV) chloride, 1.4 ml (12
mmol) of silicon tetrachloride, and 3.8 ml (50 mmol) of chloro-
methyl methy! ether were added. The reaction mixture was main-
tained at 50°C, and the reaction was followed by gas chromato-
graphic analysis of aliquots drawn from the mixture. After 4
weeks, no starting material remained. Water was added to the re-
action mixture, and the new mixture was extracted with water and
dried with magnesium sulfate. After evaporation of the solvent, the
product was directly reduced with lithium tetrahydridoaluminate,
as described for the reduction of 2-chloromethyl-1,3,5-trineopent-
ylbenzene.?® After recrystallization from nitromethane, 365 mg
(55% overall yield) of a colorless product, mp 114-115°C, was ob-
tained: mass spectrum m/e (% of base peak) 29 (11), 41 (26), 43
(10), 57 (43), 71 (10), 161 (23), 217 (20), 273 (100}, 274 (36),
330 (10).

NMR spectra were recorded on a Varian XL-100-15 spectrome-
ter equipped with a 12-mm variable temperature probe and a Var-
ian V-6040 temperature controller. Temperatures were determined
by means of a copper-constantan thermocouple fixed near the re-
ceiver coil. The '3C NMR spectra were obtained in the Fourier
transform (FT) mode on ca. 2 M solutions in chloroform-d at tem-

peratures from ambient to —30°C. Some of the proton spectra
were also recorded on a Jeol INM-MH-100 instrument.

The band shape analysis of the spectrum of the tribromo com-
pound was carried out on an approximately 6 mol % sample in
chloroform-d solution, containing a small amount of methylene
chloride as a standard of resolution, and sealed off on a vacuum
line after degassing by the freeze-thaw technique. The spectra
were recorded in the continuous wave (CW) mode on the XL-100
spectrometer, at a scale expansion of 0.5 Hz/cm and with a sweep
rate of 0.1 Hz/sec. The rf field was always chosen sufficiently low
to avoid saturation effects.

Computer Calculations. The computer program utilized to simu-
late band shapes for the tribromo compound was based on the
McConnell equation?® written in matrix form. Exchanges among
eight sites could be taken into account (see Figure 3).'® The com-
puter calculations were carried out on a Univac 1108 computer
equipped with a Calcomp plotter. Simulated spectra obtained from
the plotter were visually fitted to experimental ones. Rotameric
populations and chemical shifts were obtained from iterations of
spectra run at low temperatures. A temperature-independent AG®
was assumed to calculate populations at higher temperatures. The
low-temperature chemical shifts were used in the calculations at
all higher temperatures, as it was not feasible to determine the
temperature dependence of the shifts over a suitably wide tempera-
ture interval. Values for the linewidth parameter, T, were deter-
mined in the usual way!'2.29 at the slow and fast exchange limits of
the exchange process, and were assumed to vary linearly with tem-
perature. The rate constants extracted from spectra in a narrow
temperature interval (13-48°C) were then used in conjunction
with the Eyring equation? to obtain the activation parameters.

The curve-fitting procedure employed to estimate the relative
rotamer populations in Tables I and III (except for that obtained
from the band shape analysis of the spectrum of the tribromo com-
pound) assumed Lorentzian line shapes and was performed on a
Hewlett-Packard desk calculator Model 9820A, equipped with a
Model 9862A plotter.
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Abstract: Rate constants for E2 elimination of 8-substituted "onium compounds and orientation data for E2 and E1 elimina-
tions taken from the literature give significant correlations in nine out of ten sets studied with the modified Taft equation,
QOx = yux + h. The effect of B-alkyl groups on rates and orientation in E2 elimination reactions and on orientation in El
elimination reactions can be quantitatively described by steric effects.

There is considerable controversy in the literature re-
garding the explanation of the effect of alkyl groups on re-
action rates and orientation in E1 and E2 eliminations.! In
the case of E2 eliminations, Banthorpe, Hughes, and In-
gold? made the statement that, “the inductive and electro-
meric effects dominate the picture of eliminations down to
the simplest examples of Hofmann and Saytzeff”. These
authors regard steric effects as insignificant except in the
case of very large alkyl groups. Brown and his coworkers,?
on the other hand, have proposed that steric effects are the
cause of the observed effect of alkyl groups on the orienta-
tion in both El and E2 reactions. It seemed of interest to
examine the available data quantitatively by means of cor-
relations with the modified Taft equation

Ox =yvx+h ey

where Q is the quantity to be correlated, and v is the steric
parameter we have defined in the first paper of this series,?
from the esterification of carboxylic acids. Some of the data
have been correlated with the equation

Ox = agix + Borx + yux + h (2)

to detect the presence of significant electrical effects. In this
equation, g1 and og are substituent constants representative
of the localized and delocalized electrical effects, respec-
tively. Values of ¢y are taken from our compilation, values
of or are from the equation

OR = 0p — 0} (3)

The o}, values are taken from the compilation of McDaniel
and Brown.® The data were also correlated with the equa-
tion

Ox=yvx+h (4)

where v’ represents the steric parameter defined from nu-
cleophilic substitution of substituted alkyl bromides as de-
scribed in the third paper of this series.”

The data sets studied fall into two groups, rate constants
for the E2 elimination reactions of ’onium ions bearing §-
alkyl substituents (sets 1-4) and ratios of percent 1-olefin
formed to percent 2-olefin formed, or similar quantities, for
elimination reactions involving compounds that can produce
more than one elimination product (sets 5-10). When two
or more products are formed, the overall rate constant kt is
given by

kT=k|+k2+...+k,, (5)
where ki, ka, .. . k, are the rate constants for the formation
of products 1, 2, ... n. For these rate constants, we may
write

. kn = pnkT (6)

where py, pa, . . . p» denote the percents formed of products,

ki=pikt, k2= pakT,..

1, 2, ... n. Thus, applying the modified Taft equation we
may obtain
log ki = log prkt = Y ux + hy M
log k> = log pokT = Youx + h> (8)

log pikt — log pakt = log (pi/p2) =

Yivx + by — (Yaux + hy) = logriz (9)

log riz = Youx + hi2 (10
The data for sets 5-10 were also correlated with the equa-
tion

log ri2 = Yu2v'x + h')2 (1
The data used in the correlations are presented in Table I.
Results

The results of the correlation of sets 1-4 (sets labeled A)
with eq 2 are set forth in Table II. Only set 2 gave signifi-
cant resuits. In this set, the values of o and 8 were not sig-
nificant, whereas the value of ¢ was significant, as deter-
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