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Two series of neopentylbenzenes with one or two substituents on the benzyl group have been synthesized. In
one series the substituents were H, F, Cl, Br, I, OCH,;, OCOCH;, OSi(CH.),, CH; and CH,CH,, and in the
other OH and R [R=H, CH,;, CH,CH,, (CH,);CH,, CH(CH;), and C(CH,);}. Barriers to internal
Cp—Cop2iaryy and Copi~Cos TOtation have been estimated by *C NMR band shape methods. Estimated barriers
were found to increase as the size of the substituent increases. The results are discussed in terms of possible
initial and transition states, based on summations of results from molecular mechanics (VM) calculations,
using the Allinger MMP1 program. Barriers estimated experimentally are compared with results from other

systems found in the literature.

INTRODUCTION

In our studies of substituent effects in the 1,3,5-trineo-
pentylbenzene (TNB) system, we wished to include
TNB compounds with substituents on the benzyl
group, since most TNB compounds previously studied
have been substituted in the aromatic ring.'*™ Baas
and Sinnema” studied two TNB compounds containing
(H, OH) and (CH;, OH) groups as benzylic sub-
stituents by *H NMR spectroscopy, and found that the
low-temperature spectra were very complex owing to
the presence of different rotamers. Our aim was first
to study benzylically substituted mononeopentylben-
zenes, because in this case complete band shape
analysis can be employed. The mononeopentylben-
zenes would then be used as model substances, since
the barriers are expected to be similar in the two
series.?

Reuvers et al?*" synthesized ring-substituted
neopentylbenzenes and studied the internal Cg—
Cyp2aryy Totation by '"H NMR spectroscopy. The bar-
riers (usually low) to internal rotation could be esti-
mated in some cases. Neopentylbenzenes substituted
in the benzylic position have been studied by 'H NMR
spectroscopy. Baas et al.***" studied the internal C,,—
Cepraryy Totation in 4-alkyl-2-nitroacetanilides and in
a-alkyl-substituted (3,4,5-trimethoxy)phenyl-tert-but-
ylcarbinols. Gall et al.>® and Newsoroff and Sternhell*®
studied the internal rotation in tert-butylphenyl-
and di-tert-butylphenyl-carbinols, substituted in the
3-, 4- and 5-positions in the aromatic rings.

As an aid for our studies, the following neopentyl-
benzenes were synthesized, all of which were studied

as racemates except, of course, the achiral compounds
1 and 16.
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NMR measurements

The "C NMR band shape method was used to study
barriers to internal Cs—Cypzaryy and Co,—C» Totation.
In most cases, NMR spectra were recorded at at least
10 different temperatures. The rate constants were
estimated from visual fitting of plotted to experimental
spectra.

Wherever possible, the transverse relaxation time
(T,) was determined at both the high and low temper-
ature limits for the exchanging signal and for a refer-
ence signal (T} originating from a nucleus in the
same molecule. At intermediate temperatures, T, was
interpolated by the use of Eqn (1).°*°

’T271 = (Tief)-l -+ 'n-AVcorr (1)

Av,,.. 18 a correction factor and is assumed to vary
linearly with temperature. In cases where only high
(low) temperature data on T, and T5f could be ob-
tained, these values were extrapolated to low (high)
temperatures.
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Determination of chemical shifts at temperatures
where this parameter could not be estimated by band
fitting was carried out by extrapolation from data
below the coalescence temperature.

13C NMR spectra used for band shape analysis were
recorded on a Varian XL.-100 spectrometer operating
at 25 MHz in the Fourier transform mode. To obtain a
spectrum ca 4000 pulses were used.

The temperature was measured by means of a
copper—constantan thermocouple, which was fixed
near the receiver coil. The accuracy in these values has
been shown to be better than +2 °C and is reproduci-
ble within £0.5°C.**

Band shape analyses involving calculations of
theoretical spectra for exchange between two sites
were performed on an HP 9820 A calculator equipped
with a plotter. The calculations of spectra for exchange
between many sites were performed at the Lund Uni-
versity Computing Centre on a Univac 1100/80,
equipped with a Calcomp plotter.

The first-order rate constants (k), obtained from the
band shape analyses, were used in conjunction with
the Eyring equation’ to calculate the free energy of
activation (AG;¥) at each temperature (T). The rate
constants (k) were defined as k =7, ', where 1, is the
lifetime at site A. The relative statistical errors in
estimated AG;* values were estimated by the approxi-
mate expression (2), which can be derived by analysis
of the Eyring equation.”

(CAGFIAGH?
=[1n 10(10.32+log Tk D] X0 /k)*>+ (o T)* (2)

where “AG{’, o, and o are the relative errors in
AG/*, rate constant and temperature, respectively.
For some compounds the enthalpy (AH?) and en-
tropy (AS*) of activation were estimated from a plot of
the estimated AG;" versus T, as the intercept and the
slope of the curve, respectively. The errors in AH* and
AS* could be estimated from the plot of AG;" versus T
when the error bars in AGy* were marked. The total
uncertainty is thus represented by a rectangle. Two
straight lines pivoting about the coalescence tempera-
ture and passing through the rectangle gave two
different slopes and intercepts. The difference in these
parameters was taken as the maximum error.®

Calculations

The MMP1 program of Allinger et al.”**° was used
to calculate the energy for different conformations on
the potential surface for internal C,»C, 2y rotation
in compounds 1, 9, 10 and in benzyl chloride. For
compounds 9 and 10 the initial and transition states
found were recalculated with a revised version of the
Allinger program (MMP2).1*12

RESULTS

For all compounds except 16 the ambient temperature
(28°C) *C NMR spectra were of the type expected
for rapidly rotating phenyl groups. For 16 the “C

NMR spectrum was more complex than those for the
other compounds, and consequently a slowly rotating
phenyl group was assumed.

The tert-butyl resonances in the *C NMR spectra of
all compounds appeared as a single line, indicating fast
rotation at 28°C. The *C NMR chemical shifts are
summarized in Table 1.

The assignments of the unsubstituted aromatic car-
bons in Table 1 are based on the following assump-
tions: (a) at fast neopentyl rotation the ortho carbons
are less shielded (owing to the substituent effect) and
would then have a higher resonance frequency than
the meta carbons;'** and (b) at slow neopentyl rota-
tion a greater difference in chemical shift can be found
between the two non-equivalent ortho carbons than
between the two non-equivalent meta carbons.'*

Rotation around the C,,»—C, ¢y bond

For compounds 1, 2 and 11 the "*C NMR spectra of
the aromatic carbons remained essentially the same
down to the lowest temperatures attainable (—142°C
for 2 and —125°C for 11). For all other compounds,
drastic changes occurred in the spectra as a function of
temperature.

At temperatures where the neopentyl rotation is
sufficiently slow, the aromatic carbons will reside in
different chemical environments. The unsubstituted
aromatic carbons are then expected to appear as five
distinct peaks of equal intensities in the *C NMR
spectrum. This has been found for compounds 12, 13
and 14 (see Fig. 1). The peaks were in all cases
assigned as the two non-equivalent ortho carbons to
low field, the two non-equivalent meta carbons and
the para carbon peak to high field.

In the case of compounds 4, 5, 6, 8 and 16 the same
aromatic region showed only four resolvable peaks.
For 4 and 6 these patterns were assigned as an
overlap between one of the non-equivalent meta car-
bons and the para carbon peaks. For 5, the four-peak
pattern was the result of an overlap between the peaks
due to one of the non-equivalent ortho carbons and
one of the non-equivalent meta carbons. The latter
case is exemplified in Fig. 2. In the case of 8 the
four-peak pattern was the result of an overlap be-
tween the resonance from one of the nonequivalent
ortho carbons and the para carbon.

For 16, as the temperature was increased the meta
carbon resonances coalesced and the ortho carbon
resonances broadened. At the highest temperature
which could be reached (140°C; due to apparatus
limitations), the unsubstituted aromatic carbon region
consisted of a sharp peak assigned to the meta car-
bons, a broad peak from the two ortho carbons begin-
ning to overlap and a third peak from the para carbon.

The unsubstituted aromatic carbons in the '>*C NMR
spectra of 3, 9 and 10 all showed three resolvable
peaks at low temperature. For 10 the peaks were
assigned as exemplified in Fig. 3—at lowest field one
of the non-equivalent ortho carbons, then the two
unresolved meta carbons and at highest field an over-
lap between the other ortho and the para carbon
peaks. In the case of 9, the o'-peak overlapped with
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Table 1. °C chemical shifts in neopentylbenzenes (in ppm) relative to TMS (at 28 °C)

Substance

1

10

1"

12

13

14

15

16

Substituted
aromatic

1371

134.6

135.6

136.1

1377

144.6

136.3

140.7

145.3

143.8

141.8

143.7

142.0

137.5

146.7

146.8

Unsubstituted
aromatic

130.0 (o)
127.0(m)
124.8 (p)
127.4{0 + p)
126.8{m)
125.6 (o)
124.9(m +p)
124.6 (o)
123.3(m)
123.0 {p}
125.2 (o)
123.5(m)
123.2 (p)
128.3 (0)
128.0{m)
127.7 (p)
125.1 (o + m+p)

Benzylic

48.3

104.7
713

66.3

50.4

921

795

125.5 (m)
124.9 (o)
124.2 (p)
129.1 {0}
127.9 (m)
126.1 (p)
129.8 (o)
128.1{m)
126.4 (p)
128.3 (0}
127.8(m)
127.3(p)
127.4 (o)
126.5 (m)
125.7 {p)
128.1 (o)
126.9 (m)
125.9(p)
128.7 (o)
127.5(m)
126.6 {p}

79.6

49.9

57.6

81.8

771

80.2

76.8

127.2 (m)
126.4 (0)
125.5 (p)
129.0 (m)
128.8 {m)
128.3 (o)
127.0 {0 +p)

80.8

82.6

Quaternary
tert-butyl

30.1

33.7

349

34.9

35.6

323

335

33.6

333

413

tert-Buty!

27.3

23.1

24.6

25.2

26.1

26.2

231

23.1

27.8

28.1

26.2

25.4

25.6

25.7

27.7

298

Other carbons Solvent

— CHCIF

J=215Hz CHCI,F
— Acetone-dg—CS, (1:5)
— Acetone-dg—CS, (1:5)
— Acetone-dg—CS, (1:5)

37.30CH;, Acetone-dg—CS, (1:5)

172.5 C=0 in CH,CO; CHCILF

18.7 CH, in CH,CO
~3.0 CH, in Si(CH3)s CHCLF
17.9 CH, CHCI,F

22.4CH, in CH,CH,;
13.9CH, in CH;CH,

Acetone-dg—CS, (1:5)

— Acetone-dg

24.1 CHg Acetone-dg

26.5CH, in ethyl; Acetone-dg
8.3CH; in ethyl

37.1 CH,CO in butyl; Acetone-dg

26.4 CH,—CH,CO in butyl;
24.2 CH,(CH,),CO in butyl;
14.0 CH; in buty!
34.1 CH in isopropyl;
20.2 CH; in isopropyl;
19.1 CH; in isopropyl
—_— DMSO-dg

DMSO-dg-acetone-dg {4:1)

the two unresolved meta carbon peaks, but in the case
of 3 only the two non-equivalent ortho carbons were
resolvable and the two meta and the para carbon
peaks overlapped to give a broad band.

The low-temperature spectrum of 15 showed two
peaks in the ratio 3:2 from the unsubstituted aromatic
carbons (see Fig. 4). This pattern was assigned as an
overlap beitween one of the two non-equivalent ortho
carbons and the two unresolved meta carbons, and an
overlap between the other ortho and the para carbon
peaks.

The unsubstituted aromatic region in the '*C NMR
spectrum of 7 at low temperature also consisted of two
resolvable peaks (one broad) with an intensity ratio of
4:1. The small peak to high field was assigned to one
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of the non-equivalent ortho carbons, and the broad
peak was assigned as an overlap of the signals from all
the other unsubstituted aromatic carbous.

The low-temperature chemical shifts for the unsub-
stituted aromatic carbons relative to the para carbon
shift are given in Table 2 for compounds 3-10 and
12-16.

Band shape analysis. The neopentyl group rotation is a
two-site exchange between two identical sites (see
Discussion). The temperature dependence of the
aromatic >C NMR spectra has consequently been
simulated as two-site exchanges. For compounds 3 and
77, only the resonances from the ortho carbons showed
the expected temperature dependence, whereas for
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Figure 1. Unsubstituted aromatic carbons in the *C NMR
spectrum of compound 13 in acetone-dg solution at different
temperatures.

4-6, 810 and 12-16 both ortho and meta carbon
resonances showed the expected temperature depen-
dence at sufficiently low temperatures. In the latter
cases, the spectra were treated as two overlapping
two-site cases with an extra Lorentzian signal, from
the para carbon, unaffected by the exchange.

For compounds 6, 9, 10 and 12-15 the para carbon
signal was used as an internal resolution standard,
whereas for 3-5 and 16 the benzylic carbon resonance
was utilized for this purpose.

The rate constants obtained from the band shape
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130 126 ppm

Figure 3. Unsubstituted aromatic carbons in the '3C NMR
spectrum of compound 10 in CS,—acetone-dg (5:1) solution at
different temperatures.

analysis were used to calculate the free energy of
activation (AG"). The results are given in Table 3.
The entropy (AS*) and enthalpy (AH*) terms were
also estimated for a few compounds from the tempera-
ture dependence of AG;* (see Discussion, Table 7).
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Figure 2. Unsubstituted aromatic carbons in the *C NMR spectrum of compound 5 in CS,-acetone-dg
(5:1) solution at different temperatures (left) and iterated spectra (right).
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Figure 4. Aromatic carbons in the '*C NMR spectrum of com-
pound 18 in DMSO-ds—acetone-dg {4:1) solution at different
temperatures. The small peak to the left is from the substituted
aromatic carbon.

Rotation around the C,,-~C,,: bond

For all compounds except 1, the tert-butyl resonance
(*H or °C) is expected to split into three signals of
equal intensities for slow tert-butyl rotation, since the
three methyl groups will then reside in different chem-
ical environments. However, only for compounds 14
16 could three signals be resolved at a temperature
low enough to slow down the tert-butyl rotation suffi-
ciently (Fig. 5). In all other compounds, there was
apparently accidental chemical shift equivalence be-
tween two of the three '*C methyl resonances, result-
ing in either a 1:2 or 2:1 doublet.

Band shape analysis. To estimate the tert-butyl rota-
tion rate for 14-16 theoretical band shapes were cal-
culated using a three-site exchange program. For all

Table 2. Low-temperature chemical shifts
of unsubstituted aromatic car-
bons (ppm) relative to the para-
carbon shift in some mononeo-

pentylbenzenes®
Compound o o’ m m

3 1.1 0.5 0 0

4 2.2 0.9 0.6 -0.1

5 5.0 -0.3 0.7 -0.3

6 1.5 -0.4 0.6 0

7 1.3 -1.2 0 0

8 15 -0.1 1.6 1.0

9 4.3 18 1.9 1.8
10 6.5 V] 1.6 1.6
12 20 18 1.0 0.7
13 2.7 1.7 1.4 0.6
14 25 1.6 1.2 0.6
15 1.6 0.2 1.7 1.6
16 1.3 0 2.0 1.8

2 Shifts to high field relative to the para-
carbon are given a negative sign.
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Table 3. >C chemical shift differences (Av, between ortho-
and meta-carbons, rcspectlvely) and free energies
of activation (AG,") for the neopentyl group rota-
tion in some mononeopentylbenzenes

Compound Av/HZ® AGY /kdmol™'  (TrC)® Solvent
3 16.0+1.5° 36.0+0.9 (-95) Acetone-dg~CS,
(1:5)
4 328+1.5 40.9+1.0 (~72)  Acetone-ds~CS,
{1:5)
17.6+15
5 134.0+1.0 46.5+0.7 (—41)  Acetone-dg—CS,
(1:5)
26.0£1.0
6 46.0+1.0 40.2+06 (-76) Acetone-ds~CS,
(1:5)
16.0+1.0
7 63.0+2.0° 36.1+1.6 (—93) CHCLF
8 40.3+1.2 35.0+0.9 (-102) CHCIF
156.0+1.2
9 64.0+15 39.2+05 (-75) CHCLF
3.0+15

10 1645+1.0 46.2+0.5 (-42) Acetone-ds—CS,
0 {1:5)

12 9.0+0.8 383x05 (-89) Acetone-dg
8.0+0.8
13 250+1.0 46.1+0.4 (-59) Acetone-dg
20.5+1.0
14 22.0+1.2 469+0.7 (-53}) Acetone-dg
15.5+1.2
15 355+1.0 522+0.9 (0) Acetone-dg~
3.0 DMSO-d, (1:4)
16 32.8+1.0 90.5+1.0 {(138) DMSO-dg

8.0

®Errors in chemical shifts {Av) are estimated by changing Av
until a difference between calculated and measured spectra
can be visually detected.

P Error in temperature +2°C.

°Only the shift difference between ortho-carbons could be
estimated.

b=y

-727C fo
/I
NINUSORPES e A

-77 c /
ﬂ |
~96°C V

Figure 5. Temperature dependence of the methyl resonances
in the tert-buty! group in the *C NMR spectrum of compound
16 in CHCIF solution (left}) and calculated spectra (right).



BARRIERS IN NEOPENTYLBENZENES

Table 4. *C chemical shift differences (Av) and free ener-
gies of activation (AGy’) for the tert-butyl rotation
in some mononeopentylbenzenes

Compound Av/HZ® AGT /kImot T (TC)? Solvent
2 150.0£1.0 275+1.0 (-118) CHCLF
3 215.0+1.0 324+05 (-100) CHCIF
4 39.2° 349+10 (-94) Acetone-dg-
CS, (1:4)
5 50.1° 35,5+1.0 (-91) Acetone-dg-
CS, (1:4)
6 187.9+1.0 28.5+0.4 (-105) CHCIF
7 144.4+1.0 27.5+0.6 (-114) CHCLF
8 198.7+1.0 33.4+05 (-104) CHCLF
9 221.0+20 26405 (-119) CHCLF
10 205.0+2.0 275+0.4 (-112) CHCI,F
12 65.0+1.5 31.8+0.6 (—99) CHCLF
13 18.8° 33.0+£1.1 {(—95) CHCIF
14 15.0+1.0 36.0+£0.9° (-91) CHCLF
14.9+1.0
15 105.0+0.7 37.1+0.7° (-69) CHCIF
52.1+0.7
16 36.0+0.7 41.1+0.6° (—63) CHCI,F
10.0+£0.7

2 Errors in chemical shifts (Av) were estimated by changing Av
until a clear difference between calculated and measured
spectra could be visually detected.

b Estimated shift differences from broadenings just below
coalescence, because low-temperature spectra could not be
obtained owing to solubility problems or overiap from other
signals.

¢ Exchange among three uncoupled sites.

9 Error in temperature +2°C.

other compounds, the spectra were simulated as two-
site exchanges with a 2:1 (or 1:2) population, and the
rate constant of the low population site was used to
calculate AG{*. (This simplified treatment is justified
since every 120° twist of the tert-butyl group will
change the environment of the low population site,
whereas only every second 120° twist will change the
environment of the two carbons with the same shift.)

For all compounds except 8 the quaternary tert-
butyl signal was used as a resolution standard; for 8
the Si(CH,), signal was used for this purpose.

The free energy of activation (AG;') was calculated
from the estimated rate constants for all compounds,
and the results are summarized in Table 4. For com-
pound 15 the entropy and enthalpy terms were also
estimated from the temperature dependence of AG
{(see Discussion).

DISCUSSION

Neopentyl rotation

The calculated potential curve for neopentyl rotation
in neopentylbenzene is shown in Fig. 6 (curve A). The
curve (of height 26.7kJmol ") has a plateau-like
shape, like that published for its 1,3,5-trisubstituted
analogue (TNB).' In this case the curve is, of course,
completely symmetrical, in contrast to that of TNB.
Curve A in Fig. 6 shows a steep increase in steric
energy when the dihedral angle 6¢,,5 (defined in the

Egp (kd mol™)

77 8 7¢8
50 1 1
6 6

40

'|é0 96]78 e

0 30 60 90 120 150

Figure 6. Calculated potential curves for internal C_,.~C_ >ary)
rotation in mononeopentylbenzene (curve A) and benzyl
chloride {curve B). The dihedral angle ¢g,,4 is defined so that
for values of 0° and 180° the substituent is perpendicular to the
ring plane.

caption to Fig. 6) varies betweeen 15° and 60°, since
the tert-butyl group and two of its methyls (denoted *)
are forced to rotate when the phenyl group rotates
(see below).

Bgy78/° a/® B/°

e 18 oy nE8 m 0 60 58
20 62 50

HsCo H ch, CH; 40 67 38
*CH, | "n 60 72 16

CeHs 80 66 13

90 60 15

When the angle 04,55 changes from 0° to 60°, the
tert-butyl group rotates by 12° (a changes from 60° to
72°), both methyl groups rotate by 42° (8 changes
from 58° to 16°) and the steric energy increases drasti-
cally. When 6¢;-,5 changes from 60° to 90°, the tert-
butyl group rotates back into a staggered conforma-
tion (a =60°), while the two methyl groups remain
essentially in the same twisted positions {8 varies only
between 13° and 16°). The steric energy then remains
essentially the same because the tert-butyl group ro-
tates back into a staggered conformation.

MM calculations on benzyl chloride lead to a more
peaked potential curve, 10.7 kI mol™' in height (see
curve B, Fig. 6). Curve B shows the greatest changes
in steric energy when the dihedral angle 64,55 varies
between 45° and 80°. In this case, the greatest non-
bonded interactions between the chlorine and ring hyd-
rogens are found when 6g,,5 = 90°.

For both curves A and B, the initial state is calcu-
lated to be when the benzylic substituent (Cl or ¢-Bu)
is perpendicular to the ring plane (conformer I, Fig. 7).
In both cases, the transition state is found when the
dihedral angle 6¢,,5 = 90° (conformer II1, Fig. 7).

The neopentyl barrier was found (above) to change
from 36 to 41 to 47kImol ! in neopentylbenzenes
(A) when the substituent (X) changed from Cl to Br to
I (Table 3). The barrier for the fluorine-substituted
compound was too low to be measured.

A similar trend was found for the methyl rotation in
benzyl (B) and benzal halides (C) by Schaefer et
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Figure 7. Different conformers for rotation around a benzylic
bond (see text).

al®*%'%1 from measurements of proton-proton
(proton—fluorine) long-range coupling constants, and
from DNMR measurements. Their results are given in
Table 5, together with the results from measurements
of torsional barriers in 2,4-di-tert-butyl-6-methyl-
benzyl halides (D) by Cupas et al.,*® and those of

Y Yoox
H x H
% <:?<X "
X
\ H ¥
cliy=

=H
A Bl Y=H =

2 vy=Cl 2y
Mannschreck and Ernst'®® from their studies on in-
ternal rotation in toluenes (E). The results from
dynamic NMR studies of 2-(2,2,2-trichloroethyl)-
3.4,5,6-tetramethylbenzyl halides (F) by Elzinga and

Hogeveen'® are also presented.
H CgHs H
H ' H
e
D £ cet

When two benzylic substituents are present in the
molecule, the potential curves in Fig. 6 can be used to
give an indication of the nature of the initial and
transition states. It is assumed that the effects from the
potential curves in Fig. 6 are additive, which of course
is a gross oversimplification. For two identical large
groups, e.g. two tert-butyl groups, as benzylic sub-
stituents, the sum of two curves which are shifted 120°
from each other will appear as shown in Fig. 8.

For the angle 6 = 30° there is a minimum in the total
potential curve. This conformation, which is the initial
state, corresponds to conformer II in Fig. 7, i.e. the
benzylic hydrogen lies in the ring plane. The transition
state conformation occurs when 6 =120 (conformer
IV in Fig. 7). The neopentyl barriers estimated accord-
ing to Fig. 8 amount to ca 30 kJ mol™!, A comparison
between Figs 6 (curve A) and 8 indicates that the
neopentyl barrier is only slightly increased when a

3
F
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Figure 8. Total potential curve (——) for C_,,—C, 2, rotation
and potential curves (----, ....) for two benzylic groups,

separated by a 120° angle.

benzylic hydrogen in neopentylbenzene is replaced by
a tert-butyl group. These theoretical results are not in
agreement with experiment, which shows an increase
in the neopentyl barrier of ca 70 kJ mol™!. Baas*
estimated a C,—Cgaryy barrier for compound G

0
ZN H R
HyCCHN
0

G

(R=t-Bu) to be 93 kI mol™', which is much greater
than that indicated in Fig. 8. When R =H, Baas could
not estimate the barrier, but the neopentyl barrier in
TNB has been estimated to be ca 23 kJ mol™'.'¢#h
Thus, the neopentyl barrier in neopentylbenzene is
probably <23 kI mol™'. An explanation for these dis-
crepancies may be that for a compound with two
benzylic tert-butyls, the t-Bu—C_—t-Bu angle (where
C, is the benzylic carbon), shown in Fig. 8, is greater
than 120°, owing to steric interactions between the
tert-butyl groups. The transition state energy may then
increase as the tert-butyls are forced nearer the ring
plane. The initial state energy may then decrease, as
the tert-butyls are further from the ring plane in the
initial state conformation, and the result may be a
higher barrier to rotation.

When two benzylic chlorines are present in the
molecule, Fig. 9 indicates that the initial state occurs
when 6 = 30° (conformer Il in Fig. 7). The transition
state occurs when 6 =90° or 150°, and these confor-
mations correspond to conformer V in Fig. 7 (i.e. one
chlorine lies in the ring plane). Fig. 9 also indicates
that the energy in this conformer is only 2.5 kJ mol ™}

R =H, Me or /-Bu

50 ]
- o/
T, 40
g { 120° H
S 30
W 20 ct
IO\\ ;'z.’f‘—-‘\\\

Figure 9. Total potential curve (—) for C_s—Cqz.n,, rotation,
and potential curves (----, ....) for two benzylic chlorines,
separated by a 120° angle.
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greater than that in the conformer with 6 = 120° (con-
former IV in Fig. 7; this is probably within the error of
the approximation). The simple considerations in Figs
8 and 9 indicate that even though both the dichloro-
and di-tert-butyl-substituted compounds have the
same initial state, they might not have the same transi-
tion states, owing to the plateau-like shape of the
curve for the neopentyl group.

In compounds of types C1 and C2, Schaefer et
al. #1341 proposed initial and transition states to be
conformers IT and V (Fig. 7), respectively. Schaefer et
al.®'>* also proposed conformer IV (Fig. 7) to have
lower energy than conformer V. However, in com-
pounds of type H, Mannschreck and Ernst!”® have
found conformer IV to be the transition-state confor-
mation. They also point out that, in performing such
calculations, the entire molecule must be free to relax,
which is, of course, of great importance.

X

N X=Cl
Y CH3

H

Figure 9 also indicates that the barrier in benzal
chloride will be ca 10 kI mol™', i.e. comparable to the
barrier calenlated for benzyl chloride (11 kJ mol™?,
curve B in Fig. 6). In this case the theoretical results
are reasonable, and are in good agreement with the
experimental results of Schaefer et al.,"*® who found
similar barriers for the molecular systems B1 and C1
when the substituent X was chlorine (Table 5).

If the two benzylic substituents are different in size,
i.e. one is a chlorine and one is a tert-butyl group (as is
the case for the systems studied here), Fig. 10 shows
that the overall shape is very much dominated by the
larger group, as expected. The minimum on the poten-
tial curve occurs when 6 =10° and this initial state
differs by only 10° from that for the case of the
unsubstituted neopentyl group (conformer 1, Fig. 7).
Even though the pertubation of the potential curve
due to the insertion of the chlorine is small, the
maximum has shifted from ¢ =90° to 130° and the
transition state differs by only 10° from that in the case
of two benzylic tert-butyl groups (conformer TV, Fig.
7). The barrier to Cg,~C,p2aryy rotation indicated in
Fig. 10 is 28 k) mol ", while the barrier experimen-
tally estimated is 36.0 kI mol ' (compound 3, Table
3). The larger barrier to rotation found experimentally
may be explained as the result of the ¢-Bu—C_,—Cl
angle in 3 being greater than 120° (as indicated in Fig.
10; cf. discussion of the compound in Fig. 8).

Table 5. Measured  C,—Ci iy  rotational  barriers
(kImol™) for different molecular systems (see

text)
Molecular system
X B C1 Cc2 D1 D2 3 F G
F — 1.3 188 46 126 — — 52.4

Ci 360 84 364 84 628 473 473 549
Br 409 13 48 147 77.0 523 532 569
! 465 15 50.7 — 87.9 66.6 — 59,5

T

[=]

=

=

w

0 30 60 90 120 150 180
g (°)

Figure 10. Total potential curve (——) for C ,-—C,2(aryy TOtation,
and potential curves for a benzylic tert-butyl group {----) and a
benzylic chlorine (... .), separated by a 120° angle.

Initial and transition state conformations indicated
in Fig. 10 are in good agreement with results from
MM calculations on the neopentylbenzenes 9 and
10 with methyl and ethyl groups, respectively, as
benzylic substituents. According to the calculations,
the initial state conformations occur when 84,45 is 3°
(9) and 8° (10), i.e. the initial state is mostly defined by
the larger of the two substituents (cf. conformer I, Fig.
7, X=t-Bu and one hydrogen replaced by Me or Et).
The calculated transition states occur when 64,45 is
114° (9) and 120° (10) (cf. conformer IV). The calcu-
lated neopentyl barriers are 54.2 and 65.4 kJ mol™’
for 9 and 10, respectively. The calculations also
show that conformations corresponding to conformer
V in Fig. 7 are 15 (9) and 24 (10) kI mol™ more
stable than the corresponding transition states. A simi-
lar result is also indicated in Fig. 10 (compound 3).
The t-Bu—C,-Me and t-Bu—C,—FEt angles found
from the calculations are 125° (9) and 127° (10) in the
corresponding initial states, which provides support for
the suggestion that the t-Bu—C_,—Cl angle in com-
pound 3 may in reality be larger than 120° in the
initial state. In the transition states of compounds 9
and 10, the calculations show that the ¢-Bu—C_,—Me
and t-Bu—C,—FEt angles are in both cases 120°,
which is indicated in Fig. 10.

The MMP1 program has been shown to give calcu-
lated barriers in TNB that are too high.'"™ When this
work was in progress, the Allinger MMP2 program,
which is more refined, became available to us.'? Initial
and transition states for compounds 9 and 10 were
recalculated and gave the neopentyl barriers 40.3 (9)
and 54.7 (10) kJ mol', which are in good agreement
with those estimated experimentally (Table 3).

A comparison between Fig. 6 (curve A) and the
approximate curve in Fig. 10 indicates that the
neopentyl barrier will be the same whether or not a
chlorine is introduced in the benzylic position in
neopentylbenzene. This is in contrast to experimental
results, since the barrier experimentally estimated for
neopentylbenzene is <23 kI mol™' and that for com-
pound 3 is 36 kJ mol ™' (Table 3).

The theoretical results in Figs 8 and 10 indicate that
the neopentyl barrier is essentially unaffected when a
benzylic chlorine is replaced by a tert-butyl group.
However, experimental results show that there is a
large difference from 93kJmol™' (compound G,
R=¢-Bu) to 36 kImol™! (compound 3, Table 3). It
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seems reasonable that the t-Bu—C,—X angle in-
creases as the effective size of the substituent X in-
creases, i.e. the larger the t-Bu—C,—X angle the
larger is the barrier to rotation.

The curves in Fig. 6 also make it possible to con-
struct potential curves when three benzylic substitu-
tents are present in the molecule.'® These curves
indicate that the neopentyl barriers for the compounds
in Figs 8 and 10 decrease when a t-Bu or a Cl group
replaces the benzylic hydrogen. These results are in
qualitative agreement with experiments by Anderson
et al.?* who found the neopentyl barrier in p-
NO,(OCH;)-substituted 9 decreased by 5.0
(5.8) kI mol ! when the benzylic proton was replaced
by a chlorine.

Comments on the results for compounds 6-8. When the
substituent is acetate or trimethylsilyloxy (compounds
7 and 8), the measured neopentyl barriers (AG1") are
36.1 and 35.0 kJmol™’, respectively (Table 3), but
when the substituent is a methoxy group (compound
6) the barrier is 40.2 kJ mol™'. These results can be
explained by the ‘flatness’ of the carbonyl part of the
acetate group, and this part probably orients perpen-
dicularly to the benzylic bond. The steric hindrance
caused by the benzylic acetate group in 7 should then
be less than that caused by the methoxy group in 6.

For silyl ethers, Si—O bond lengths of 1.633+
0.005 A are commonly quoted in the literature 2'a®
while those for O—CH, ethers are 1.435+0.005 A2
The same relative bond lengths will probably exist for
benzylic substitution, and thus the longer O—Si bond
will make the Si(CH,); group in 8 be further from the
benzylic position than the CH; group in 6, thus al-
leviating the steric hindrance.

Compounds 11-16. A large effect on the AG;* values
for the C,—Cy ey rOtation is observed in com-
pounds of type 1 when one of the two benzylic sub-
stituents is varied (Table 3). The results are compared
with those from '"H NMR spectroscopic studies*® of
the C,,~Ci @y rotation in 1-hydroxy-1-alkyl-1-
(3,4,5-trimethoxyphenyl)-2,2-dimethylpropanes (K,
Table 6).
HCO

R OH R OH

l H3C0
K

When the substituent R=H in the [ series, the
barrier could not be estimated by *C NMR spectros-
copy, probably owing to shift equivalence. There is
very good agreement between the estimated neopentyl
barriers in series I and K (Table 6). It should be noted,
however, that the measurements were not performed
in the same solvent, except for the case of R =t-Bu,
where DMSO-d, was used as solvent in both cases.

When two tert-butyls are benzylic substituents, Fig.
8 indicates conformer II (Fig. 7) to be the initial state.
This conformation will probably remain as the initial
state when the benzylic proton is replaced by a hyd-
roxyl group, since the tert-butyls are much larger in
size. This conformation, with the hydroxyl group in
the ring plane, was also proposed by Baas et al.*® and
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Table 6. Barriers to internal
Cop—Coprayy, TOtation
(kImol™) for some
benzyl alcohols (see
text)

Molecular system

R I K

H — 36.4+1.2
Me 38.3+0.5 39.4+1.2
Et 46.1+0.4 473+1.2
n-Pr — 47.3+1.2
n-Bu 46.9+0.7 47.7+1.2
i-Pr 52.2+0.9 54.4+1.2
t-Bu 90.5+1.0 89.6+1.2°

2 Gall et al5®  estimated
AG*=86-94kimol ' for this
compound in DMSO-d; solution.

Gall et al.>® in their "H NMR spectroscopic studies to
be the initial state for the alcohol with two benzylic
tert-butyl groups.

Baas et al.** thought it to be very probable that the
initial state conformation proposed for the di-tert-
butyl alcohol will also be the same when one of the
two benzylic tert-butyl groups is replaced by an n-Bu
or an Et group. On the other hand, when one of the
benzylic tert-butyl groups is replaced by an H or a Me
group, they thought the initial state to be different. A
possible initial state conformation proposed in these
cases was one in which the H or the Me group was in
the ring plane. MM calculations on neopentylbenzenes
with Me and Et as benzylic substituents, and without
hydroxyls (compounds 9 and 10), have shown that
initial and transition states are rather similar in both
cases. (06175 defined in Fig. 6 differs by 3° between the
initial states and by 6° between the transition states).
This similarity will probably remain when benzylic
hydroxyl groups are introduced in these compounds.

Gall et al.>® suggested a transition state conforma-
tion for 3,4,5-trisubstituted phenyl di-tert-butyl car-
binols where one of the two tert-butyl groups passes
the ring plane (conformer V; Fig. 7). This suggestion
was based on inspection of models and no calculations
were made. As pointed out at the beginning of this
discussion (Fig. 8), such a transition state conforma-
tion has lower energy than a conformation where
8 =120° (conformer IV, Fig. 7) when the benzylic
substituents are two tert-butyl groups. Probably both
the initial and transition states will be the same when
the benzylic H is replaced by an OH group, because
this group is much smaller than the two benzylic
tert-butyl groups. MM calculations, although on com-
pounds where only one of the benzylic substituents is a
tert-butyl group (compounds 9 and 10), have shown
that a conformer in which 6,5 (Fig. 6) is 90° has a
lower energy than the transition state conformations.
It is therefore more probable that conformer IV will
correspond to the transition state conformation in the
case of 16.

The experimental barrier to internal neopentyl rota-
tion found for 13 is (within the limits of error) the
same as that for 14 (Table 3). The steric strain caused
by the n-Bu group in 14 is thus probably the same as
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that due to the ethyl group in 13. A similar trend was
also found in the K series.*®

Comparison of the neopentyl barriers found for the
alcohols (12-16, Table 3) also shows that the differ-
ence in AG{* values between 13 and 15 is smaller than
that between 15 and 16. A moderate increase in the
neopentyl barrier of 6.1 kJmol ' is found when one
proton on the CH, carbon in the ethyl group in 13 is
replaced by a methyl group. On the other hand, when
the methine proton in the isopropyl group in 15 is
replaced by a methyl group, an increase in the
neopentyl barrier of 38.3kJmol ' is found. Baas et
al.® also found a similar trend in the K series. They
explained this difference in the following manner,
which may also be applicable to the I series: ‘Consider
the strain present in the system R—C,—t-Bu (C, is
the benzylic carbon), especially for R=t-Bu. In the
initial state the groups R and ¢-Bu will be bent out-
wards. This outward bending will diminish the angle
Ph—C_,—t-Bu and, thus, will increase the repulsive
interactions in the transition state. Moreover, the
steric strain in the transition state between the tert-
butyl group and the ortho-carbon and hydrogen atoms
of the benzene ring will diminish if the phenyl and
tert-butyl groups bend away from each other. The
latter outward bending will be more difficult with the
increase in the strain between the tert-butyl group and
the R group.’

The activation parameters AH* and AS* for internal
neopentyl rotation were estimated for a few com-
pounds (see Table 7). The AH* and AS* values found
for 4, § and 9 are in good agreement with those
estimated by Nilsson et al.’® for the neopentyl rotation
in 2,4-dibromo-, 2,4-diiodo- and 2,4-dimethyl-TNB.
However, it must be borne in mind that the com-
pounds were not measured in the same solvent, and
even though it is difficult to estimate accurate en-
tropies from NMR measurements, the AS* term is
known?* to be sensitive to the medium.

C,,—C,p> rotation

For compounds 2-8 and 12-16 the steric hindrance to
internal tert-butyl rotation increases as the bulkiness
of the benzylic substituent increases (cf. Table 4).
Studies on tert-butyl rotations are not as frequently
found in the literature as those for Cy,s—Cgpam rota-
tions, but papers have appeared by Hawkins et al.*?
and Anderson and Pearson®** on halogen-substituted
ethanes L and M. Freitag and Schneider® studied
2-substituted 3,3-dimethylbutanes N by ‘H NMR
spectroscopy. They also carried out MM calculations
with the Allinger MM1 program on substituted
neopentanes O. Bushweller and Anderson®® have

Table 7. Activation parameters AH' (k¥ mol™) and AS*
(@mol K ™) for the neopentyl rotation in some

neopentylbenzenes
Compound AHY as?* Solvent
4 40.2+2.6 -7+13 Acetone-dg—CS, (1:5)
5 445+1.9 -10+8 Acetone-dg—CS, (1:5)
9 37.6+3.3 -8+16 CHCIF
10 43.4+2.0 -13+9 Acetone-dg—CS, (1:5)

L: X = halogen R, = C! R, = H or alkyl

" R| = Br u

X C|H3 M W R, = CH3 1"

R,—C—C—CHj N:oo R, = H R,=CHy
Rp (|:H3 o: o R, = Ry= H

P:X=R,=H or alky! R,=alkyl
R : X = halogen or alkyl R|= CGH5
R,= H

studied various alkyl-substituted ethanes P. The re-
sults from Refs 23, 24a—e and 25 are compared with
those from the neopentylbenzene system R in Table 8.

Table 8 shows excellent agreement in trends be-
tween the R series and the other series. Estimated
tert-butyl barriers for neopentylbenzenes show a ten-
dency to increase as the effective size of the halogen
substituent increases. The initial and transition states
are, of course, the staggered and eclipsed conforma-
tions, respectively. These conformations have also
been proposed by Anderson and Pearson®* and by
Hawkins et al.??

The tert-butyl barriers estimated for the neopentyl-
benzenes with benzylic methyl and ethyl groups (com-
pounds 9 and 10, respectively) are nearly the same,
within experimental error (see Table 4). Bushweller
and Anderson?® also observed that the tert-butyl bar-
rier in ethanes where the substituted carbon has one
proton left (molecular system P) was nearly unchanged
(within experimental error) as the bulkiness of the
alkyl group substituent increased. This seems to indi-
cate that®® the initial state energy increases (owing to
steric interactions) as much as that of the transition
state when the bulkiness of the substituent increases.

For compounds 12-16, where the benzylic carbon is
quaternary, an increase in the tert-butyl barrier is
found as the size of substituent increases:

Substituent: Me Et n-Bu i-Pr t-Bu
AG/
(kJd mol™"): 31.8+0.6 33.0+1.1 36.0+0.9 37.1+0.7 41.1£0.6

A similar trend in the tert-butyl barrier was found
by Anderson and Pearson®*®* when X = Cl, R, =alkyl
and R, =CH, in the molecular structure M above.
When R, varied from Me to Et and t-Bu the AG*
value for internal tert-butyl rotation was found to
change from 44 to 45 and 49 kJ mol™', respectively.

Only for compound 15 could the activation parame-
ters be estimated. The enthalpy found is 39.6+

Table 8. Barriers to internal t-butyl rotation (AG® in
kI mol ™) for different molecular systems (see text)
Molecular system

L M N o R
{Ry=CHa} (Ry=CHa,
X R,=Cl Ry=Br  Ry=CHy)
H — — 29.2 205 15.12 —
F — — 33.7 — —_ 275
Cl 45.3 49.8 43.7 32.2 21.3° 324
Br 49.8 51.4 449 327 21.22 349
| — — 46.6 — 22.8° 355
CH4 1.1 45.2 — 28.1 16.1* 26.4

2 Values from MM calculations with the Allinger MM1 program.
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2.2kJmol™" and the entropy 9+11Jmol 'K, ie.
the AS* value cannot be distinguished from zero.

The size of the methyl group

From the experimentally estimated C,,~~C,,2ary) bar-
riers (Table 3} in a-Cl, —CH,; and —Br-substituted
neopentylbenzenes, the order of relative sizes Cl<<
CH; <Br can be estimated. This trend has also been
found in ring-substituted TNB compounds.'® From
estimated C,,»—C,» barriers (Table 4) the order CH; <
Cl1<Br can be deduced, which is in agreement with
results from substituted ethanes (see Table 8). This
illustrates the points made by Nilsson et al.'® and
Hounshell et al.,*” namely that the trends depend on
the molecular system involved and that the methyl,
chloro and bromo groups are not strictly comparable.
The chloro and bromo groups have local C,,, (conical)
symmetry, i.e. they are ‘pear shaped,” whereas the
methyl group has local C;, symmetry, i.e. it is ‘three
pronged.’’

CONCLUSIONS

Summations of calculated potential curves for o-
substituted toluenes are of great value in order to
predict conformations for «, «a-disubstituted and
a,o,a-trisubstituted toluenes. The results show that in
the «case of different «-substituents, as in
C,Hs;CH(CI)(¢-Bu), the potential curve is very much
dominated by the curve for the larger of the sub-
stituents (compound CgH;CH,-t-Bu). Initial and
transition states for CqH;CH(C)(¢-Bu) are, of course,
also close to those calculated for CqHsCH,-t-Bu.
MM  calculations on CgHs;CH(Me)(t-Bu) and
C¢HsCH(Et)(¢-Bu) confirm these predictions.

However, predictions of the height of the barrier to
Cop—Cspiaryny TOtation may not be straightforward, be-
cause the summations are based on the approximation
that the angle X—C_,—X (where C, is the benzylic
carbon) is 120°. MM calculations confirm that the
angle X—C,—X is different in the initial and transi-
tion states and may deviate considerably from 120°.
These observations may explain why barriers from
summed potential curves deviate considerably from
those experimentally estimated when the substituents
are large (X=1t-Bu), but good agreement is found
when the substituents are smaller (X=CI).

Two orders of relative sizes (Cl<CH;<Br and
CH; <CI<Br) could be deduced from estimated C,,~—
Copraryy and Cg—C,,+ barriers, respectively. Thus, the
relative size of a methyl group in relation to chlorine
and bromine atoms is not independent of the system
studied.'*?’

SYNTHESES

Neopentylbenzene (1) was synthesized from benzyl-
magnesium chloride and tert-butyl bromide according
to Bygdén.?®
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1-Hydroxy-2,2-dimethylpropylbenzene (11)%° was
synthesized from benzaldehyde and tert-butyl-
magnesium chloride, and was used as the starting

material for the synthesis of compounds 3-8.

©/CH2MQC1 + ‘+ Br m

1

H OH

o

1

——}—MgCl . @/CHO

The reaction between 11 and appropriate reagents,
such as thionyl chloride, hydrogen bromide and hyd-
rogen iodide, afforded the compounds 1-chloro-2,2-
dimethylpropylbenzene (3), 1-bromo-2,2-dimethyi-
propylbenzene (4) and 1-iodo-2,2-dimethylpropyl-
benzene (5), respectively. Reaction of 3 with silver
fluoride in acetonitrile gave 1-fluoro-2,2-dimethyl-
propylbenzene (2).

1-Methoxy-2,2-dimethylpropylbenzene (6) was pre-
pared from 11 by reaction with dimethyl sulphate
under phase transfer catalysis conditions.>® 1- Acetoxy-
2,2-dimethylpropylbenzene (7) and 1-trimethylsilyl-
oxy-2,2-dimethylpropylbenzene (8) were prepared by
reaction between 11 and acetic anhydride in pyridine
and trimethylsilyl chloride in pyridine, respectively.

2-Phenyl-3,3-dimethylbutan-2-ol  (12), 3-phenyl-
2,2-dimethylpentan-3-ol (13) and 3-phenyl-2,2-di-
methylheptan-3-ol (14) were prepared by the reaction
between pivalophenone [phenyl tert-butyl ketone,
(17)] and the appropriate metal organic reagents:
methylmagnesium iodide, ethyllithium and n-butyl-
lithium, respectively. Pivalophenone (17) was pre-
pared by oxidation of 11.3'®" Reaction between

H Cl
@)3(\ AgF

3
\50&2

H OH
"

HX

H F
=
\I
2
H X

X= Br 4
x=1 5

(CH4),50, + (n-Bu),NOH

CHISCL NeHgop
@H)%S(CH:;)3 @i»—{)%ZOCH3 H OCHy

8 7 6
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H OH 0
©>§< [a)
11 17
HO
>__@ [ PhLi >
1
18 15
0 HO
PhLi
iy
9 16

phenyllithium and the ketones 2,2,4-trimethylpentan-
3-one [tert-butyl isopropyl ketone (18)F?*" and
2,24 4-tetramethylpentyn-3-one [di-tert-butyl ketone
(19)1*>2* gave the alcohols 3-phenyl-2,2,4-trimethyl-
pentan-3-ol (15) and 3-phenyl-2,2.4,4-tetramethyl-
pentan-3-ol (16), respectively.

3-Phenyl-2,2-dimethylbutane (9) and 3-phenyl-2,2-
dimethylpentane (10) were prepared by hydration of
2-phenyl-3,3-dimethylbutene [a-tert-butylstyrene
(20)] and the olefin mixture Z- and E-3-phenyl-4,4-
dimethylpent-2-ene (21+22), rfespectively. These
olefins were synthesized by reaction between 17 and
triphenylmethylenephosphorane or triphenylethyl-
idenephosphorane.

Preparative

'H NMR spectra for identification were run on a
JEOL JNM 60 spectrometer. The chemical shifts are
reported in ppm downfield from tetramethylsilane.
The multiplicities of the peaks are designated as a
singlet (s), doublet (d), triplet (t), quartet (q) and
multiplet (m).

The IR spectra were run on a Perkin-Elmer 257
grating infrared spectrometer using sodium chloride
cells.

\_~
C

o

20

0 H3C\C/H

17 21

CH3M3I

=

HO_ CH,

12

HO R
13
14

R= CHZCHa
R=
CHz(CH2)2CH3

The mass spectra were determined on an LKB MS
9000 mass spectrometer operating with 70 eV electron
energy and situated at the University of Lund.

Elemental analyses were performed by the Analyti-
cal Service Laboratory at the University of Lund.

The gas-liquid chromatographic (GLC) analyses
were carried out on a Varian Aerograph 1400 gas
chromatograph with a 2mxgin.o.d. column. The
stationary phase was 3% SE-30 silicone gum rubber
on Chromosorb G, and the flow-rate of the carrier gas
{nitrogen) was 25 ml/min.

Neopentylbenzene (1). B.p. 91-92°C/38 Torr, np>*
1.4882 (lit.>® b.p. 185.6-186.0°C/757.6 Torr, np'®
1.48837).

1-Hydroxy-2,2-dimethylpropylbenzene (11). B.p. 97-
98 °C/9 Torr (lit.> b.p. 95 °C/7 Torr).
1-Chloro-2,2-dimethylpropylbenzene (3). Thionyl
chloride (8.7 g, 73.2 mmol) was added to 1-hydroxy-
2,2-dimethylpropylbenzene (4.0 g, 24.4mmol) in a
round-bottomed flask. The reaction mixture was stir-
red for 4 h at room temperature and was then poured
into 30 ml of ice-water. The aqueous phase was ex-
tracted three times with 10 ml of diethyl ether. The
organic phases were collected, dried (MgSQ,), the
ether was evaporated and the residue distilled in
vacuum to give 3.7 g of a colourless liquid, yield 82%,
b.p. 87-88°C/6 Torr, np*°=1.5146 (lit.>*b.p. 89.5-

H CHy
Hz/Pd

CHy
Ha O

Ph,P=CHCH, ©/J>< ) ©/u>< HofPd @)S@
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90.5°C/6.7 Torr, n*°=1.5142). *HNMR (CDCL): &
1.04 [9H, s, C(CH,),], 4.76 (1H, s, CH), 7.33 (5H, m,
arom. H).

1-Fluoro-2,2 -dimethylpropylbenzene  (2). 1-Chloro-
2,2-dimethylpropylbenzene (9.0 g, 49.4 mmol) was
dissolved in 20 ml of dry acetonitrile. Anhydrous silver
fluoride (9.4 g, 74.2 mmol) was added and the reaction
mixture was refluxed for 10h with stirring. After
cooling, the reaction mixture was filtered, the solvent
evaporated, 20 ml of water were added and the aque-
ous phase was extracted three times with 10 m! of
cyclohexane. The organic phases were collected, dried
(MgSQO,), the solvent was evaporated and the residue
distilled in vacuum to give 7.5 g of a colourless liquid,
yield 91%, b.p. 98-99°C/28 Torr. (Found: C 81.2; H
6.84; F 11.9%. Calc. for C;;H,sF: C 81.48; H 6.84; F
11.72%). *H NMR (CDCl,): & 0.93 [9H, s, C(CH3),],
5.06 [1H, d, CHF, J(HF)=46 Hz], 7.30 (5H, s, arom.
H). IR (v, CCl,): 1455 cm ' (C==C str.), 1040 cm™*
(C-H def). MS [m/e (%)) 166 (4, M), 147 (4,
[M—F]).

1-Bromo-2,2-dimethylpropylbenzene (4). Dry hyd-
rogen bromide (5.9 g, 73.2 mmol) was absorbed in a
three-necked flask containing 1-hydroxy-2,2-di-
methylpropylbenzene (4.0 g, 24.4 mmol) according to
the method of Norris.**® After 12 h, the reaction mix-
ture was worked up.?®* The product was distilled in
vacuum to give 2.8 g of a colourless liquid, yield
50%, b.p. 96-98°C/6 Torr, np?'=1.5389 (lit.>%*~
b.p. 109°C/10 Torr, ny*°=1.5398; b.p. 114
115°C/15 Torr; b.p. 103-104°C/7.5 Torr). 'H NMR
(CDCly): 8 1.05 [9H, s, C(CH,);1, 4.82 (1H, s, CH),
7.33 (5H, m, arom. H).

1-Iodo-2 2-dimethylpropylbenzene (8). Dry hydrogen
iodide (9.4 g, 73.4 mmol), formed by the reaction be-
tween 66% (¢ =1.94gml™") hydroiodic acid with an
excess of phosphorus pentoxide plus a catalytic
amount of red phosphorus, was absorbed in a three-
necked flask containing 1-hydroxy-2,2-dimethyl-
propylbenzene (4.0g, 24.4mmol), as described by
Norris.*** After a reaction time of 12h, followed by
work-up, the product was distilled in vacuum to give
4.0g of a colourless liquid, yield 60%, b.p. 104-
105°C/8 Torr. (Found: C 48.4; H 5.62; 145.9%. Calc.
for C,; H,sI: C 48.35; H 5.50; 1 46.15%). "H NMR
(CDCly): 6 1.06 [9H, s, C(CH;);], 5.03 (1H, s, CH),
7.33 (5H, m, arom. H). IR (v,,, CCl): 3035cm™
(=C—H str.), 1180 cm™ ! (C—H def.). MS [m/e (%)]:
259 (2, [M—CH,], 147 3, [M-1].
1-Methoxy-2,2-dimethylpropylbenzene (6). This com-
pound was prepared from 1-hydroxy-2,2-dimethyl-
propylbenzene (4.0 g, 24.4 mmol), dimethy! sulphate
(4.4g; 34.9mmol) and sodium hydroxide (5.2 ml,
50%) by the phase-transfer catalysis method described
by Merz.*® Tetra-n-butylammonium hydrogen sul-
phate (0.05 g) was the transfer catalyst. The reaction
time was 3 h, and was not optimized. After work-up,
the reaction product was chromatographed on a col-
umn of alumina with cyclohexane as eluent. After
collection, the eluent was evaporated and the residue
distilled in vacuum to give 2.0 g of a colourless liquid,
yield 45%, b.p. 77-78°C/8 Torr (lit.*” b.p. 94~
95 °C/20 Torr). (Found: C 80.4; H 10.2%. Calc. for
C,,H,zO: C 80.8; H 10.1%). '"H NMR (CDCl,): &
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0.86 [9H, s, C{CHj);], 3.20 (3H, s, OCHj;), 7.33 (5H,
s, arom. H).

1-Acetoxy-2,2-dimethylpropylbenzene (7). This com-
pound was synthesized from 1-hydroxy-2,2-dimethyl-
propylbenzene (1.0g, 6.1 mmol), acetic anhydride
(3.8 g, 37.0 mmol) and dry pyridine (5 ml) according to
the general method described by Hauser et al.*® After
work-up, the residue was distilled in vacuum to give
0.91g of a colourless liquid, yield 73%, b.p. 103-
104 °C/6 Torr (1it.*” b.p. 123124 °C/16 Torr). (Found:
C 75.3; H 8.60%. Calc. for C;3H;30,: C 75.70; H
8.73%). 'H NMR (CDCl,): § 0.97 [9H, s, C(CH4);],
2.14 (3H, s, COCHs3), 5.60 (1H, s, CH), 7.40 (5H, s,
arom. H).
1-Trimethylsilyloxy-2,2-dimethylpropylbenzene (8).
This compound was synthesized from 1-hydroxy-2,2-
dimethylpropylbenzene (0.5 g, 3.1 mmol), trimethyl-
chlorosilane (0.5 g, 4.6 mmol) and dry pyridine (10 ml)
according to the general method described by Bir-
khofer et al.*® After work-up the reaction product was
distilled in vacuum to give 0.65 g of a colourless liquid,
yield 92%, b.p. 88-89°C/6 Torr. (Found: C 70.9; H
9.84; Si 12.3%. Calc. for C,H,,0Si: C 71.10; H
10.17; Si 11.90%). '"HNMR (CDCl;): 8 0[9H, s,
Si(CHa);], 0.95 [9H, s, C(CH,);], 4.30 (1H, s, CH),
7.33 (5H, s, atom. H). IR (v, CCl): 3014cm™
(=C—H str), 1100cm ! (C-O-Si str.). MS [m/e
(%)]: 236 (1, M), 179 (100, [M —t-Bu]).

Phenyl tert-butyl ketone (pivalophenone) (17). The
methods published by Hampton et al.>'* and Neidrig et
al ' were followed to give the compound, b.p. 120~
121°C/23 Tomr, np*'=1.5077 (1it>*** bp. 110-
111°C/18 Torr; b.p. 103-104°C/13 Torr, np'®.*=
1.5086).

2-Phenyl-3,3-dimethylbutan-2-ol (12). This com-
pound was prepared from phenyl tert-butyl ketone
(16.4g, 0.10mol) and methylmagnesium iodide
(0.21 mol) according to Ramart-Lucas,*® b.p. 120-
121°C/19 Torr, np*2=15127 (1it.* bp. 116-
117 °C/15 Torr, np>> =1.5135).
3-Phenyl-2,2-dimethylpentan-3-ol (13). Ethyllithium
(0.23 mol) in dry diethyl ether (prepared according to
Ref. 41) was added dropwise to phenyl tert-butyl
ketone (17.2 g, 0.11 mol) in a three-necked flask. The
reaction mixture was refluxed for 12 h, then hydrol-
ysed with 50 ml of a saturated solution of ammonium
chloride and extracted with 3x 15 ml of diethyl ether.
The organic phases were collected, dried (MgSQ,) and
the ether was evaporated. The residue was distilled in
vacuum to give 15.4¢g of a colourless liquid, yield
75%, b.p. 97-98 °C/4 Torr, bp>® =1.509 (1it.***" b.p.
115-116°C/11  Torr, np>=1.5064; b.p. 118
120 °C/15 Torr, np>® =1.5105).
3-Phenyl-2,2-dimethylheptan-3-0l (14). This com-
pound was prepared from phenyl tert-butyl ketone
(3.0g, 185mmol) and n-butyllithium (12.4mi,
1.49M) in hexane according to the- procedure de-
scribed above for 3-phenyl-2,2-dimethylpentan-3-ol.
The reaction time was 24 h. After work-up 3.4 g of a
colpurless liquid were obtained, yield 83%, b.p. 108-
109 °C/4 Torr. (Found: C 81.8; H 10.81%. Calc. for
CsH,,0: C 81.81; H 10.90%). 'H NMR (CDCL): &
0.90 [9H, s, C(CHs)], 0.85-1.40 (7TH, m, CH, and
CH,), 1.80 (1H, s, OH), 1.70-2.10 (2H, s, CH,),
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7.14-7.66 (5SH, s, arom. H). IR (yy.. CCL):
3610 cm ' (O-Hstr.). MS [m/e (%)]: 202 (14, [M—
H,O]), 183 (100, [M—H,0—-Et)), 163 (17, [M—t-
Bu]).

2,2,4-Trimethylpentan-3-one  (isopropyl  tert-butyl
ketone 18). This ketone was prepared by oxidation of
3-hydroxy-2,2,4-trimethylpentane (prepared by reac-
tion between isobutyraldehyde and tert-
butylmagnesium chloride) as described by Favorski
and Fritzman,?*® b.p. 134-135°C (lit.**® b.p. 134-
135°C).

3-Phenyl-2,4,4-trimethylpentan-3-ol (15). Isopropyl
tert-butyl ketone (5.0 g, 39.1 mmol) was added drop-
wise to a solution of phenyllithium*' (19.6 ml, 2 M) in
benzene-diethyl ether (7:3) under a nitrogen at-
mosphere. The reaction mixture was stirred for 12 h at
room temperature, then hydrolysed with 50 ml of
water and worked up as described for 3-phenyl-2,2-di-
methylpentan-3-ol. After distillation 4.0 g of a colour-
less liquid were obtained, yield 49%, b.p. 93-94°C/1-
2 Torr. (Found: C 81.2; H 10.60%. Calc. for C;H,,:
C 81.55; H 10.68%). "H NMR (CDCl;): § 0.71 (3H,
d, CH,, J =7 Hz), 0.96 [9H, s, C(CH;);], 1.10 (3H, d,
CH,, J=7Hz), 1.68 (1H, s, OH), 2.58 (1H, m, CH,
J=THz), 7.10-7.80 (5H, m, arom. H). IR (v
CCl): 3620cm ' (O-H str.). MS [m/e (%)]: 206
(1, M), 163 (18, [M—1-Pr]), 149 (100, [M—t-Bu)).
2,2,4,4-Tetramethylpentan-3-one (di-tert-butyl ketone
19). This ketone was prepared from pivaloyl chloride
and tert-butylmagnesium chloride as described in Refs
33 and 34, b.p. 152-153°C, np**>=1.4187 (lit.>*>*
b.p. 152-153°C; b.p. 69.5°C/48 Torr; np*° =1.4192;
np>> =1.4170).
3-Phenyl-2,2,4,4-tetramethylpentan-3-ol ~ (16). This
compound was synthesized from di-tert-butyl ketone
and phenyllithium (prepared according to Ref. 41) by
the procedure of Bartlett et al.,*> b.p. 140-142°C/11
Torr, np>® =1.5232 (1it.**** b.p. 140-143°C/12 Torr;
b.p. 148-151°C/15 Torr, np>* =1.5230).
2-Phenyl-3,3-dimethylbutene (a-t-butylstyrene, 20).
Triphenylmethylenephosphorane  was  synthesized
from triphenylmethylphosphonium bromide (16.0g,
44.7 mmol) and n-butyllithium (30 ml, 0.49 M), as de-
scribed in Ref, 44. Phenyl tert-butyl ketone (6.0 g,
44.7 mmol) dissolved in 50 ml of dry diethyl ether was
added and the reaction mixture was refluxed for 20 h.
The mixture was then hydrolysed with 50 ml of water,
the phases were separated and the aqueous phase was
extracted with two 40-ml portions of diethyl ether.
The organic phases were collected, dried (MgSQO,) and
the solvent was evaporated, leaving a liquid residue,
which was chromatographed on a column of alumina
with hexane as eluent. Two fractions were collected
(with R; values of 0.72 and 0.33). The solvent was
evaporated from the first fraction, leaving 4.4 ¢ of a
colourless liquid, yield 73%, b.p. 91-92°C/15 Torr,

np22=1.5013 (lit.*** b.p. 88-92°C/15 Torr). 'H
NMR (CDCl,): 6 1.11 [9H, s, C(CH3);], 4.81 (1H, d,
CH,, J=1Hz), 5.20 (1H, d, CH,, J=1Hz), 7.25 (5H,
s, arom. H). Evaporation of the solvent from the
second fraction and NMR analysis showed the residue
to be unreacted starting material.

Mixture of Z- and E-3-phenyl-4,4-dimethylpent-2-
ene (21+22). Triphenylethylidenephosphorane was
synthesized from triphenylethylphosphonium bromide
(5.53 g, 14.9 mmol) and n-butyllithium (10 ml. 1.49m)
in hexane. Phenyl tert-butyl ketone (2.0 g, 14.9 mmol)
dissolved in 25 ml of dry diethyl ether was added and
the procedure described above for 2-phenyl-3,3-di-
methylbutene was followed. After work-up 2.2 g of a
colourless liquid were obtained, yield 85%, b.p. 92—
93°C/12 Torr, np>>=1.5140 (lit*** b.p. 91-
93°C/12 Torr). 'H NMR (CDCly): & 1.33 [m,
C(CH,);], 1.85 (d, CH;, J=8Hz), 5.24 (q, CH, J=
8 Hz), 6.80-7.40 (m, arom. H+CH, J=8 Hz partly
overlapping). A mixture of two isomers with the
methyl group cis and trans to the phenyl group was
obtained.

3-Phenyl-2,2-dimethylbutane (9). 2-Phenyl-3,3-di-
methylbutene (2.5g, 15.6mmo!) was dissolved in
75 ml of absolute ethanol. Palladium (10% on char-
coal, 0.4 g) was added and the mixture was hydroge-
nated in a Parr apparatus at a hydrogen pressure of
490 kPa. When the theoretical amount of hydrogen
had been absorbed, the reaction mixture was filtered,
the ethanol evaporated and the residue chromatog-
raphed on a column of alumina with hexane as
eluent. Evaporation of the solvent left 1.7 g of a clear
liquid, yield 70%, b.p. 77-78 °C/8 Torr, np>' =1.4951
(lit.** b.p. 205-207°C, np>*=1.4942). 'H NMR
(CDCl,): & 0.86 [9H, s, C(CH,);], 1.24 (3H, d, CH,,
J=7Hz), 2.57 (1H, q, CH, J=7Hz), 7.21 (54, s,
arom. H).

3-Phenyl-2,2-dimethylpentane (10). A mixture of Z-
and E-3-phenyl-4,4-dimethylpent-2-ene (1.0g, 5.8
mmol) was hydrogenated and worked up as de-
scribed for 3-phenyl-2,2-dimethylbutane. After work-
up 0.64 g of a colourless liquid remained, yield 64%,
b.p. 93-94°C/8 Torr, np?'=1.4921 (lit.*® b.p. 221-
223°C, np*=1.4912). '"H NMR (CDCly): & 0.66
(3H, t, CH;, J=7Hz), 0.87 [9H, s, C(CH3);], 1.33-
2.40 [3H, m, CH and CH,, J(CH,) =7 Hz], 7.19 (5H,
s, arom. H).
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