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Abstract: Di-tert-butylchlorosilane, but not di-tert-butyldichlorosilane, reacts slowly with alkyllithium compounds to form
di-tert-butylalkylsilanes. With methyllithium, substitution is the only observed process. With tert-butyllithium, reduction
competes with and is favored over substitution by 2:1. Tri-fert-butylsilane is prepared from tert-butyltrichlorosilane by reac-
tion with tert-butyllithium, followed by lithium aluminum hydride reduction of the resulting mixture of products that in-
cludes di-tert-butyldichlorosilane, di-tert-butylchlorosilane, di-tert-butylsilane, and tri-tert-butylsilane, and by selective
chlorination of di-tert-butylsilane with subsequent reaction of di-ters-butylchlorosilane with tert-butyllithium. The nature of
the tert-butyllithium reduction process is discussed. The spectral properties of di- and tri-tert-butylsilanes are presented; rel-
atively severe crowding of the tert-butyl groups in tri-tert-butylsilane is implied from C-H stretching frequencies.

Organic compounds possessing bulky tert-butyl groups in
close proximity have received considerable attention in re-
cent years.”® Such compounds possess unusual physical
and chemical properties. Intramolecular crowding of the
tert-butyl groups in tri-zerz-butylmethane, for example, dis-
torts bond angles and bond lengths from their normal equi-
librium values.?® Rotation of the tert-butyl groups in tri-
tert-butylmethane is restricted, and a strain energy of 33.5
kcal/mol for this compound has been calculated.?® The
strain present in tri-zert-butylmethane and its derivatives is
likewise evident in the chemical reactivities of these com-
pounds 3.6

Few examples are known of compounds with three rer:-
butyl groups bonded to a central atom other than carbon.
Tri-tert-butyltin - derivatives™® and tri-tert-butylphos-
phine® have been recently prepared but do not appear to be
severely restricted in chemical reactions that would increase
the steric bulk about the central atom.” A silicon analog of
tri-tert-butylsilane, (Me;3Si);SiH, and even (Me3Si)sSi
have been reported.® However, previous attempts to prepare
tri-tert-butylsilane have not been successful.® We have
found that, whereas di-tert-butyldichlorosilane is inert to
substitution reactions by alkyllithium compounds, tri-zerz-
butyl- and di-tert-butylmethylsilane can be prepared from
di-tert-butylchlorosilane and tert-butyl- or methyllithium.

The syntheses and spectral properties of these compounds
are described.

Results and Discussion

tert-Butyltrichlorosilane was prepared by the procedure
of Tyler, Sommer, and Whitmore.?® When the terr-butyltri-
chlorosilane was further treated with rerz-butyllithium over
a period of 11 days, while the reaction temperature was
slowly increased from 38 to 105°, instead of observing only
di-tert-butyldichlorosilane, five compounds were detected
and analyzed (eq 1). One of these compounds was identified

(+-Bu)SiCly + ¢-BuLi —> ({-Bu),SiH, + (t-Bu),SiHCI +
9% 329,
(+-Bu),SiCl, + (t-Bu),SiH + (f-Bu)SiCl,-O-¢-Bu (1)
479 5% 7%

as tri-tert-butylsilane. Nearly identical results were ob-
tained in a duplicate experiment.

The source of the tri-zerz-butylsilane could not have been
di-tert-butyldichlorosilane since this compound is resistant
to substitution by rert-butyllithium under these reaction
conditions and does not form tri-tert-butylsilane even under
more drastic conditions.”® Likewise, although hydride dis-
placement from organosilanes by alkyllithiums is a known
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process,'® no tri-rers-butylsilane is produced after treating
di-tert-butylsilane with zerz-butyllithium for 53 hr under
reaction conditions similar to that used with terz-butyltri-
chlorosilane ineq 1.

Di-tert-butyldichlorosilane was similarly resistant to sub-
stitution by methyllithium. However, di-tert-butylchlorosil-
ane reacted with methyllithium at 50° to form di-tert-
butylmethylsilane. In a small scale reaction, GLC analysis
showed a nearly quantitative yield of di-terz-butylmethylsil-
ane; on a larger scale, this compound was isolated in 91%
yield. Thus the replacement of one chlorine on di-zer:-
butyldichlorosilane by hydrogen provides a dramatic
change in the reactivity toward alkyl substitution at silicon!

Both electronic and steric effects are important in reac-
tions of organosilicon compounds.'! Electronegative groups
bonded to silicon facilitate the rate of nucleophilic substitu-
tion at silicon.!!-12 Thus, if electronic effects were domi-
nant, alkyl substitution should have occurred more readily
with di-zert-butyldichlorosilane than with di-rers-butylchlo-
rosilane. However, exactly the opposite was observed. The
difference in size between chlorine and hydrogen was suffi-
cient to prevent even methyllithium from attacking di-zerz-
butyldichlorosilane.!3

The mechanism of alkyllithium displacement of chloride
from chlorosilanes is usually SN2-Si and involves inversion
at silicon.!! Steric hindrance by the terz-butyl groups of di-
tert-butylchlorosilane would be expected to prevent back-
side approach and force displacement from the same side as
the leaving group. The low reactivity of methyllithium
toward di-tert-butylchlorosilane is consistent with this ex-
planation; unstrained chlorosilanes for which an inversion
mechanism cannot operate are very unreactive toward nu-
cleophilic reagents.!! In contrast, angle-strained organosili-
con derivatives having C-Si-C angles less than normal
react rapidly with even strong nucleophiles to give products
with retention of configuration.!é.!?

The products from the reaction between rerz-butyltri-
chlorosilane and rert-butyllithium can be explained by the
process given in Scheme 1. Di-tert-butyldichlorosilane,

Scheme 1
(t-Bu)SiCl; + t-BuLi — (#-Bu),8iCl, + LiCl (2)

(t-Bu),SiCl, + #-BulLi —

(t-Bu),SiHC]l + LiCl + H,C=C(CH;), (3)
£y
(t-Bu),SiHCl + ¢-BuLi —

(t-Bu),8iH, + LiCl + H,C=C(CH;), (4)

3
(+-Bu),SIHCl + f-BuLi —> (f-Bu),SiH + LiCl (5)

formed by displacement of chloride from terz-butyltrichlo-
rosilane, is reduced to di-rert-butylchlorosilane by ter:-
butyllithium. Di-terz-butylchlorosilane reacts with zerz-
butyllithium to form both di-zert-butylsilane and tri-rer:-
butylsilane. Although we are unaware of similar reductions
of chlorosilanes by ters-butyllithium, Grignard reagents
possessing 3 hydrogens are noted for their ability to reduce
chlorosilanes in a reaction process characterized by reten-
tion of configuration at silicon.'® Similar processes also
occur in alkylation reactions of haloorganoboranes.!®2° In
this study, we have found that rers-butylmagnesium chlo-
ride reduces di-tert-butyldichlorosilane under reaction con-
ditions similar to those under which the dichlorosilane is re-
duced by rert-butyllithium (4 days, 95°).

In a separate experiment, a 2 M excess of tert-butyllith-
ium was added to a mixture composed of 9% di-tert-butylsi-
lane, 57% di-tert-butylchlorosilane, and 34% di-tert-butyl-
dichlorosilane, and the reaction temperature was slowly

raised from 30 to 80° over a 4-day period. Analysis of the
reaction mixture showed unreacted rerz-butyllithium and
only small amounts of di-tert-butyldichlorosilane (11%)
and di-tert-butylchlorosilane (5%); di-zert-butylsilane and
tri-tert-butylsilane were detected in a ratio of 2.6:1 (75%
yield). The presence of higher molecular weight material
was also observed but was not further analyzed. When an
allowance was made for the amount of di-zert-butylsilane
present in the starting material, the ratio of elimination to
substitution for di-zerz-butylchlorosilane (ks/ks) was calcu-
lated to be 2.1. Thus even with di-tert-butylchlorosilane, re-
duction by rert-butyllithium is the predominant reaction
process.

2,2,3,3-Tetramethylbutane was observed as a reaction
product from all reactions of chlorosilanes in which reduc-
tion by tert-butyllithium occurred. The presence of this
compound, not observed in the stock zert-butyllithium solu-
tion, suggests that free-radical processes may be important
in tert-butyllithium reactions with hindered chlorosilanes.
An SNi-Si mechanism has been advanced for the reduc-
tions of chloro- and methoxysilanes by tert-butylmagnes-
ium halides.!® In these reactions, 2,2,3,3-tetramethylbutane
was not an observed reaction product even when reaction
times and reaction temperatures were comparable to or
more severe than those in this study. Similarly, no tetra-
methylbutane was detected in the reaction products from
the reduction of di-zert-butyldichlorosilane by terz-butyl-
magnesium chloride. The required use of excess amounts of
tert-butyllithium and the comparable reactvities of rert-
butylmagnesium chloride and rers-butyllithium toward di-
tert-butyldichlorosilane are consistent with either a free-
radical or SNi-Si process for reduction. However, the ob-
served substitution by rerz-butyllithium on di-zerz-butylme-
thoxysilane without reduction (discussed below) and the
production of tetramethylbutane point to a stepwise free-
radical mechanism for reduction of hindered chlorosilanes
by tert-butyllithium (Scheme II). If analogy can be drawn

Scheme 11
(t-Bu),SiXCl + (CH;);,CLi —

(t-Bu),SiX + LiCl + LiCl + (CH;)C: (6)
(X = H, C)
(CH,),C+ + (-Bu),8iX —>
(CH,;),C=CH, + (t-Bu),SiHX (7)
2(CH;);C+ — (CH;);C—C(CH,), (8)

to the stabilities of rert-butylmethyl radicals,® (¢-Bu),SiX
should be long-lived, allowing sufficient time for reactions
such as that in eq 7 to occur. The reaction given by eq 6
may not be limited to chlorosilanes since 2,2,3,3-tetrameth-
ylbutane was also formed in the reaction between tert-
butyllithium and di-zert-butylsilane. However, tetramethyl-
butane may have been formed in other, as yet unknown,
reaction processes; further work is required to substantiate
the validity of Scheme 11.

Numerous alternate routes to tri-terz-butylsilane were at-
tempted. The reaction of trichlorosilane with a 4 M excess
of tert-butyllithium at 70° for 6 hr gave, after work-up, a
complex mixture of products consisting of di-zers-butylsil-
ane, di-tert-butylsilanol, and more than six other unidenti-
fied compounds. Di-zert-butylmethoxysilane, prepared by
the reaction of di-rert-butylchlorosilane with methanol in
pyridine, was treated with an equivalent amount of terz-
butyllithium for 2 days as the temperature was increased
slowly from 30 to 90°; after work-up, di-rert-butylsilanol
was isolated with tri-zert-butylsilane, which was formed in
an overall yield of less than 2%. Product recovery from this
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reaction was low (30-40%), and the major portion of the
reaction products was insoluble in either ether or pentane.
Although the methoxy group is a good leaving group in or-
ganosilicon chemistry,!! and methoxyorganoboranes have
been successfully alkylated without the occurrance of the
elimination process evident with haloorganoboranes,!®:20
the reaction of di-terz-butylmethoxysilane with zert-butylli-
thium did not produce the desired product in a significant
yield. The methoxysilane is resistant to reduction and is also
resistant to alkylation by terz-butyllithium at silicon.

Limited success was achieved in improving the yield of
tri-tert-butylsilane from that in eq 1 by treating di-zert-
butylchlorosilane with rerz-butyllithium in triethylamine at
50°. However, reaction times were extremely long; after 6
days, 25% of the chlorosilane reactant remained, and the
yield of tri-terz-butylsilane was only 8%. When tetramethyl-
diaminomethane was used as the solvent in a separate ex-
periment, rert-butyllithium was consumed but without any
discernable production of tri-zerz-butylsilane.

The preferred synthetic route to tri-zerz-butylsilane and
di-tert-butylalkylsilanes from tert-butyltrichlorosilane con-
sisted of treating this compound with zerz-butyllithium (eq
1), reducing the complex mixture with lithium aluminum
hydride, and fractionally distilling the di-zerz-butyl- and tri-
tert-butylsilanes (Scheme I1I). Chlorination of di-terz-but-

Scheme 111
LiAlHy
(t-Bu),SiXY + (t-Bu)gSiH ———
X, Y = Cl and/or H

(+-Bu),8iH, + (t-Bu),SiH

| ot

RLi
(+-Bu),SiHCl —— (s-Bu),SiH, + R(f-Bu),SiH

ylsilane gives di-tert-butylchlorosilane which is then treated
with an alkyllithium reagent.?!

Di-tert-butylchlorosilane was reduced to di-zerz-butylsil-
ane within 2 days in refluxing ether. Di-tert-butyldichlo-
rosilane was resistant to reduction under comparable condi-
tions; even over a 3-day period as the temperature of the
reaction solution was raised from 35 to 85° and a large ex-
cess of the hydride reducing agent was used, less than 50%
reduction of the di-zert-butyldichlorosilane was realized.

Selective chlorination of di-tert-butylsilane occurred
when chlorine was slowly added to a carbon tetrachloride
solution of di-tert-butylsilane at 0°. Analysis showed that,
after complete consumption of di-terz-butylsilane, the ratio
of di-tert-butyldichlorosilane to di-zerz-butylchlorosilane
was 1:5.1. Further addition of chlorine converts the mono-
chlorosilane to the dichlorosilane. Chlorination of di-tert-
butylsilane by reaction with rerz-butyl chloride and catalyt-
ic amounts of aluminum chloride, although nearly instanta-
neous at 0°, was not as selective; the ratio of di-zert-butyldi-
chlorosilane to di-zert-butylchlorosilane was 1:2.6.

It is interesting to note that nucleophilic reactions that
“normally” occur with inversion at silicon, alkyllithium
substitution, and lithium aluminum hydride reduction in
this study are much slower for di-terz-butylsilyl derivatives
than for comparable but less branched di- and trialkylsilyl
derivatives.!!22 In contrast, reactions that usually occur
with retention of configuration at silicon, chlorination!! and
reduction by tert-butylmagnesium chloride,'® are not ap-
parently influenced to the same degree by the steric effects
of alkyl groups bonded to silicon. Di-zerz-butyldichlorosi-
lane resists substitution by alkyllithium reagents but is re-
duced by tert-butylmagnesium chloride under conditions
comparable with those used with less branched chlorosil-
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Table 1. Selected NMR Parameters of Alkylsilanes

a
8 b ppm JZQSIH‘b

Silane Si-H (CH,),C-Si Hz
(t-Bu),SiH, 3.47 1.07 186
(¢-Bu),MeSiH 3.42 1.02 184
(t-Bu),SiH 3.33 1.13 180
(sec-Bu),SiH 3.52 181
Me,SiH¢ 4.00 190
Me,SiH,° 3.82 190
MeSiH ¢ 3.58 194
n-BuSiH, 3.55 194

aRelative to Me,Si internal standard. & From 2*Si natural abun-
dance, +0.5 Hz. ¢ Taken from ref 24c.

Table Il. Selected Stretching Frequencies of Alkylsilanes
V,em™a
Silane Si—-H C-H
(t-Bu),SiH, 2110 2965, 2950, 2935, 2890, 2865
(t-Bu) ,MeSiH 2090 2960, 2940, 2890, 2860
(¢-Bu),SiH 2080 3000, 2980, 2945, 2890, 2860
Et,SiH 2100 2960, 2940, 2920, 2895, 2880
a2 cm™.

anes; similarly, di-tert-butyldichlorosilane resists reduction
by lithium aluminum hydride but is readily formed by chlo-
rination of di-rert-butylchlorosilane under mild conditions,
The implications of these observations for the synthesis of
organosilicon compounds are not insignificant and will re-
quire further studies.

Selected NMR parameters for tert-butylsilanes are com-
pared with those for less branched alkylsilanes in Table I.
Relative to trimethylsilane, the Si-H protons of the tert-
butylsilanes are more shielded with increased alkyl branch-
ing; similar effects have been observed for the C-H protons
of tert-butylmethanes.?? The Jaog;y values of terz-butylsil-
anes, although smaller than those reported for mono-, di-,
and trialkylsilanes,?* are not appreciably sensitive to steric
factors from alkyl groups; both tri-sec-butylsilane and tri-
tert-butylsilane, for example, have nearly identical J values.

The vibrational stretching frequencies of Si-H bonds for
alkylsilanes have been correlated with ¢* values,*25 imply-
ing that inductive effects on the Si-H bond are primarily
responsible for changes in the Si-H stretching frequencies
with changes in substituents, The Si-H frequencies for the
di- and tri-tert-butylsilanes prepared in this study (Table
IT) similarly correlate well with ¢* and fall on the same line
as those for less branched alkylsilanes.’c The C-H stretch-
ing vibrations of di-rert-butylsilane and di-zerz-butylmeth-
ylsilane are normal when compared with triethylsilane and
similar unbranched alkylsilanes; however, two of those for
tri-tert-butylsilane are high, 3000 and 2980 c¢cm™!, and
characteristic of tri-zerz-butylsilyl derivatives, silanol and
silyl ethers.?® Recently Bartell and Burgi correlated C-H
stretching frequencies with C-H bond lengths for the high-
ly crowded tri-zert-butylmethane. If direct analogy can be
drawn, the C-H bond lengths in tri-zerz-butylsilane are also
affected by intramolecular forces, although not to the same
degree as tri-tert-butylmethane, and relatively severe
crowding of the tert-butyl groups is implied. Similar inter-
actions are not evident from the C-H vibrational frequen-
cies of the di-tert-butylsilanes. Further structural informa-
tion concerning tri-tert-butylsilane should provide a better
understanding of the ability of silicon to accommodate
bulky substituents relative to carbon.
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Experimental Section

General. Instrumentation has been previously described.2’” Com-
mercially available fers-butyllithium in pentane, methyllithium in
ether, and silicon tetrachloride were used without further refine-
ment. Ether solutions of lithium aluminum hydride were prepared
and refrigerated for several months with no apparent loss of activi-
ty. tert-Butylmagnesium chloride in ether was prepared by the
method of Whitmore and Houk.2® After allowing solids to settle, a
clear solution was obtained by transferring to a dry bottle under
positive dry-nitrogen pressure and refrigerated until used. Pyridine
was distilled from calcium hydride and stored over 4A molecular
sieves. Tetramethyldiaminomethane was distilled from p-tolu-
enesulfonyl chloride, then from calcium hydride, and stored over
barium oxide. Triethylamine was purified in the same manner. For
all the reactions described, oven-dried (140°) glassware, assembled
while hot under a dry-nitrogen flow, was used. A mineral oil bub-
bler was used to seal the reaction apparatus from air. For transfer-
ring small quantities of material (<200 ml), oven-dried syringes
and needles were used. Samples were removed using a positive dry-
nitrogen pressure. For transferring larger quantities of air- and
moisture-sensitive materials (>200 ml), a ‘% in. stainless steel tube
from reagent bottle to reaction vessel was used. Transfer was ac-
complished using a positive pressure of dry nitrogen at the reagent
bottle. All GLC analyses made use of 5-ft 15% SE-30 columns.

tert-Butyltrichlorosilane. In a modification of the method of
Tyler, Sommer, and Whitmore,’® approximately 600 ml of 1 M
tert-butyllithium (0.6 mol) in pentane was added dropwise with
stirring at room temperature under a slow dry-nitrogen flow to 170
g (1.0 mol) of silicon tetrachloride. The reaction solution turned
only slightly cloudy and was heated at reflux for 4 days resulting in
the formation of a white precipitate. After 4 days, tert-butyllith-
ium was not evident in the mixture. The reaction mixture was cen-
trifuged to remove lithium chloride which was washed twice with
pentane then recentrifuged. The combined supernatant solution
was distilled to give 118 g of material, bp 127-160°. GLC and 'H
NMR analyses indicated that the distillate mixture consisted of
15% 2,2,3,3-tetramethylbutane, 73% tert-butyltrichlorosilane
(0.45 mol, 75% yield), 9% di-tert-butylchlorosilane (0.06 mol), and
3% tert-butyl-tert-butoxydichlorosilane. Each of the GLC peaks
was collected and analyzed separately.

2,2,3,3-Tetramethylbutane: white solid, sublimes readily; 'H
NMR (CCly) & 0.88 (s); mass spectrum m/e (rel intensity) 112
(0.3), 57 (100), 43 (27), 41 (53), 29 (31).

tert-Butyltrichlorosilane: waxy white solid, bp 133-138° after
redistillation; '"H NMR (CCl,) 6 1.20 (s); mass spectrum m/e (rel
intensity) 194 (0.007, P + 4), 192 (0.02, P + 2), 190 (0.02, parent
ion), 57 (100), 41 (41), 29 (27).

Di-tert-butylchlorosilane: colorless liquid; 'H NMR (CCly) 6
423 (s, 1 H), 1.11 (s, 18 H); ir (film) 2980, 2960, 2945, 2900,
2870 (C-H), 2135 (Si-H), 1360, and 1380 cm™! (z-Bu); mass
spectrum my/e (rel intensity) 180 (0.19, P + 2), 179 (0.08), 178
(0.51, parent ion), 123 (1.3), 121 (3.5), 95 (5.5), 93 (18), 81 (4.5),
79 (14), 57 (100), 56 (45), 41 (38), 29 (29).

Anal. Caled for CgH,oCISi: C, 53.75; H, 10.71; Cl, 19.83.
Found: C, 53.90; H, 10.80; ClI, 20.09.

tert-Butyl- tert-butoxydichlorosilane: colorless liquid; '"H NMR
(CCly) 6 1.43 (s, 9 H) and 1.05 (s, 9 H); ir (film) 2990, 2970,
2950, 2910, 2870 (C-H), 1385, and 1365 cm™~! (z-Bu); mass spec-
trum myfe (rel intensity) 228 (0.01, parent ion), 217 (1.7), 215
(5.5), 213 (8.0), 57 (100), 56 (75), 41 (42), 29 (29).

Anal. Caled for CgH,gCl,0Si: C, 41.92; H, 7.91; Cl, 30.93.
Found: C, 42.13; H, 8.01; Cl, 31.10.

Tri-tert-butylsilane and Di-tert-butylsilane. To 118 g of crude
tert-butyltrichlorosilane (previously described) was added 620 ml
of 1 M tert-butyllithium in pentane at room temperature under a
slow dry-nitrogen flow. No reaction was apparent. Over a period of

11 days, the pot temperature was slowly raised from 38 to 105° by
slowly removing solvent. At this time, no teri-butyllithium re-
mained. The reaction mixture was centrifuged to remove lithium
chloride, and the light-orange solution was decanted. The inorgan-
ic salts were washed thoroughly three times with pentane. After
each wash, the mixture was centrifuged to remove the finely divid-
ed lithium chloride. Pentane was removed from the combined su-
pernatant solution by distillation. GLC analysis gave the following
relative proportions of products: 7% tetramethylbutane, 8% di-tert-

butylsilane, 8% tert-butyltrichlorosilane, 27% di-tert-butylchlo-
rosilane, 6% tert-butyl-rert-butoxydichlorosilane, 40% di-tert-
butyldichlorosilane, and 4% tri-tert-butylsilane. Similar results
were obtained when the reaction mixture was refluxed for 4 days
as temperatures increased from 30 to 75°. The GLC peaks as-
signed to di-fert-butyldichlorosilane and to tri-rert-butylsilane
were collected and analyzed separately.

Di-tert-butyldichlorosilane: colorless liquid; '"H NMR (CCly) &
1.18 (s), Jisc.u = 126 Hz; ir (film) 2985, 2960, 2950, 2910, 2880
(C-H), 1470 (8i-C), 1390, and 1365 cm™! (z-Bu); mass spectrum
myfe (rel intensity) 216 (0.03, P + 4), 215 (0.02), 214 (0.13, P +
2), 213 (0.03), 212 (0.21, parent ion), 159 (0.08), 157 (0.34), 155
(0.51), 117 (1.0), 115 (5.2), 113 (8.0), 57 (100), 56 (49), 41 (33),
29 (22).

Tri-tert-butylsilane: colorless liquid; 'H NMR (CCly) 4 3.33 (s,
1 H, Jaogjy = 180 Hz) and 1.13 (s, 27 H, Jiscu = 126 Hz); ir
(film) see Table II; mass spectrum m/e (rel intensity) 200 (0.04,
parent ion), 101 (3), 73 (100), 59 (45), 57 (16), 45 (12), 43 (13),
41 (14),29 (15).

Anal. Calcd for CyaHsSi: C, 71.91; H, 14.08; Si, 14.01. Found:
C, 71.87; H, 13.85; Si, 13.86.

To this crude reaction material was added 600 ml of approxi-
mately 1.5 M lithium aluminum hydride in ether at room tempera-
ture with stirring and under a slow dry-nitrogen flow. Initially the
addition was accompanied by an exotherm and the formation of a
white precipitate. After complete addition, the reaction mixture
was brought to reflux and, over a period of 150 hr, the temperature
was raised to 85° by slowly removing the solvent. The reaction
mixture was allowed to cool to room temperature and then was
slowly poured into aqueous ammonium chloride in small portions.
The organic phase was separated, and the aqueous portion was ex-
tracted once with pentane. The combined organic phase and pen-
tane extract were washed once with water, filtered through anhy-
drous magnesium sulfate, then fractionally distilled through a
30-cm Vigreux column. A 29.5-g portion with a boiling range be-
tween 87 and 126° contained 67% di-rert-butylsilane (136 mmol).
A 21-g portion (146 mmol) with a boiling range between 126 and
128° was 99% di-tert-butylsilane. A 16.3-g portion with a boiling
range between 43 and 73° (1 Torr) was 61% di-tert-butyldichlo-
rosilane (0.05 mol) and 11% tri-tert-butylsilane (0.009 mol). A
1.0-g portion with boiling point between 73 and 80° (1 Torr) was
93% tri-tert-butylsilane (0.005 mol). The recovered yield of di-
tert-butylsilane based on tert-butyltrichlorosilane and di-ter:-
butylchlorosilane reactants (0.51 mol) was 55%; that for tri-tert-
butylsilane was 3%. Di-tert-butylsilane was analyzed and gave the
spectral parameters listed in Tables I and II: mass spectrum my/e
(rel intensity) 146 (0.05), 145 (0.14), 144 (1.0, parent ion), 87
(19), 73 (12), 59 (74), 57 (100), 45 (26), 41 (43), 29 (39).

Chlorination of Di-tert-butylsilane. Chlorine was slowly bubbled
into a rapidly stirred solution of 33.6 g (0.234 mol) of di-tert-but-
ylsilane in 100 ml of carbon tetrachloride at 0° under subdued ar-
tificial light. Progress of the reaction was monitored by 'H NMR
spectroscopy. When nearly all of the di-zert-butylsilane had been
consumed, the reaction material was fractionally distilled. A 7.1-g
portion, having a boiling range of 110-155° consisted of 89% di-
tert-butylchlorosilane and 11% di-tert-butylsilane. A 33.2-g por-
tion having a boiling range of 165-177° consisted of 77% di-tert-
butylchlorosilane and 23% di-tert-butyldichlorosilane. The overall
yields of di-tert-butyl-, di-tert-butylchloro-, and di-tert-butyldi-
chlorosilanes were 2, 78, and 15%, a 95% overall recovery.

Reaction of Di-tert-butylsilane with tert-Butyl Chloride and Alu-
minum Chloride. To a rapidly stirred mixture of 0.50 g (3.5 mmol)
of di-tert-butylsilane and a catalytic quantity of aluminum chlo-
ride chilled in a salt-ice-water bath was added 0.30 g (3.5 mmol)
of i1ert-butyl chloride in pentane. An immediate exotherm was
noted. GLC analysis of the reaction mixture at this time showed
21% di-zert-butylsilane, 60% di-rert-butylchlorosilane, and 19% di-
tert-butyldichlorosilane. An additional 0.10 g (1.17 mmol) of tert-
butyl chloride in pentane was then added, again immediately giv-
ing an exothermic reaction. GLC analysis of the reaction mixture
showed 10% di-tert-butylsilane, 65% di-terr-butylchlorosilane, and
25% di-tert-butyldichlorosilane.

Di-tert-butylmethylsilane. A 200-ml portion of 1.84 M methylli-
thium was transferred to a dry reaction vessel. To this stirred solu-
tion was slowly added 33.2 g of a 77% di-rert-butylchlorosilane
(0.143 mol)-23% di-terr-butyldichlorosilane mixture. No reaction
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was apparent at room temperature. The reaction solution was re-
fluxed with the temperature slowly raised to 50° over a period of 3
days by slowly removing the solvent. The reaction was quenched
with an aqueous solution of ammonium chloride. The organic layer
was separated, and the aqueous portion was extracted once with
pentane. The combined organic and pentane extract was dried over
anhydrous magnesium sulfate and filtered, the filter cake was
washed with pentane, and the combined washes, extract, and or-
ganic phase were concentrated under reduced pressure. A short-
path distillation gave 3.38 g of a liquid with a boiling range of
148-155° (85% di-tert-butylmethylsilane, 15% solvent) and 7.41 g
with a beiling range of 159-190° (86% di-tert-butylmethylsilane,
149% di-tert-butyldichlorosilane), The total recovered yield of the
methylsilane was 0.130 mol (91% yield based on di-terz-butylchlo-
rosilane); in a separate experiment, no apparent reaction between
methyllithium and di-fert-butyldichlorosilane was observed.

A sample of di-tert-butylmethylsilane was collected by GLC for
analysis: colorless liquid; '"H NMR (CCly) 6§ 3.42 (q, / = 4 Hz, |
H), 1.02 (s, 18 H), 0.02 (d, J = 4 Hz, 3 H); mass spectrum m/e
(rel intensity) 159 (0.07), 158 (0.88, parent ion), 101 (10.5), 85
(5.8), 73 (100), 59 (93), 57 (43), 45 (20), 31 (10).

Anal, Caled for CgH»2Si1: C, 68.26; H, 14.00. Found: C, 68.48;
H, 14.19.

Di- tert-butylmethoxysilane. A 6.0-g portion of di-fert-butylchlo-
rosilane (89%) and di-rert-butyldichlorosilane (11%) was dissolved
in 4.5 g of dry pyridine. Methanol (3.1 g), freshly distilled from so-
dium methoxide-methanol, was added and the mixture stirred rap-
idly overnight. The top organic layer was separated, washed once
with water, aqueous sulfuric acid, and aqueous sodium bicarbon-
ate. The organic solution was dried over anhydrous magnesium
sulfate, filtered, then distilled to remove low-boiling components.
The pot residue consisted of 90% di-tert-butylmethoxysilane, 6%
di-rert-butyldichlorosilane, and 4% unknown. A pure sample was
collected by GLC for analysis: colorless liquid; '"H NMR (CCly) &
3.97 (s, 1 H), 3.62 (s, 3 H), 1.00 (s, 18 H); ir (film) 3000, 2970,
2935, 2900, 2870 (C-H), 2120 (Si-H), 820 (Si-CH3), 110 (Si-
OCH3), 1385, and 1363 cm~! (¢-Bu); mass spectrum m/e (rel in-
tensity) 176 (0.04), 175 (0.11), 174 (0.64, parent ion), 89 (100),
75(63),59 (71),57 (21), 45 (23),41(22), 29 (21).

Anal. Caled for CgH»,0Si: C, 62.00; H, 12.72; Si, 16.11.
Found: C, 61.87; H, 12.63; Si, 16.26.

Reaction of Di-tert-butylsilane with tert-Butyllithium. To 2.0 g
of di-tert-butylsilane was added 17 ml of 1 M tert-butyllithium
with stirring under slow dry N, flow. No reaction was apparent.
Over a period of 53 hr, the temperature was slowly raised to 90°
by removing the solvent. The only products observed by GLC anal-
ysis were tetramethylbutane, di-tert-butylsilane, and traces of ma-
terials with longer retention times. An additional 20 ml of tert-
butyllithium in pentane was added along with 20 ml of heptane.
The temperature was raised to 82° and heated at that temperature
for 48 hr. GLC analysis indicated no further reaction.

Reaction of tert-Butyl-, Di-tert-butylchloro-, and Di-tert-butyl-
dichlorosilanes with tert-Butyllithium. To 1.5 g of a mixture con-
taining 9% di-tert-butylsilane, 57% di-tert-butylchlorosilane, and
34% di-tert-butyldichlorosilane was added 20 ml of 1 M rert-butyl-
lithium in pentane at room temperature under a slow flow of dry
nitrogen. No reaction was immediately apparent. Over a period of
4 days, the reaction temperature was slowly raised to 80° by slowly
removing the solvent. At this time, unreacted rerr-butyllithium
could be detected. GLC analysis of the reaction mixture gave 54%
di-tert-butylsilane, 5% di-tert-butylchlorosilane, 2% unknown, 11%
di-tert-butyldichlorosilane, 21% tri-tert-butylsilane, and 7% of an
unknown (order of GLC elution).

Reaction of tert-Butyllithlum with Di- tert-butylmethoxysilane.
To 3.0 g of crude di-tert-butylmethoxysilane (90% pure, contain-
ing 6% di-tert-butyldichlorosilane and 4% unknown) was added 20
ml of I M tert-butyllithium in pentane at room temperature under
a slow dry-nitrogen flow. The reaction mixture became exothermic
and turned red upon addition of tert-butyllithium, Over a period of
2 days, the temperature was slowly raised to 90° by slowly remov-
ing the solvent. At this time, the dark reaction mixture was
quenched in aqueous ammonium chloride, and the aqueous portion
was extracted with ether. A solid that was insoluble in water,
ether, and pentane accounted for the bulk of the organic material.
The ether extract was dried over anhydrous magnesium sulfate and
filtered, the filter cake was washed with ether, and the combined
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ether extract and washes were concentrated under reduced pres-
sure. After distilling the ether, 0.28 g of volatile material was col-
lected at 0.1 Torr. GLC analysis of this mixture gave 28% di-tert-
butylsilanol, 9% di-tert-butyldichlorosilane, 37% tri-tert-butylsil-
ane, and 26% unknown. The material assigned to di-tert-butylsila-
nol was collected by GLC for spectral analysis: white crystalline
solid, mp 65-66°; 'H NMR (CCly), 4.05 (s, 1 H), 1.30 (s, | H),
1.02 (s, 18 H}); ir (film), 3450 (broad), 3280, 3250 (O-H), 2975,
2940, 2900, 2870, 2790 (C-H), and 2050 cm™! (Si-H).

Reaction of a Mixture of Di-tert-butylchlorosilane and Di-tert-
butyldichlorosilane with tert-Butyllithium in Triethylamine. To 3.4
g of material containing 23% di-tert-butylchlorosilane, 14% un-
known, and 63% di-tert-butyldichlorosilane was added 2.0 g of dry
triethylamine followed by the dropwise addition of 15 ml of 1 M
tert-butyllithium. The reaction temperature was slowly raised to
52° over a period of 150 hr, at which time no terz-butyllithium re-
mained. The resulting mixture was quenched with aqueous sulfuric
acid and extracted twice with pentane. The combined pentane ex-
tract was filtered through anhydrous magnesium sulfate, then con-
centrated under reduced pressure to give 1.2 g of material. GLC
analysis gave 1% di-tert-butylsilane, 18% di-tert-butylchlorosilane,
22% unknown, 36% di-tert-butyldichlorosilane, and 24% tri-tert-
butylsilane (order of GLC elution).
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Abstract: The syntheses and structure determinations of 39 new, disubstituted [2.2]paracyclophanes are reported in which
each benzene ring contains one substituent. No transannular directive effects were observed in the nitration of either 4-
cyano- or 4-acetyl[2.2]paracyclophane. At 200°, pseudo-o- and pseudo-p-cyanonitro[2.2]paracyclophanes equilibrated to
give an equilmolar mixture. The transannular effects of the positions of the substituents on the 'H NMR and uv spectra of
these compounds are described. Unlike their monosubstituted counterparts, the [2.2]paracyclophanes with a nitro group in
one ring and an amino in the other are colored orange to red. The end absorption of the longest wavelength band of the iso-
mers decreases in intensity in the order pseudo-gem > pseudo-meta > pseudo-para > pseudo-ortho. Transannular canonical
charge transfer resonance structures can be drawn for the two most colored isomers, but not for the other two.

Former papers in this series reported the syntheses,32>..d
substituent directive effects,’®9 and spectral properties3s.3¢
of a number of disubstituted [2.2]paracyclophanes. In
bromination of monobromo-, mononitro-, monoacetyl-, and
monocarbomethoxy[2.2]paracyclophanes, transannular
substituent directive influences were found to be associated
with inter-ring proton transfer as the rate-determining
step.’® In bromination of 4-cyano{2.2]paracyclophane, or
nitration of 4-nitro{2.2]paracyclophane, these directive ef-
fects were absent.>®¢ The structures of the disubstituted
[2.2]paracyclophane derivatives were determined by ther-
mal interconversion through benzyl-benzyl diradical inter-
mediates3 or from the patterns of 'H NMR chemical
shifts.3¢ Particularly useful were the downfield chemical
shifts of the protons pseudo-gem to the halogen and cyano
groups, and the unusually large ortho and small para chem-
ical shifts compared to open-chain model compounds.
Transannular substituent effects on the ultraviolet spectra
and pK,’s of monosubstituted [m.n]paracyclophanes were
found to be small.?

The present paper reports the synthesis and spectral
properties of 39 new disubstituted [2.2]paracyclophanes
with one substituent in each ring. These compounds were
prepared for the following reasons: (1) to examine the possi-
bility of observing intramolecular charge-transfer effects on
the uv spectra of appropriately substituted compounds; (2)
to extend the knowledge of pseudo-gem 'H NMR chemical
shifts to substituents not yet examined; (3) to test further
the generalizations about transannular, substituent-direct-
ing effects on electrophilic substitution; (4) to prepare com-
pounds for a study of transannular substituent effects on
the pK.'s of [2.2]paracyclophanecarboxylic acids and
[2.2}paracyclophanylammonium ions. The results of this
study are reported elsewhere.*

Results and Discussion

Syntheses. The new compounds reported here, and those
disubstituted [2.2]paracyclophanes that served as starting
materials, are formulated in a way (Chart I) that empha-
sizes the positions of the substituents relative to one anoth-
er, and that names those relationships. Reduction with hy-
drogen and platinum of bromonitro isomers 1-4,3® gave
bromoamines 5-8, respectively. With 2 mol of cuprous cya-
nide in N-methylpyrrolidone® at 205° for 24 hr, pseudo-
gem-bromonitro compound 1 gave 14% of starting material,
24% of rearranged pseudo-meta-bromonitro compound 2,
3% of pseudo-gem-cyanonitro compound 9, and 27%
pseudo-meta-cyanonitro isomer 10, Under the reaction con-
ditions, isomerizations 1 = 2 and 9 = 10 appear to occur.
At equilibrium, [2]/{1] > 4.6 at 200°,%° but in the reaction
mixture, [2]/[1] ~ 2. The total yield of cyanated product
(~30%) exceeded that of isomerized starting material
(24%). Thus the cyanation appears to occur slightly faster
than the isomerization of starting material. Nitration of 4-
cyano[2.2]paracyclophane®® gave a mixture of products
from which pseudo-para- and pseudo-ortho-cyanonitro
compounds 12 and 11 were isolated (8 and 4%, respective-
ly). When heated at 200° in N-methylpyrrolidone for 30 hr,
11 equilibrated with 12, and K = k/k; ~ 1. The reaction
was followed by 'H NMR integration of the doublets of H,
in 11 and 12, and &; ~ k3 ~ 3 X 1073 sec™!. Both the rate
and equilibrium constants resemble those obtained for the

. CN  H ' CN
T = O
No, ' ON B
1 12
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