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Chlorination of 1,1-dichlorosilacyclopentane by sulfuryl chloride in the presence of benzoyl peroxide leads
to a mixture of 8- and a-monochloro isomers in a ratio of 4:1. Dehydrohalogenation of these monochloro
isomers by quinoline, pyrolysis, and ferric chloride has been studied. Quinoline treatment results predominantly
in ring opening with the formation of 3-butenyltrichlorosilane. The ferric chloride method results in a minimum
of ring opening, the principal reaction products being 1,1-dichlorosila-2-cyclopentene and 1,1-dichlorosila-3-
cyclopentene. A very satisfactory synthesis of highly pure 1,1-dichlorosila-2-cyclopentene has been developed
which involves the cyclization of cis-4-chloro-1-trichlorosilyl-1-butene by magnesium in diethyl ether. Di-
chlorination of 1,1-dichlorosilacyclopentane with sulfuryl chloride and peroxide results in a complex mixture, two
components of which have been identified by their n.m.r. spectra as 1,1,3,4-tetrachlorosilacyclopentane and
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1,1,3,3-tetrachlorosilacyclopentane.
formation of many products.
silane.

Pyrolysis of the mixture resulting from dichlorination results in the
One of these (obviously the result of ring opening) is 1,3-butadienyltrichloro-
While several other products from this pyrolysis have been separated and identified, no trace of 1,1-
dichlorosilacyclopentadiene has been detected thus far, coutrary to our earlier reports.

Hence all previous

claims of compounds derived from this substance must be withdrawn.

It was reported previously! that a substantial amount
of the experimental work from our laboratory? which
supported the idea of aromaticity in certain cyclic sili-
con systems could not be duplicated when we attempted
an extension of this work.

In the interim we have repeated all of the experi-
ments previously reported? where possible, and, in so
doing, have examined many of them in much greater de-
tail. We are recording our revised results in this
paper.?

The ultimate goal of this work was to prepare sila-
cyclopentadiene (from the reduction of 1,1-dichloro-
silacyclopentadiene) and to test whether the anion de-
rived from this material showed any evidence of aroma-
tic stabilization. The approach chosen to achieve this
objective was: (1) dichlorination of 1,1-dichlorosila-
cyclopentane and (2) pyrolysis of the dichlorination
product to form 1,1-dichlorosilacyclopentadiene.
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Chlorination of 1,1-Dichlorosilacyclopentane.—The
dichlorination of 1,1-dichlorosilacyclopentane was car-
ried out stepwise, such that monochloro isomers could
be first isolated and identified. When 1,1-dichloro-
silacyclopentane was treated with sulfuryl chloride (1:1
mole ratio) in the presence of benzoyl peroxide, a 489,
vield of pure monochlorinated product was obtained
boiling rather sharply at 70-71° (15 mm.), 183.5-185.5°
(atm. pressure). Despite this rather sharp boiling
point, a vapor phase chromatogram of the product*
showed that it consisted of a mixture of «- and B-iso-
mers in a ratio of 1:4, respectively. Positive identifica-
tion of these two monochloro isomers was achieved
through their n.m.r. spectra (Table 1) after prior sepa-

(1) R. A. Benkeser and G. M. Stanton, J. Am. Chem. Soc., 8B, 834
(1963).

(2) R. A. Benkeser, e! ql., tbid., 84, 4723, 4727 (1962). A preliminary
announcement. of this work appeared: ¢bid., 83, 3716, 5029 (1961).

(3) All physical constants listed in our earlier work? should be ignored
in favor of those reported in this paper.

(4) We have found that chlorosilanes can be analyzed quite easily by
v.p.c. provided the column is first conditioned by the prior injection of
several samples of silicon tetrachloride or other volatile chlorosilanes, We

are greatly indebted to Dr. A. Torkelson of the General Electric Co. for sup-
plying us with this information.

ration and purification by preparative scale v.p.c. Pre-
vious work®® on the chlorination of 1,1-dichlorosila-
cyclopentane (without the obvious benefits of v.p.c.
as an analytical tool) had reported the formation of 3-
isomer exclusively. Apparently the boiling points of
the a- and B-isomers differ only slightly from one an-
other since an attempted separation of the two com-
pounds by distillation through a Todd fractionating
column resulted in only a slight change in isomer ratio.

TaABLE I
N.M.R. SPECTRA OF VARIOUS Cycric SiLaNes®? (r-VALUES)

R
i 4 3 2 1
(1) éHzCHaCHzCHzSiClz 8.22 (H? and H? multiplet), 8.89 (H! and H*
_— multiplet)

5 4 3 2 1
(2) CH?CH?CH?CH?S‘i(CsHs)z 2.65 (H! multiplet), 8.19 (H3 and H*4 quin-
_— tet), 891 (H? and H’ multiplet)¢
| 6 5 4 3'2 1
(3) CHCH:CH.CH,SiH(CsHs) 2.62 (H! multiplet), 5.49 (H? quintet), 8.28
(H4 and HS5 quintet), 9.08 (H? and H?
—_—_— mu t'plet)?
4 3 2 1]
(4) CHCH.CH.CHCISiCl: 6.40 (H! triplet), 8.02 (H? and H? multi-
- plet), 8.80 (H* multiplet)

4 3 2 1
H.CH.CHCICH:SiCl:

(5) C‘ 5.55 (H? quintet), 8.30 (H!, H?, and H¢mul-
~ — tiplet)
| 4 3 2 1 .
(6) CH:CH:CH=CHSICl: 2.88 (H? two triplets), 3.88 (H! two trip-
lets), 7.36 (H? multiplet), 8.73 (H* mul-
————— tiplet)
4 3 2 1
(7) CH:.CH=CHCH:SiCl 4.05 (H? and H3 triplet), 8.18 (H! and H¢
_—_— doublet)

- H
| 6 4 3 2] 1
CH.CH.CH=CHSiH»

(8) 3.15 (H? two triplets), 4.10 (H? two trip-
lets), 5.80 (H! septet), 7.40 (H* multi-
——— —n plet); 9.02 (H® multiplet)
1 4 3 2 1!
(9) CH:CHBrCH=CHSICl 2.82 (H? two doublets), 3.76 (H! two dou-

blets), 5.00 (H? multiplet), 8.02 (¢ mul-
tiplet)
¢ These spectra were determined in carbon tetrachloride solu-
tion with tetramethylsilane as an internal standard. A Varian
A-60 n.m.r. spectrometer was employed. Chemical shifts are
measured to the estimated center of a singlet or multiplet.
b In the case of each of the spectra listed in this table, the
peak areas were quite consistent with the proton assignments
made. ° This compound was prepared by Dr. G. M. Stanton
by treating l-phenylsilacyclopentane with phenyllithium. See
D. Wittenberg and H. Gilman, J. Am. Chem. Soc., 80, 2677
(1958). ? Prepared by Dr. G. M. Stanton. The method of
preparation and physical constants are -correctly described:
1bid., 84, 4730 (1962).

When 1,1-dichlorosilacyclopentane was treated with
two equivalents of sulfuryl chloride in the presence of
benzoyl peroxide, a complex product mixture resulted.
This was arbitrarily divided into three fractionation

(6) V. F. Mironov and V. V. Nepomnina, Bull. Acad. Sci. USSR, Div.

Chem. Sci. (Engl. traus.), 1188 (1959).
(8) A. D. Petrov, N. P, Smetankina, and G. . Nikishin, ¢did.. 1414 (1958).
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TaBLE 11

N.M.R. SPECTRA OF VARIOUS STRAIGHT-CHAIN OLEFINIC AND

DIENYLSILANES®” ( 7-VALUES)
4 3 2 1
(1) CH:=CHCH:CH:SiCls 4.12 (H3 multiplet), 4.97 (H* multiplet), 7.66
(H? multiplet), 8.53 (H! multiplet)
5 4 3 2 1
(2) CH=CHCH:CH;SiHs 4.15 (H4 multiplet), 5,02 (H5 multiplet), 6.50
(H! triplet), 7.80 (H?® quartet), 9.15 (H?
multiplet)

4 3 2 1
(3) CH;=CHCH=—CHSICl; 2.8-4.7 (H!, H?, H3, H* complex pattern)
2 1 ’

5 4 3
(4) CH=CHCH=—CHSiH; 3.0-5.0 (H?, H% H¢! H5 complex pattern),
6.15 (H! doublet)

4 3 2 1
(5) CICH,CH:CH=—CHSICl; 3.25 (H? two triplets), 4.12 (H! two triplets),

(cis) 6.42 (H* triplet), 7.15 (H? multiplet,
July? = 14
4 3 2 1
(6) CICH.CH,CH=CHSICl: 3.30 (H?two triplets), 4.13 (H! two triplets),
(trans) §.35 (H4 triplet), 7.28 (H? multiplet),
Hly? = 18

3 2 1
(7) (CH;=CH):SiH. 4.00 (H? and H? multiplet), 5.85 (H! triplet)
3 2

(8) (CH;=CH):SiH! 4,00 (H? and H3? multiplet), 5.65 (H! broad

singlet)

* These spectra were determined in carbon tetrachloride solu-
tion with tetramethylsilane as an internal standard. A Varian
A-60 n.m.r. spectrometer was employed. Chemical shifts are
measured to the estimated center of a singlet or multiplet. °*In
the case of each of the spectra listed in this table, the peak areas
were quite consistent with the proton assignments made.

cuts, the bulk of the material boiling at 85-95° (10
mm.). The first two cuts analyzed correctly for di-
chlorination product while the third cut had a higher
chlorine content.

Two products were isolated in a pure state from the
dichlorination reaction. These materials were tenta-
tively identified by their n.m.r. spectra as 1,1,3,3-
tetrachlorosilacyclopentane and 1,1,3,4-tetrachlorosila-
cyclopentane.

It becomes clear that dichlorination of 1,1-dichloro-
silacyclopentane is a complex reaction and numerous
products are formed. From the 80-20 isomer ratio ob-
tained from monochlorination, it is probably safe to
conclude that all six positional isomeric dichlorination
products are produced at least to some extent. We
have been successful in identifying two of these six.

Chemistry of Monochlorination Products of 1,1-Di-
chlorosilacyclopentane.—When the 80-20 (8 to «)
monochloro isomer mixture was pyrolyzed at 600°,
essentially three products were produced. These were
identified by their n.m.r. spectra (Tables I and II) as
3-butenyltrichlorosilane (I), 1,1-dichlorosila-2-cyclo-
pentene (II), and 1,1-dichlorosila-3-cyclopentene (III)
in aratioof 5:4:1, respectively.

Cl =
<_>/ 80, CLS(CHz).CH=CH, + q S_> + )
Si

Si

({l \Cl
I

When this pyrolysate mixture was treated with lith-
ium aluminum hydride, again a three-component mix-
ture was obtained, from which sila-2-cyclopentene was
isolated by vapor phase chromatography. Its ele-
mental analysis and n.m.r. spectrum (Table I) clearly
established its identity.

When the monochlorinated isomer mixture was re-
fluxed with quinoline, a product resulted consisting al-
most exclusively of 4-trichlorosilyl-1-butene (20 parts)
contaminated with a small amount of 1,1-dichlorosila-
2-cyclopentene’ (1 part).

{ \
Cl Cl C/l Cl
II II1

(7) These results are in essential agreement with those of Mironov and
Nepomnina; see ref, 5.
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When the 4-trichlorosilyl-1-butene obtained from this
reaction was reduced with lithium aluminum hydride,
4-silyl-1-butene was obtained in 55%, yield. Its ele-
mental analysis and n.m.r. spectrum (Table II) clearly
established its identity.

When the monochlorinated isomer mixture derived
from 1,1-dichlorosilacyclopentane was heated with
catalytic quantities of ferric chloride, very little ring
opening occurred. The product consisted mainly of
1,1-dichlorosila-2- and -3-cyclopentene in a ratio of
3:2.

cl
{ ?S F°T°‘a> II + III + trace of I
Si

/N

Cl ¢l

It becomes immediately clear from the above results
that a menemum of ring opening occurs in the method
employing catalytic quantities of ferric chloride, while a
maximum of ring opening occurs in the quinoline treat-
ment. One must remember that in all of these experi-
ments an 80-20 $- to e-monochloro isomer mixture was
used. There can be little doubt that the S-isomer will
be more susceptible to ring opening than the a-. In a
subsequent paper we plan to contrast the reactivity of
these two isomers.

Pyrolysis of Dichlorination Products of 1,1-Dichloro-
silacyclopentane.—When the dichlorinated material
obtained from 1,1-dichlorosilacyclopentane was pyro-
lyzed at 560°, a very complex mixture of products
resulted as adjudged by v.p.c. analysis. One pre-
dominant component of this mixture was separated and
identified by n.m.r. (Table II) as 1,3-butadienyltri-
chlorosilane (IV).

Cl Cl
560°, (CLSiCH=CHCH=CH, +
/S\ v ther product
othe roaucts
d a P

In still another pyrolysis attempt, a portion of the
product was reduced with lithium aluminum hydride.
Again, gas chromatography showed a complex mix-
ture, from which 3-butenylsilane, 1,3-butadienylsilane,
and sila-2-cyclopentene could be separated and identi-
fied by their n.m.r. spectra.

An authentic sample of 1,3-butadienylsilane (V) was
obtained for comparison purposes by reducing 1,3-
butadienyltrichlorosilane with lithium aluminum hy-

dride. Itsn.m.r.spectrum is listed in Table II.
LiAlH,
Cl;8SiCH=CH —CH=CH; ——> H;Si—CH=CH—CH=CH,

AY

Independent Synthesis of 1,1-Dichlorosila-2-cyclo-
pentene.—In order to obtain an authentic sample of
1,1-dichlorosila-2-cyclopentene for comparison pur-
poses, the following independent synthesis was devised
and successfully carried out.

v H
HSiCls N/
Cl—CH,—CH,—C=CH — C=C (cis) (1)
peroxide / AN
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H H 7
Se=c 2 (D
SiCls (CHa):Cl i
¢l o

Earlier work® from our laboratory had established
that peroxide-catalyzed additions of trichlorosilane
to monosubstituted acetylenes usually proceeds in a
predominantly ¢rans fashion to yield cis product. This
same generalization was found to hold when 4-chloro-1-
butyne was treated with trichlorosilane in the presence
of benzoyl peroxide (eq. 1). The product could be
separated by careful fractionation into two components
which were identified both by their n.m.r. and infrared
spectra as the c¢is and trams isomers of 4-chloro-1-tri-
chlorosilyl-1-butene in a ratio of 4:1, respectively.?

Spectral data on each of the two components isolated
from this reaction made the cis—trans assignments
rather straightforward. One component showed an
infrared peak!® at 985 cm.—! while the other did not.
This absorption is commonly attributed to a frans

/H
/C=C hydrogen arrangement on a vinyl
H
group. Likewise the n.m.r. coupling constant of the
two vinyl hydrogens on this compound was of the order
of 18, while the other isomer had a coupling constant of
about 14 (see Table II). Both of these values lie
nicely in the range designated for cis—trans pairs.!!

An isomeric mixture of ¢zs- and trams-4-chloro-1-tri-
chlorosilyl-1-butene was treated with excess methyl-
magnesium iodide. An isomeric mixture of cis- and
trans-4-chloro-1-trimethylsilyl-1-butene was obtained
which gave a correct elemental analysis, thus confirm-
ing the composition of these structures.

The ring closure shown in eq. 2 was quite successfully
achieved in a solvent of diethyl ether.!? The best
yield of 1,1-dichlorosila-2-cyclopentene (519;) was ob-
tained when pure cis-4-chloro-1-trichlorosilyl-1-butene
was used as starting material. The yield dropped to
429, when a 3: 1 cis—trans isomer mixture was employed.
Interestingly, a 209 yield of product could still be
obtained when pure frans-4-chloro-1-trichlorosilyl-1-
butene was used as starting material. Quite obviously
the trans isomer must first isomerize to ¢is before it can
undergo cyclization. This was evidenced by the very
slow rate of the cyclization in the case of the trans
compound.

1,1-Dichlorosila-2-cyclopentene was found to react
readily with N-bromosuccinimide forming a compound
to which we have assigned the structure 1,1-dichloro-3-
bromosila-2-cyclopentene (VI) based upon its infrared
and n.m.r. spectra (see Tables I and III). The infrared
absorption at 6.41 u for VI clearly places the double
bond in 2- rather than 3-position (compare entries 3 and

(8) R. A. Benkeser, M. I.. Burrous, L. E. Nelson, and J. V. Swisher,
J. Am. Chem. Soc., 88, 4385 (1961).

(9) No attempt was made to determine whether the trans isomer (which is
presumably the more thermodynamically stable) was arising from isom-
erization of the c¢is form.

(10) A peak in the 965-985 cm. ! region is considered of diagnostic value
for a frans ethylene. See N. Sheppard and D. M. Simpson, Quart. Rev.
(L.ondon), 6, 1 (1952); B. Loev and C. R. Dawson, J. Am. Chem. Soc., T8,
1180 (1956).

(11) See I.. M. Jackman, "Application of Nuclear Magnetic Resonance
Spectroscopy in Organic Chemistry,” Pergamon Press, New York. N. Y.,
1959, p. 85.

(12) When tetrahydrofuran was tried as a solvent, only a low yield of 1.1-
dichlorosila-2-cyclopentene could be realized.

R. A. BENKESER, Y. Nacal, J. L. Nog, R. F. Cunico, aNnp P. H. GUND
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4, Table IIT). Likewise the vinylic H in position ‘3"

appearing as a pair of doublets is highly suggestive of
structure VI.

TaBLE III
INFRARED SPECTRA OF VARIOoUS CvcLic SiLANES®

(1) Silacyclopentane 3.4, 3.5, 4.66, 6.90, 7.07, 9.3, 10.5,
11.34, 12.0, 13.30
(2) 1,1-Dichlorosilacyclopentane 3.4,6.8,7.1,80,93,11.7,13.6
(3) 1,1-Dichlorosila-2-cyclopentene 3.34, 3.44, 3.52, 6.40, 6.96, 7.15, 7.57
8.71, 6.11, 10.14, 11.20, 12.04, 13.25
(4) 1,1-Dichlorosila-3-cyclopentene 3.30, 3.45, 6.20, 7.15, 8.27, 9.10, 10.60,
12,25, 13.75
3.30, 3.43, 3.50, 6.99, 8.99, 9.00, 9.30,
9.77, 11.75, 12.55
3.30, 3.45, 3.55, 4.7, 7.0, 8.95, 9.25,
10.85, 11.4, 11.7, 12.75
3.35, 3.45, 3.52, 4.7, 8.39, 6.93, 7.1,
7.59, 8,74, 9.09, 10.13, 10.4, 11.5,
14.2
3.30, 3.40, 6.41, 7.14, 7.58, 8.15, 8.42,
8.86, 9.09, 9.86, 10.77, 11,19, 12.01,
12.47, 12.73, 13.18

¢ These data were obtained from a Perkin—-Elmer Model 221
spectrophotometer. ® This compound was prepared by Dr. G.
M. Stanton by treating l-phenylsilacyclopentane with phenyl-
lithium; #%p 1.5868; see D. Wittenberg and H. Gilman, J. 4Am.
Chem. Soc., 80, 2677 (1958). ° See footnote ¢ in Table I.

%) 1 ,1-Diphenylsilacyclopentaneb

(6) 1-Phenylsilacyclopentane®

(7) Sila-2-cyclopentene

(8) 1,1-Dichloro-3-bromosila-2-
cyclopentene

Divinylsilane.—The preparation of divinylsilane
from the reaction of vinylmagnesium bromide with
vinyltrichlorosilane was also carried out and an ana-
lytically pure sample of this material was obtained for
the first time. The infrared and n.m.r. spectra of this
compound are listed in Tables IT and IV.

TaBLE IV

INFRARED SPECTRA OF VARIOUS STRAIGHT-CHAIN OLEFINIC AND
DIENYLSILANES®

3.22, 3.33, 3.40, 6.03, 6.88, 7.02, 7.15,
10.08, 10.90, 12.9, 14.2

3.25, 3.35, 3.42, 4.83, 8.06, 8.90, 7.05,
7.11, 10.06, 10.8, 14.5

(3) 1,3-Butadienyltrichlorosilane 3.25, 3.35, 6.09, 6.34, 9.92, 10.79, 12,25

(4) 1,3-Butadienylsilane 3.25, 3.35, 4.65, 6.11, 6.37, 9.91, 10.8,
12.04

3.26, 3.31, 3.35, 3.38, 4.65, 6.23, 7.10,
9.91, 10.42, 10.6, 11.8

% These data were obtained from a Perkin—-Elmer Model 221
spectrophotometer.

(1) 3-Butenyltrichlorosilane

(2) 3-Butenylsilane

(5) Divinylsilane

Spectral Data.—Tables I to IV list the n.m.r. and
infrared spectra of all the compounds reported in this
paper.

Conclusions.—It is now clear that the dichlorination
of 1,1-dichlorosilacyclopentane leads to a complex
mixture of products. It is not surprising that pyroly-
sis of such a mixture should compound the complexity
of the products. Our repeated efforts to isolate a
sample of 1,1-dichlorosilacyclopentadiene from the
complex pyrolysis products have thus far met failure.
Likewise, reduction of the pyrolysate with lithium alu-
minum hydride in the hope of simplifying the purifica-
tion procedure has failed to yield any compound iden-
tifiable as silacyclopentadiene. While it is entirely pos-
sible that such cyclic dienes may be present in minor
amounts or have transient existence in the complex py-
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rolysis mixtures we are dealing with, they have thus far
escaped our detection.!?

While we are continuing to work in this area, it is
clear that our earlier claims? concerning the existence
of aromatic silicon systems must be considered prema-
ture in view of our current results.

Experimental

Monochlorination of 1,1-Dichlorosilacyclopentane.!—In a
200-ml. round-bottomed flask were placed 101 g. (0.65 mole)
of 1,1-dichlorosilacyclopentane, 81 g. (0.60 mole) of sulfuryl
chloride, and 1 g. of benzoyl peroxide. The flask was heated to
initiate the reaction and then cooled with ice water until the
vigorous reaction subsided. The mixture was then heated until
the evolution of gases ceased (2-5 hr.). Gas chromatographic
analysis (16 ft. silicone oil coluinn, 130°, 15 p.s.i.) of the crude
reaction product showed, in addition to starting material, two
product peaks of 80 and 209, respectively. Distillation of the
reaction mixture on a Todd column yielded 60 g. (48%) of pure
monochlorinated product boiling at 70-71° at 15 mm. Vapor
phase chromatographic analysis of this material showed the same
two product peaks in a 4:1 ratio.

Anal. Caled. for C,H;SiCl::  C, 25.35; H, 3.72; Cl, 56.11.
Found: C, 25.57; H, 3.97; Cl, 56.50.

Titration of this monochlorinated isomer mixture for hydro-
lyzable chlorine!® with standard sodium hydroxide indicated the
mixture to be 809 8- and 209 a-chloro compound.

Separation of these two isomers was accomplished by prepara-
tive scale gas chromatography (Autoprep, 3/s in. X 20 ft. S.E.
30 column, 145°).

1,1,2-Trichlorosilacyclopentane (comprising 209 of isomer
mixture) was identified by its n.m.r. spectrum (see Table I).

Anal., Caled. for C4HSiCl:  C, 25.35; H, 3.72; Cl, 56.11.
Found: C, 25.51; H, 4.00; Cl, 56.30.

The 1,1,3-trichlorosilacyclopentane (809, of isomer mixture)
could also be characterized by its n.m.r. spectrum (Table I).

Anal. Caled. for C/H;SiCl;:  C, 25.35; H, 3.72; Cl, 56.11.
Found: C, 25.70; H, 3.74; Cl, 55.92.

When the crude monochlorination reaction product was distilled
on a Todd column at atmospheric pressure (see ref. 6), there
was obtained, in addition to starting material, a mixture of the
trichlorosilacyclopentanes boiling at 183.5-185.5°. This ma-
terial was collected as six separate fractions, each of which con-
tained both the a- and S-isomers. The first fraction contained
179% « and the last 279, «. Each fraction was slightly contami-
nated with minor amounts of two lower boiling components.
From their v.p.c. retention times, it is possible that these latter
two contaminants were 1,1-dichlorosila-2-cyclopentene and 1,1-
dichlorosila-3-cyclopentene.

Pyrolysis of the Monochlorination Products of 1,1-Dichloro-
silacyclopentane,—A sample of 92 g. of the trichlorosilacyclo-
pentane isomer mixture (809, 8, 209, a) was passed through a
10 in. column packed with glass beadsat 600° in a nitrogen stream.
Considerable gas evolution was noted and 73 g. of liquid product
was trapped in Dry Ice. Distillation resulted in 53 g. of a clear
liquid boiling at 135-150°. Analysis of this material by v.p.c.
(8 ft. XF-1150 cyanosilicone column, 100°, 8 p.s.i.) disclosed
three main peaks. Only partial separation of these materials
could be achieved on a Todd column, but pure samples were col-
lected by v.p.c, Elemental analyses and n.m.r. spectra (see
Tables I and II) established the identity of these three products
as 3-butenyltrichlorosilane, 1,1-dichlorosila-2-cyclopentene, and
1,1-dichlorosila-3-cyclopentene in a distribution of 5:4:1.

Anal. Caled, for C.H;SiCl; (3-butenyltrichlorosilane): C,
25.34; H, 3.72; Cl, 56.11. Found: C, 25.69; H, 3.98; CI,
56.44. Caled. for C4HSiCl; (1,1-dichlorosila-3-cyclopentene):

C, 31.38; H, 3.95; Cl, 46.31. Found: C, 31.77; H, 4.29;
Cl, 46.16. Caled. for C4HgSiCl, (1,1-dichlorosila-2-cyclopen-
tene): C, 31.38; H, 3.95; Cl, 46.31. Found: C, 31.21; H,
4.08; Cl, 46.29.

(13) Since our original publications? there have been two independent
claims made for the synthesis of 1,1.-dimethylsilacyclopentadiene. See J.
Goubean, T. Kalmar, and H. Hofmann, Axn., 659, 39 (1962); O. M.
Nefedov and M. N. Marakov, Jzves!. Akad. Nauk S.S.S.R., Otdel. Khim.
Nauk, No. 4, 769 (1963). Both of these lahoratories resorted to catalytic
dehydrogenation of 1,1-dimethylsilacyclopentane.

(14) R, West, J. Am. Chem. Soc., 76, 6012 (1954).

(15) L. H. Sommer and F. C. Whitmore, ibid., 68, 485 (1946).
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Sila-2-cyclopentene.—Reduction of 17 g. of the distilled pyrol-
ysate (b.p. 135-150°) with 6.8 g. (0.18 mole) of lithium alumi-
num hydride in dry diglyme yielded 4.7 g. of product boiling at
57-66°. Analysis of the product by v.p.c. (30 ft. Apiezon L
column, 51°, 12.5 p.s.i.) showed this product to be a mixture of
two major comnponents in approximately equal amounts, con-
taminated by a minor amount of a third component. Based upon
the identification of the pyrolysate (see above), these three com-
ponents were assumed to be 3-butenylsilane, sila-2-cyclopentene,
and sila-3-cyclopentene (minor component). One of the two
major peaks was separated by gas chromatography and identified
by n.m.r. (see Table I) as sila-2-cyclopentene, n%p 1.4565, b.p.
(Siwoloboff) 71°.

Anal. Caled. for C4H,Si:
C, 57.08; H, 9.43.

Reaction of Monochlorinated 1,1-Dichlorosilacyclopentane
with Quinoline.—In a 50-ml. flask was placed 5 g. (0.026 mole)
of monochlorinated 1,1-dichlorosilacyclopentane (80-20 isomer
mixture) and 25 ml. of quinoline. The mixture was refluxed (oil
bath, 210°) overnight. Analysis of the reaction mixture by gas
chromatography (10 ft QF-1 column, 10 p.s.i., 100°) showed 3-
butenyltrichjorosilane (see Table II for n.m.r. spectrum) and 1,1-
dichlorosila-2-cyclopentene in a ratio of approximately 20 to 1.
Distillation of the reaction mixture through a microcolumn
vielded 2.5 g. (509,) of product boiling at 140-160°. Amnalysis
of the distilled product by v.p.c. again showed contamination of
3-butenyltrichlorosilane by about 59 1,1-dichlorosila-2-cyclo-
pentene.

Reaction of Monochlorinated 1,1-Dichlorosilacyclopentane
with Ferric Chloride.—A mixture of 45 g. (0.24 mole) of mono-
chlorinated 1,1-dichlorosilacyclopentane and 0.1 g. of ferric
chloride was refluxed for 10 hr. (oil bath temperature was about
200°).

Analysis of the crude reaction mixture by v.p.c. (8 ft XF-1150
cyanosilicone column, 100°) showed the presence of 3-butenyl-
trichlorosilane, 1,1-dichlorosila-3-cyclopentene, and 1,1-dichloro-
sila-2-cyclopentene in an approximate ratio of 1:8:12. The
crude mixture was distilled on a Todd column and three fractions
were collected: (1) b.p. below 138.5° (12 g.) consisting of 2
parts 1,1-dichlorosila-3-cyclopentene and 1 part I,1-dichlorosila-
2-cyclopentene; (2) b.p. 138.5-143° (4 g.), 1 part 1,1-dichloro-
sila-3-cyclopentene and 5 parts of 1,1-dichlorosila-2-cyclopentene;
(3) b.p. 143° (8 g.), 1,1-dichlorosila-2-cyclopentene. All {rac-
tions were contaminated with small amounts of 3-butenyltri-
chlorosilane,.

3-Butenylsilane.—To 1.4 g. (0.04 mole) of lithium aluminum
hydride in 50 ml. of dry diglyme was added slowly 5 g. (0.026
mole) of 4-trichlorosilyl-1-butene (from the quinoline treatment of
monochlorinated 1,1-dichlorosilacyclopentane). This mixture
was stirred at 20° for 2 hr. under nitrogen pressure. The volatile
product was removed from the reaction mixture under vacuum
and condensed in a Dry Ice trap. Distillation of this material
vielded 1.2 g. (5659%,) of 3-butenylsilane, boiling at 53-54° (n%p
1.4050). An analytical sample was prepared by gas chromato-
graphic purification (30 ft. Apiezon L column, 51°, 12.5 p.s.i.) to
remove a small amount of sila-2-cyclopentene.

Anal. Caled. for C.HwSi: C, 55.73; H, 11.69.
C, 55.86; H, 11.67.

Dichlorination of 1,1-Dichlorosilacyclopentane.—In a 500-ml.
flask were combined 86.2 g. (0.56 mole) of 1,1-dichlorosilacyclo-
pentane, 172.4 g. (1.28 moles) of sulfuryl chloride, and 2 g. of
benzoyl peroxide. The mixture was heated to initiate the re-
action and then cooled with ice water to control the vigorous
reaction which ensued. The mixture was then heated for 10 hr.
until the evolution of gases had ceased. Distillation of the mix-
ture on a Todd column gave, after removal of a lower boiling
forerun, three fractions: (1) b.p. 80-85° (10mm.), 1g.; (2)b.p.
85-95° (10 mm.), 52 g.; (3) b.p. 95-100° (10 mm.), 5 g. The
yield of dichlorinated material based on fraction 2 was 4197

Anal. Caled. for C{HgSiCly: C, 21.45; H, 2.69; Cl, 63.31.
Found (fraction 1): C, 21.61; H, 3.00; Cl, 63.19; (fraction 2):
C, 21.24; H, 2.81; Cl, 83.25; (fraction 3): C, 19.98; H, 2.35;
Cl, 66.43.

Attempted Identification of Dichlorinated 1,1-Dichlorosilacy-
clopentanes.—The forerun obtained from the dichlorination of
1,1-dichlorosilacyclopentane (b.p. 61-85° (10 mm.)) was re-
fractionated and a cut boiling at 48-50° (9 mm.) was obtained.
Likewise the second fraction obtained previously (b.p. 85-95°
(10 mm.)) was refractionated and a cut boiling at 59-61° (3 mm.)

C, 57.06; H, 9.57. Found:

Found:
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was obtained. Analysis by v.p.c. (DEGS, 4 ft. column, 130°)
indicated the two new fractions were essentially pure.

An n.m.r. spectrum of the cut boiling at 48-50° (9 mm.)
showed a triplet at 7.28 7, a singlet at 7.14 , and a triplet at
8.39 r (relative intensities of 1:1:1). The cut boiling at 59-61°
(8 mm.) showed two multiplets at 5.41 and 8.04 r, respectively
(relative intensities of 1:2). These spectra are quite consistent
with the structural assignment of 1,I,3,3-tetrachlorosilacyclo-
pentane (48-50° (9 mm.)) and 1,1,3,4-tetrachlorosilacyclopen-
tane (59-61° (3 mm.)).

Pyrolysis of the Dichlorination Products of 1,1-Dichlorosila-
cyclopentane. Preparation of 1,3-Butadienyltrichlorosilane.—A
sample of 105 g. of the dichlorinated product (b.p. 80-85° (10
mm.)) obtained from 1,1-dichlorosilacyclopentane was added
dropwise onto a 9 in. vertical glass column packed with 5 mm.
glass beads in a slow nitrogen stream. The glass tube (1 in.
dianteter) was surrounded by a 12 in. electric furnace heated to
560°. The dark-colored pyrolysate was collected in a Dry Ice
trap. Analysis of this material by vapor phase chromatography
(DEGS column) disclosed a great number of peaks. Vacuum
distillation of the pyrolysate at 2.5 mm. through a short column
resulted in the collection of the following cuts: (1) 14 g. boiling
below room temperature, (2) 14 g. boiling at 48-60°, and (3)
32 g. boiling at 60-120°. The predominant component of the
second cut was 1,3-butadienyltrichlorosilane identified by its
analysis and n.m.r. spectrum (see Table II).

4nal. Caled. for CiH;SiCl;:  C, 25.61; H, 2.69; Cl, 56.72.
Found: C, 25.89; H, 2.91; Cl, 57.00.

A vapor phase chromatogram of the third cut showed a great
number of peaks indicating a very complex mixture.

In another run, 66 g. of dichlorinated product was pyrolyzed in
a similar fashion. Distillation of the pyrolysate again resulted
in three cuts: (1) b.p. 50-57° (28 mm. ), 8 ml.; (2) b.p. 45-52°
(13 mm.), 2 ml.; (3)b.p. 58-74° (13 mm.) 10, ml.

Fraction 3 (10 g.) dissolved in 20 ml. of dry diglyme was treated
with 3.8 g. of lithium aluminum hydride in 70 ml. of dry diglyme.
The reaction was kept at 20° under nitrogen and was allowed to
stir for 2 hr. The volatile products were pulled off from the
reaction mixture under vacuum and condensed in a Dry Ice trap.
There was obtained 2 g. of product which, by gas chromatog-
raphy, was shown to be a four-component mixture. Separa-
tion of the mixture by v.p.c. (30 ft. Apiezon L column, 51°, 12
p.s.d.) was achieved. Three of the four components were posi-
tively identified as 3-butenylsilane, 1,3-butadienylsilane, and sila-
2-cyclopentene, by a comparison of the n.m.r. and infrared
spectra with authentic samples. The fourth component was not
positively identified.

1,3-Butadienylsilane.—A total of 121 g. (0.54 mole) of dichlo-
rinated 1,1-dichlorosilacyclopentane was pyrolyzed at 580° as
previously described. The pyrolysate was distilled and 11 g.
boiling at 60-70° (32 mm.) was collected in addition to other
cuts. Analysis by v.p.c. showed that this fraction consisted of
about 909, 1,3-butadienyltrichlorosilane. This material was
reduced with 3.1 g. (0.08 mole) of lithium aluminum hydride
in 70 ml. of dry diglyme as described previously and 1.4 g. of
product was obtained. Purification by v.p.c. (18 ft. silicone oil
column, 38°, 12 p.s.i.) yielded pure 1,3-butadienylsilane, #?%p
1.4555, b.p. 58° (see Table I1 for n.m.r. spectrum).

Anal. Caled. for CyH,;Si: C, 57.06; H, 9.57.
56.70; H, 9.87.

Hydrosilylation of 4-Chloro-1-butyne.—To a 500-ml. 3-neck
flask, equipped with thermometer and Friedricks condenser
connected to a Dry Ice trap and a mercury bubbler were added
35 g. (0.4 mole) of 4-chloro-1-butyne,'s 108 g. (0.8 mole) of tri-
chlorosilane, 105 g. (1.2 moles) of cyclohexane (freshly distilled
from sodium), and 6.4 g. (0.026 mole) of benzoy! peroxide. The
mixture was refluxed for 72 hr., then solvent and excess trichloro-
silane were removed on a steam bath under water aspirator pres-
sure. Distillation of the residue gave 28 g. (33%) of a cis—trans
mixture of 4-chloro-1-trichlorosilyl-1-butenes boiling at 94-99°
(4.5 mm.).

Anal. Caled. for C(HSiCly: C, 21.45; H, 2.70; Cl, 63.31.
Found: C, 21.68; H, 2.68; Cl, 63.00.

Vapor phase chromatographic analysis (3 ft. PMPE column,
100°) disclosed that the above product was a 70:30 cis—trans
isomer mixture.

Separation and Identification of cis- and t¢rans-4-Chloro-1-
trichlorosilyl-1-butenes.—In another hydrosilylation run the

Found: C,

(16) G. Eglington and M. C. Whiting, J. Chem. Soc., 3850 (1950).
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product was carefully separated into five fractions on a Todd
column at 1 mm.: (1) 35-47.5°, 3 ml.; (2) 47.5-50°, 16.9 ml.;
(3) 50°, 37 ml; (4) 50.5-54°, 8.5 ml.; (5) 54-55°, 5.5
ml,

The vapor phase chromatograms (3 ft. PMPE column, 100°)
of the first two fractions were virtually identical, showing but
one peak. Fractions 3-5 showed the development of a second,
closely-spaced peak with a somewhat longer retention time. In
fraction 5 this second peak had assumed a ratio of 8: 1 over the first
peak. Subsequent v.p.c. separation of the two components (10 ft.
preparative PMPE column, 130°) permitted infrared (¢rans isomer
showed a peak at 985 cm. ! which was absent in the cis com-
pound) and n.m.r. determinations (see Table II) which confirmed
the identity of the first peak as the cis isomer and the second peak
as the frans isomer. The cis:trans ratio in this run was about
4:1 and the over-all yield was 319%,.

4-Chloro-1-trimethylsilyl-1-butenes.—Seven grams (0.31 mole)
of an isomeric mixture of cis- and ¢rans-4-chloro-1-trichlorosilyl-1-
butene was treated with 0.5 mole of methylmagnesium iodide.
After 0.5 hr. the mixture was hydrolyzed with aqueous 109,
sulfuric acid. After the usual work-up, distillation gave 2.4 g.
(50%) of an isomeric mixture of css- and trams-4-chloro-1-tri-
methylsilyl-1-butene boiling at 151-152°,

Anal. Caled. for CHH,3SiCl: C, 51.67; H, 9.28; Cl, 21.79.
Found: C, 52.02; H, 9.38; Cl, 21.41.

1,1-Dichlorosila-2-cyclopentene.—Ten grams (0.41 g.-atom) of
magnesium was placed in a carefully dried 500-ml. 3-neck flask
fitted with a dropping funnel, condenser, and stirrer. To this
flask were added 100 ml. of anhydrous ether and 4 drops of methyl
iodide. While this mixture was refluxing, 14 g. (0.062 mole)
of c¢is-4-chloro-1-trichlorosilyl-1-butene, diluted with about
five times its volume of ether, was added dropwise with stirring.
The solution turned cloudy after 15 min. and a dark brown
color developed over a period of 1.5 hr. After a reflux time of 4
hr., petroleum ether (35-38°) was added. The mixture was
filtered and evaporated to about a 100-ml. volume under re-
duced pressure and filtered again. It was then evaporated to
about 10 ml. and refiltered. Distillation of the final filtrate
(deep red-brown color) gave 4.9 g. (51%) of 1,1-dichlorosila-
2-cyclopentene boiling at 42° (17.5 mm.). A v.p.c. analysis of
this material indicated a minimum purity of over 95%. A very
minor contaminant appeared to be 1,1-dichlorosila-3-cyclo-
pentene. An infrared spectrum of the major product as well as
its v.p.c. retention time agreed with an authentic sample of
1,1-dichlorosila-2-cyclopentene prepared from the pyrolysis of
monochlorinated 1,1-dichlorosilacyclopentane.

In afiother run, 35 g. of 3:1 cis-trans-olefin mixture of 4-chloro-
1-trichlorosilyl-1-butene was cyclized in a similar fashion. Ten
grams of magnesium and 150 ml. of ether were used. The reflux
time was 6 hr. There was obtained 10 g. (42%) of 1,1-dichloro-
sila-2-cyclopentene boiling at 142-144°.

In still another run, the cyclization was attempted with 12 g.
(0.05 mole) of pure trans-4-chloro-1-trichlorosilyl-1-butene. The
reaction proceeded much more slowly, and only a 209 yield of
product was realized after 4 hr.

1,1-Dichloro-3-bromosila-2-cyclopentene.—A mixture of 7.3 g.
(0.047 mole) of 1,l-dichlorosila-2-cyclopentene and 8.3 g. of
N-bromosuccinimide (0.047 mole) in 50 ml. of carbon tetrachlo-
ride was refluxed for 12 hr. Distillation yielded 7 g. (599,) of
product boiling at 66-70° (3 mm.). The infrared and n.m.r.
spectra of this product are listed in Tables I and III.

Anal. Caled. for C,H;BrClLSi: C, 20.71; H, 2.17; Br,
34.45; Cl, 30.56. Found: C, 20.82; H, 2.42; Br, 34.56;
Ct, 30.41.

Divinylsilane.—Vinyl bromide (Matheson, 140 g., 1.3 moles)
was condensed in a large test tube immersed in a Dry Ice—acetone
bath protected by a drying tube. Tetrahydrofuran (100 ml.)
was added to the vinyl bromide and this solution was then added
with stirring to 38 g. (1.6 g.-atom) of magnesium in 1000 ml. of
dry tetrahydrofuran in a 2-1., 3-neck flask equipped with an addi-
tion funnel and a Dry Ice condenser and protected from the
atmosphere by a drying tube.

The vinyl Grignard was then added to 320 g. (2 moles) of vinyl-
trichlorosilane (redistilled, b.p. 87-88°) in 500 ml. of dry ether
with stirring in a 3-1. flask equipped with a stirrer, addition fun-
nel, and water condenser. The reaction mixture was filtered
from the salts, solvent distilled off, and 500 ml. of dry pentane
added to precipitate additional salts. This was filtered, and the
pentane removed by distillation. The 200 g. of chlorovinyl-
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silanes so obtained was then added to 76 g. (2 moles) of lithium
aluminum hydride in 750 ml. of dry diglyme in a 3-neck flask
equipped with a stirrer, condenser, and addition funnel. The
reaction mixture was kept at 20-25°, The volatile vinylsilanes
were then removed from the reaction mixture under vacuum and
condensed in a Dry Ice trap. The volatile material (52 g.) was
distilled on a Todd column. Eleven fractions were collected,
but none of these gave an analytically pure sample of divinyl-
silane. Pure divinylsilane (#!®p 1.4180) was obtained from one
of the fractions (b.p. 41-42°) by gas chromatography (16 ft.
silicone oil column at room temperature).

Anal. Caled. for C4HsSi: C, 57.06; H, 9.57.
57.47; H, 9.67.

There was also isolated by gas chromatography a material

Found: C,
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which appeared to be ethylvinylsilane (probably caused by an
ethyl halide impurity in the starting vinyl bromide).

The later fractions from the distillation proved to be trivinyl-
silane (b.p. 89.5°, n%®p 1.4475). See Table II for the n.m.r.
spectrum of this compound.
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The Alkaloids of Aspidosperma obscurinervium Azembuja.

A New Class of Heptacyclic Indole Alkaloids?
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From A. obscurinervium bark extract there was isolated (- )-aspidocarpine (Ia), (+ )-aspidolimine (Ib), a

new alkaloid of the methoxyindole type, and four new alkaloids (dihydroobscurinervine, I1a;

obscurinervine,

IIb; dihydroobscurinervidine, IIc; and obscurinervidine, IId) representative of a new class of heptacyclic

indole alkaloids.

The structures were assigned on the basis of analysis, infrared, ultraviolet, n.m.r., and mass
spectra of the parent alkaloids and of a variety of chemical transformation products.

Dihydroobscurinervidinol

(IITu) and dihydroobscurinervinol (IIIt) were synthesized from depropionylaspidoalbine (IVb) by addition
of iodopropanol and iodobutanol, respectively, followed by cyclization of the more polar isomer of each addition

pair through its monobrosylate, and lithium aluminum hydride reduction of the ether linkage.

Neblinine,

an alkaloid isolated from A. neblinae Monachino, could be shown to be 15-demethoxyobscurinervidine (IIe).
Dihydroneblininane (I11z) and its C-22 epimer were synthesized from deacetylaspidocarpine (Ic) and the con-

figuration of the natural isomer at position 22 established by n.m.r. measurements.

The configuration at

position 4 in the original series of alkaloids II-IIg was assigned by three independent and mutually consistent

n.m.r. comparisons.

In connection with our investigation of the indole
alkaloids of Brazilian Aspidosperma species,® the bark
of 4. obscurinervium Azembuja was extracted with
ethanol® and the basic portion of the extract parti-
tioned between benzene and dilute acetic acid. The
latter fraction contained (4 )-aspidocarpine (Ia)®—*
in a very high yield (3.59 of the ethanol extract), (+)-
aspidolimine (Ib, 0.025%,),"% and a new alkaloid of the
methoxyindole type (0.5%) whose structure is currently
under investigation. The former fraction (benzene-
soluble acetates) contained four closely related bases:
dihydroobscurinervine (Ila, 0.069;), obscurinervine
(IIb, 0.07%), dihydroobscurinervidine (IIc, 0.01%),
and obscurinervidine (IId, 0.039,). These were as-
signed the unusual heptacyclic constitutions on the
basis of the evidence described below.

(1) Part XLV: J. A. Joule and C. Djerassi, J. Chem. Soc., in press.

(2) Partial support was provided by the National Institutes of Healtl
(Grant No. GM-11309) of the U. S. Public Health Service.

(3) National lnstitutes of Health Postdoctorate Fellow, 1963,

(4) For most recent reference on this work, see J. M. Ferreira, B. Gilbert,
R. J. Owellen, and C. Djerassi, Experientia, 19, 585 (1963).

(5) We thank Dr. B. Gilbert, Universidade do Brasil, Rio de Janeiro,
for the collection and initial extraction of the bark, which was collected
8 km. north of Manaus, Amazonas. Thanks are due to Dr. W. Rodrigues
for locating this tree.

(6) S. Mcl.ean, K. Palmer, and 1. Marion, Can. J. Chem., 88, 1547
(1960).

(7) 1dentity was established by infrared and ultraviolet spectra, optical
rotation, and a mixture melting point with an authentic sample of the com-
pound.

(8) The configurations of all compounds in this paper are relative and not
absolute.

(9) H. Schmid and M. Pinar, Helv. Chim. Acia, 45, 1283 (1962); B. Gil-
bert, J. A. Brissolese, J. M. Wilson, H. Budzikiewicz, L. J. Durham, and
C. Djerassi, Chem. Ind. (London), 1949 {1962).

The four bases IIa-IId showed an ultraviolet spec-
trum very similar to that of O-methyl-N-ethylaspido-
albinol (VIb),*® while the infrared spectrum indicated
the presence of a strained carbonyl function (1750
cm.™!). The mass spectra of the alkaloids (Fig. 1)
showed a diagnostic and exceedingly simple pattern,
with the only significant peaks arising from loss of
methyl and carbon monoxide (from all four molecular
ions) and ethyl (from the molecular ions of 11a and IIb
only); small peaks were also present at m/e 244 (in all
four spectra and unaffected by catalytic deuteration
of the 6,7 double bond; ion a), 260 (IIa and IIb; ion
f), and 246 (IIc and IId; ion c).!**2 The molecular
ion peaks (IIa, m/e 440 = C25H32N205; IIb, m/e 438 =
CstgoNzOs; IIC, m/e 426 = C24H30N205; IId, m/e
424 = CypHyiN,O5) confirmed the formulas indicated
by analysis, and led to a simplification of the picture
confirmed by hydrogenation of 1Ib to IIa, and IId to
IIc. Also implied in the mass spectra was the conclu-
sion that the obscurinervine and obscurinervidine pairs
differed only in the presence of an easily expelled ethyl
group in the former, replaced by a methyl group in the
latter, probably attached to the aromatic portion of
the molecules.
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