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A new synthesis of 3-methyl-2-cyclopenten-2-ol-l-one (3) and 3-ethyl-2-cyclopenten-2-ol-l-one (4) is

described.

Dieckmann cyclization of dimethyl adipate and alkylation in A”iV-dimethylformamide gave keto

esters la and Ib; chlorination in acetic acid produced dichloro ke*o esters 2a and 2b which were hydrolyzed

and decarboxylated to afford 3 and 4 in 65-70% overall yields.

This route has been demonstrated to be a

convenient, general method for the preparation of other 3-alkyl-substituted 2-cyclopenten-2-ol-l-ones.

For some time 3-methyl-2-cyclopenten-2-ol-l-one (3)
has been recognized, as aflavor constituent, for example,
in coffee aroma2and maple flavor,3and the material has
found commercial use when incorporated as a flavorant
in various food items. It has been reported2as well that
the homolog, 3-ethyl-2-cyclopenten-2-ol-l-one (4), is also
a constituent of coffee aroma. In addition, it has been
observed4hat the ethyl compound 4 possesses organo-
leptic qualities superior to those of 3.

Besides being available from natural sources, 3 has
been synthesized by a variety of methods reported in
the literature.6 The preparation of 4 also has been
reported.Si6 These methods have not been entirely
satisfactory, particularly for larger scale preparations,
owing to low overall yields and/or inaccessibility of
starting materials.

In this paper, we describe a convenient method for the
preparation of 3-methyl-2-cyclopenten-2-ol-1-one and
the more potent 3-ethyl-2-cyclopenten-2-ol-l-one,
which is adaptable as a general method for the prepara-
tion of a variety of other alkyl-substituted 2-cyclopent-
en-2-ol-l-ones. Starting with dimethyl adipate, the
route proceeds as outlined in Scheme | in excellent
overall yield.

The Dieckmann cyclization of dimethyl adipate was
conducted in V,A-dimethylformamide (DMF) solution
and afforded the sodium enolate of 2-carbomethoxy-

(1) 3iochemical Research Laboratory, 3M Co., St. Paul, Minn.

(2) M. A. Gianturco, A. S. Giammarino, and R. G. Pitcher, Tetrahedron,
19, 2051 (1963).

(3) V. J. Filipic, J. C. Underwood, and C. O. Willits, J. Food Soi., 30, 1008
(1965).

(4) (@) A. Torres and C. R. Stephens, unpublished results, (b) A. O.
Pittet, P. Rittersbacher, and R. Muralidhara, presented to the Annual
Meeting of the American Association of Cereal Chemists, Chicago, 111,
April 27-May 1, 1969.

(5) (a) K. Tonari, I. Ichimoto, H. Ueda, and C. Tatsumi, J. Agr. Chem.
Soc. Jap., 44, 46 (1970). (b) K. Sato, S. Suzuki, and Y. Kojima, J. Org.
Chem., 32, 339 (1967), and references therein, (c) K. Sato, Y. Kojima, and
H. Sato, ibid., 35, 2374 (1970).

(6) M. A. Gianturco and P. Friedel, Tetrahedron, 19, 2039 (1963).

Scheme |
0
r~C 0 ZH3 L NaOCH, X / R X,
In,C 0 ZH3 2.R-I a [ JV'COZXH3

la, R=CH3
b,r =chZzhn3

b, R= CH2CH3 3, R=CH3

4, R = CHZXH3

cyclopentanone which was alkylated with methyl or
ethyl iodide giving la and Ib in high yield (85%).

Sato, et. al.,@ have employed the corresponding
ethyl ester of la, 2-methyl-2-carbethoxycyclopentanone,
as an intermediate in the synthesis of 3. They were
able to introduce the requisite a-carbonyl group with
selenium dioxide to afford 5, or with n-butyl nitrite to
give oxime 6. In both cases, the yields were low, as
was the yield of 3 from the subsequent hydrolysis of 5 or
6.

5 6

The possibility that a gera-dichloro group a to the
carbonyl of la and Ib might serve as the necessary
ketone precursor appeared attractive, especially from
the standpoint of ease of preparation. Indeed, 2a and
2b were obtained in quantitative yield from the chlorina-
tion of la and Ib in acetic acid.

The hydrolysis of 2a to 3 in 10% sulfuric acid was
complete in 6 hr, but, under the same conditions, 2b was

3203
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unaffected. Extended periods of reflux served only to
decompose this material to a black tar. After experi-
mentation with various conditions, high yields (~80%)
of 4 were obtained when 2b was hydrolyzed in large
volumes of 5% hydrochloric acid containing 15%
acetic acid. Under these conditions, 12 hr were
required for complete reaction. Although no attempt
was made to optimize conditions for the hydrolysis of
2a to 3, good results were obtained with the use of 5%
hydrochloric acid containing 5% acetic acid (*"70%
overallyield).

Surprisingly, 3-ethyl-2-cyclopenten-2-ol-l-one proved
to be notably less stable on standing than the methyl
homolog 3. In ca. 6-8 hr after isolation, samples of the
material (mp 42-44°) kept at room temperature had
partially decomposed, forming viscous brown oils
which contained a small amount of a new, more polar
substance when examined by tic. The nature of this
decomposition reaction remains unexplained, but,
fortunately, a facile method for preserving the product
was found. In concentrated (80%) ethanol solution, 4
suffered no significant change over extended periods of
time.7

Several other 3-alkyl-2-cyclopenten-2-ol-l-ones were
prepared by this procedure as an indication of the
generality of the method. These compounds, several of
which were previously unreported, are listed in Table |
with their physical constants and microanalyses. The
yields reported are overall yields from dimethyl adipate
to recrystallized products. In these experiments, the
intermediates were not purified, and no attempts were
made to optimize conditions in the final hydrolysis step.

Table |
3-Alkyl-2-
cyclopenten- Bp, °C >-Calcd, %—, —Found, %—, Yield,
2-ol-l-one (0.1 mm) Mp, "C (03 H C C %
Propyl“ 75-80 54-56 68.54 8.63 68.71 8.75 30
Isobutyl 92-93 90-92 70.10 9.15 69.85 9.24 30
Benzyl6 98-100 76.57 6.43 76.28 6.61 26

“Lit.5 bp 107-109 (8 mm), mp 56-58°.
benzyl chloride.

6Alkylation with

Experimental Section

Melting points and boiling points are uncorrected. Vapor
phase chromatographic (vpc) analyses were performed on a
Varian Aerograph 90P-3 instrument using a 5-ft SE-30 column.
The following spectrometers were used: nmr, Varian A-60
(TMS as internal standard); ir, Perkin-Elmer Model 21; uv,
Cary Model 14. Microanalyses were performed by the analytical
services group of these laboratories.

2-Methyl-2-carbomethoxycyclopentanone (la).—To a stirred
mixture of 56.4 g (1.06 mol) of sodium methoxide in 250 ml of
dry iV,A5dimethylformamide was added rapidly 174.0 g (1.0
mol) of dimethyl adipate. The clear brown solution was stirred
and heated under vacuum (165 mm) while methanol and di-
methylformamide were allowed to distil from the reaction. In
*~45 min, the head temperature was constant at 105-108°, and
the solution was cooled to ~35-40° under nitrogen. A solution
of methyl iodide (170.4 g, 1.2 mol) in 150 ml of dimethylform-
amide was added with stirring to the solution while the tempera-
ture was maintained at "40-55° with external cooling. After
addition was complete, a heavy precipitate of sodium iodide
formed and the temperature rose to 60-65°. The pasty mass
was stirred rapidly with cooling until the pH had dropped to

(7) The author is indebted to Mr. Anibal Torres of these laboratories for
making this observation.

Leir

neutral (~45 min). An equal volume of dry ether was added,
the solid was filtered and washed well with ether, and the ether
and dimethylformamide of the combined filtrate and washings
were evaporated on a rotary evaporator giving a brown oil. This
was taken up in ether, washed with water, dried, and evaporated
to afford a light yellow oil (~150 g). Distillation gave pure la
as a colorless oil (132.2 g, 85% yield), bp 85-90° (5 mm) [lit.8
bp 100-106° (13 mm)].

2- Ethyl-2-carbomethoxycyclopentanone (lb).— The procedure

was identical with that for the preparation of la above except
that 187.0 g (1.2 mol) of ethyl iodide was used in place of methyl
iodide. Work-up gave 155 g of crude product which was distilled
to afford 144.6 g (85%) of Ib: bp 114-117° (17 mm); ir (CHC13
5.70, 5.75 M; nmr (CDCIs) s 3.68 (s, 3, COXHJ3, 2.00 (m, 8),
0.88 (t, 3,J = 7Hz, CHZXH3.

Anal. Calcd for CgHuOa: C, 63.51; H, 8.29.
63.39; H, 8.53.

Dichloro Keto Ester 2a.— Chlorine was bubbled rapidly into a
stirred solution of 132.2 g (0.85 mol) of la in 1 1 of glacial acetic
acid. The temperature of the exothermic reaction was held at
45-50° by means of a water bath. After 130 g (1.8 mol) of chlo-
rine had been added, the addition was stopped and the solution
stirred until the vpc of an aliquot indicated complete conversion
to the dichlorinated material (~1 hr). Evaporation of the acetic
acid gave a colorless oil which was distilled to afford 2a (186.7 g,

Found: C,

98%): bp 90-95° (0.3 mm); ir (CHCI,) 5.60, 5.75 n; nmr (CD-
ClI3 s 3.73 (s, 3, COZXH3J, 2.75 (m, 2), 2.15 (m, 2), 1.51 (s, 3,
CH3.

Anal. Calcd CsHioC1D3 C, 42.69; H, 4.48. Found: C,

42.88; H, 4.50.

Dichloro Keto Ester 2b.—The procedure was identical with
that for the preparation of 2a above. From 144.6 g (0.85 mol) of
Ib there was obtairied 1S6.0 g (97%) of pure 2b: bp 100-106°
(0.3 mm); ir (CHC13 5.55, 5.70 nmr (CDC13 s 3.72 (s, 3,
CO0ZXH3, 2.70 (m, 2), 2.00 (m, 4), 0.92 (t, 3,/ = 7Hz, CHZH3.

Anal. Calcd for CHIZID3 C, 45.21; H, 5.06. Found:
C, 44.94; H, 5.05.

3- Methyl-2-cyclopenten-2-ol-l-one (3).— A mixture of 186.7 g

(0.83 mol) of 2a, 1800 ml of 5% HC1, and 100 ml of glacial acetic
acid was stirred and heated under reflux until carbon dioxide
evolution ceased (~6 hr). The yellow solution was cooled to
-~15°, neutralized to pH ~5 with concentrated NaOH solution,
and extracted with seven 500-ml portions of ethyl acetate.
The combined extracts were washed with saturated sodium bi-
carbonate solution until basic and the organic layer was evapo-
rated to dryness to afford a yellow solid. Recrystallization from
ethyl acetate gave 63.8 g (58.4 g plus 5.4 g from a second crop)
of pure 3 (68% yield, 57% overall yield from dimethyl adipate).
The product had mp 104.5-106° and was identical in all
respects with the authentic material: uv max (H2D) 256 nvx (e
12,400); nmr (CDC13 s 6.98 (s, 1, OH), 2.39 (s, 4), 2.00 (s, 3,
CH3J3 [lit.3% mp 105-106°; uv max (EtOH) 257 m” (e 13,350);
nmr 56.33 (s), 2.37 (s), 1.97 (S)].

In another preparation in which the intermediates were not
purified by distillation, slightly higher overall yields were ob-
tained. Thus 174.0 g (1.0 mol) of dimethyl adipate gave 71.0 g
of 3 (63% yield) of mp 102-104°.

3-Ethyl-2-cyclopenten-2-ol-l1-one (4).—A mixture of 196.0 g
(0.83 mol) of 2b, 3600 ml of 5% HC1, and 600 ml of glacial acetic
acid was stirred and heated under reflux until the vpc of an aliquot
showed the complete disappearance of 2b (~12 hr). The clear
brown solution was cooled to room temperature and extracted
with five 700-ml portions of ethyl acetate. The combined ex-
tracts were evaporated to dryness to give a brown oil. Distilla-
tion afforded 81.9 g (79% yield, 65% overall yield from dimethyl
adipate) of 4: bp 73-75° (0.3 nm); uv max (CH3H) 258 m»
(e 13,200); nmr (CDC19 s 7.15 (s, 1, OH), 2.46 (m, 6), 1.17
(t, 3, 3 = 7 Hz, CHZXH3J3 [lit.6bp 65-68° (1 mm); uv max
(EtOH) 259 mvj. (e 10,100)]. According to vpc, the product was
>99% pure. Recrystallization from cold (—78°) hexane gave
70.0 g (2 crops) of white, crystalline 4 of mp 42-44°. This ma-
terial was dissolved in 14 g of 95% ethanol immediately after
drying to avoid decomposition.

Anal. Calcd for CHi®D2 C, 66.64; H, 7.99.
66.37; H, 8.06.

Slightly higher overall yields were realized in another prepara-
tion in which the intermediates were not purified by distillation.

Found: C,

(8) R. Mayer and P. Held, Chem. Ber., 93, 2750 (1960).
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From 174.0 g (1.0 mol) of dimethyl adipate there was obtained
87.0 g (70% yield) of distilled 3-ethyl-2-cyclopenten-2-ol-l1-one
of >99% purity according to vpc.

Registry No.— b, 25684-00-8; 2a, 25684-01-9; 2b,

25684-02-0; 3,80-71-7; 4,21835-01-8; Table |— propy],
25684-04-2; isobutyl, 25684-05-3; benzyl, 25684-06-4.
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Acyclic acetoxy-1,3-dienes, generated in situ from a,/3-unsaturated aldehydes and ketones, undergo the Diels-
Alder reaction with dimethyl acetylenedicarboxylate or chloromaleic anhydride to yield phthalic acid derivatives.

Cyclic acetoxy-1,3-dienes and dimethyl acetylenedicarboxylate give bicyclo[2.2.2]octadiene derivatives.

Heat-

ing the bicyclo[2.2.2]octadiene derivatives above 200° yields dimethyl acetoxyphthalates.

Acetoxy-1,3-dienes, preformed23 or generated in
situ,45readily participate in the Diels-Alder reaction.
This paper describes a convenient one-step synthesis of
phthalate derivatives by the reaction of acetoxy-1,3-
dienes with dimethyl acetylenedicarboxylate or chloro-
maleic anhydride. This procedure complements and
extends the methods for direct construction of benzene
rings developed by Blanc6and Hill.7

Heating an acyclic a,/3-unsaturated aldehyde or
ketone in isopropenyl acetate, containing a catalytic
amount of p-toluenesulfonic acid, with 1.5 equiv of
dimethyl acetylenedicarboxylate affords a dimethyl
phthalate derivative in good yield. Scheme | shows a
pathway for the production of phthalate derivatives
and lists representative examples used to demonstrate
the scope of this reaction.

When chloromaleic anhydride is used as the dieno-
phile the corresponding phthalic anhydride derivative is
obtained (see Scheme Il). The intermediate chloro
acetate produced in this reaction must eliminate 1equiv
of acetic acid and hydrogen chloride to give the aromatic
system.

Cyclic acetoxy-1,3-dienes were found to undergo the
Diels-Alder reaction with dimethyl acetylenedicarboxy-
late, but not with chloromaleic anhydride. Dimedone
gave a white, crystalline adduct 9 whose nmr spectrum
exhibited singlets at 0.99, 1.11, 2.08, 2.11, and 3.78 ppm
assigned to a grem-dimethyl group, two acetate groups,
and two methoxy groups, respectively. The methylene
group appeared as an AB-type quartet at 1.69 and 2.05
with a coupling constant of 12 Hz, while the bridgehead
proton is observed at 3.48 and is coupled (J = 2 Hz)
with the vinyl proton at 6.21 ppm.

Hydrolysis of adduct 9 gave keto acetate 10 and keto
alcohol 11 which were readily separated by column
chromatography. The C-7 methylene group of keto
acetate 10 appeared as an AB pattern (J = 12 Hz) in

* Author to whom correspondence should be addressed.

(1) David Ross Fellow, 1968-1969.

(2) H.J. Hagemeyer and D. C. Hull, Ind. Eng. Chem., 41, 2920 (1949).

(3) W. Flaig, Justus Liebigs Ann. Chem., 568, 1 (1950).

(4) C. M. Cimarusti and J. Wolinsky, J. Amer. Chem. Soc., 90, 113
(1968).

(5) J. Wolinsky and R. Login, J. Org. Chem., 35, 1986 (1970).

(6) P. Blanc, Helv. Chim. Acta, 44, 1, 607 (1961).

(7) R. K. Hill and R. M. Carlson, J. Org. Chem., 30, 2414 (1965).

Scheme |

CO02ve

which the upheld signal centered at 1.82 ppm was split
into a doublet of doublets via long-range coupling
(J = 2Hz) through a “W” arrangement8with the endo
proton at C-2, whose nmr signal was located at 2.72
ppm.

The structure of keto alcohol 11 was established by
its conversion to keto acetate 10 by prolonged heating
with acetic anhydride containing a catalytic amount of
p-toluenesulfonic acid. The unique feature of the nmr

(8) L. M. Jackman and S. Sternhell, "Applications of Nuclear Magnetic

Resonance Spectroscopy in Organic Chemistry,” Pergamon Press, Elmsford,
N. Y., 1969, p 334.



3206 J. Org. Chem, Vol. 35, No. 10, 1970

Scheme 11

spectrum of 11 was the appearance of a singlet for the
C-7 methylene group at 1.69 ppm, instead of the multi-
plet shown by keto acetate 10.

Hydrolysis of 124with hydrochloric acid in methanol
gave the saturated keto alcohol 13 which was trans-
formed into keto acetate 14 on heating with acetic
anhydride containing p-toluenesulfonic acid. Again

WOoLINSKY AND LOGIN

it was found that the C-7 methylene signals of the
acetate 14 and alcohol 13 are quite different. Acetate
14 displayed an AB-type doublet in which the high-
field signal appeared as a doublet of doublets due to
long range “W?” type of coupling (/ = 1.5 Hz), while
the corresponding methylene signal in alcohol 13
appeared as a broad singlet.

A possible explanation for these observations is that
the acetate group adopts a preferred conformation in
which it is as far as possible from the carbonyl of the
neighboring ester group. In this conformation A the
protons labeled HOand Haare shifted downheld by the
anisotropic effect of the carbonyl group, whereas protons
Hb and Hdremain in their normal upheld location.

Isophorone reacted with dimethyl acetylenedicar-
boxylate to give a mixture of adducts 15 and 16 in a
ratio of 23:77 on the basis of nmr analysis. Adducts 9
and the mixture of 15 and 16 undergo the Alder -llickert
reaction9 when heated above 200° to give dimethyl
acetoxyphthalate derivative 19 and a mixture of 17
and 18 in quantitative yield.

HIT

16 15

Experimental Sectionl0

Dimethyl Phthalate.— A mixture of 1.82 g of crotonaldehyde,
5.5 g of dimethyl acetylenedicarboxylate, and 25 mg of p-
toluenesulfonic acid in 30 ml of isopropenyl acetate was refluxed
for 54 hr. The volatile reagents were removed imder diminished
pressure; the residue was added to saturated sodium bicarbonate
solution and extracted with ether. The ether solution was
washed with saturated salt solution and dried (MgSO<). Dis-
tillation afforded 4 g (80%) of dimethyl phthalate, bp 140-145°
(10 mm) [lit.11bp 137° (6 mm)1.

Dimethyl 4-Methylphthalate.— A mixture of 2.02 g of tiglalde-
hyde and 5.12 g of dimethyl acetylenedicarboxylate was refluxed
for 43 hr under the conditions described above and gave 4.0 g
(80%) of dimethyl 4-methylphthalate, bp 125-137° (1 mm),
nID 1.5100 (lit.22nMD 1.5125).

Dimethyl Dicyclopentanophthalate (3).— The reaction of 2.74
g of 2-cyclopentylidenecyclopentanone with 3.9 g of dimethyl
acetylenedicarboxylate, after heating 41 hr, gave on cooling 280
mg of 3. Work-up of the reaction mixture in the usual manner
and column chromatography on neutral alumina and elution
with 25% ethyl acetate-hexane gave 2.38 g of 3. A pure sample

(9) K. Alder and H. F. llickert, Justus Liebigs Amn Chem., 524, 180
(1936).

(10) Boiling and melting points are uncorreeted.
performed by Dr. C. S. Yeh and associates.

(11) G. S. Gardner, and J. E. Brewer, Ind. Eng. Chem., 29, 179 (1937).

(12) A. Eschenmoser and H. Schinz, Helv. Chim. Acta, 33, 171 (1950).

Microanalyses were
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of 3 was obtained by recrystallization from methanol and showed
mp 125-126° (lit.13mp 127°).

Dimethyl 3,5-Dimethylphthalate (4).— Heating 2.21 g of
mesityl oxide with 4.8 g of dimethyl acetylenedicarboxylate under
the usual conditions and chromatography of the crude product
on neutral alumina gave, on elution with 30% ethyl acetate-
hexane, 0.64 g (25%) of phthalate 4: mp 54-55° (lit.l4mp 54°);
nmr (CDC13 2.29 and 2.32 (s, 6, Me-), 3.83 and 3.88 (s, 6,
-OMe), 7.2 and 7.6 (s, broad, 2, Ar H). A second fraction of
0.8 g was isolated and exhibited ir (CHC13) 5.75 and 6.19 n;
nmr (CDC13) 2.33 (s), 3.5-4.0 (m), 5.0-5.9 (m); tic indicated a
complicated mixture.

Phthalic Anhydride.—A solution of 6.9 g of crotonaldehyde,
13.2 g of chloromaleic anhydride, and 20 mg of p-toluenesulfonic
acid in 30 ml of isopropenyl acetate was refluxed for 16 hr and
yielded on work-up and chromatography on silica gel a 70% yield
of phthalic anhydride, mp 129° (lit.5mp 127-128°).

3,5-Dimethylphthalic Anhydride (7).—A mixture of 1.67 g of
mesityl oxide and 3.4 g of chloromaleic anhydride was refluxed
for 60 hr under the usual conditions. The volume of the resulting
solution was reduced to ~25 ml and ether was added causing 1.1
g of polymeric material to separate. The ether solution was
concentrated and the resulting mixture was chromatographed on
100 g of silicagel. Elutionwith hexane-ether and recrystallization
from hexane gave 0.5 g (17%) of anhydride 7, mp 115-116°
(lit.Bmp 114.5-115.5°).

3,4,5,6-Dicyclopentanophthalic Anhydride (8).— The reaction
of 7.5 g of 2-eyclopentylidenecyclopentanone with 13 g of chloro-
maleic anhydride under the usual conditions gave, on cooling and
addition of ether, 9 g (55%) of solid which was recrystallized
from acetic anhydride and showed mp 265-266° (lit.13mp 266°).

Dimethyl [,3-Diacetoxy-8,8-dimethylbicyclo[2.2.2]oct-2,5-
diene-5,6-dicarboxylate (9).—A solution of 7.0 g of dimedone
and 10 g of dimethyl acetylenedicarboxylate was refluxed for 24
hr in the usual manner and work-up gave 20.4 g of a viscous
orange oil. A 2-g portion of this oil was chromatographed on 80
g of silica gel and eluted with hexane-ether-ethyl acetate to give
0.835 g of adduct 9. Several recrystallizations from hexane gave
an analytical sample: mp 96.5-98°; ir (CHC13 5.7, 6.05, and
6.15 /; nmr (CDCI3 0.99 and 1.11 (s’s, 6, CH3CHJ), 1.65 and
2.05 i'AB-type q, 2, J = 11 Hz, -CH2), 2.08 and 2.11 (s's, 6,
-OCOCH3), 348 (d, 1,/ = 2Hz,-CH), 3.78 (s, 6,-OCH3, 6.21
(d, 1, J = 2 Hz, C=C-H); mass spectrum (75 eV) m/e (rel
intensity), no molecular ion, 310 (9), 279 (14), 268 (57), 237 (14),
226 (85), 195 (47), 194 (100), 136 (42), 69 (52), 57 (22), 56, 55
(24), 43 (96), and 41 (87).

Anal. Calcd for CisH208 C, 59.01; H, 6.05.
59.19; H, 6.32.

Hydrolysis of Adduct 9.—A solution of 1 g of adduct 9in 40 ml
of 50% aqueous methanol containing 10 ml of 0.1 N hydrochloric
acid was refluxed for 2 hr. The mixture was poured into salt
solution and extracted with ether. The ether extracts were
dried (MgSO<) and evaporated to give 900 mg of an oil. The
oil was chromatographed on 75 g of silica gel. Elution with 10%
ether-hexane gave 0.36 g of keto acetate 10 which was recrystal-
lized from benzene-hexane and displayed mp 106-108° ir
(CHCI3 5.75 and 6.05 nmr (CDCh) 1.02 and 1.15 (s's, 6,
CH3CCH3, 2.04 (s, 3, OCHCH3, 1.82 (d, of d, 1, J = 12 Hz
and / = 2Hz, C%H), 2.35(d, 1,/ = 12 Hz, CZH), 2.72 (d, 1,
7 = 2Hz, C2H), 2.78 (s, 1, -CH), 3.32 (s, 1, C4H), 3.78 and
3.80 (s's, 6,-OCH3; mass spectrum (75 eV) m/e (rel intensity)
293 (22) (p - 31), 264 (52), 250 (53), 249 (79), 235 (83), 219
(26), 217 (90), 208 (81), 206 (39), 203 (39), 194 (39), 193 (60),
175 (27), 91 (25), and 43 (100).

Anal. Calcd for ClIBH20D7: C, 59.25; H, 6.22.
59.41; H, 6.22.

Further elution of the chromatography column gave 0.41 g
(50%) of keto alcohol 11 which crystallized after standing for
several months. An analytical sample was obtained by reerystal-
lization from ethyl acetate-hexane and showed mp 78-79°;
ir (CHCI3 5.8 and 6.12 nmr (CDCh) 1.0 and 1.11 (s's, 6,

Found: C,

Found: C,

(13; D. S. Greidinger and D. Ginsburg, J. Org. Chem., 22, 1406 (1957).

(14) K. Alder, R. Munders, W. Krane, and P. Wirtz, Justus Liebigs
Ann. Chem., 627, 59 (1959).

(15) L. Carius, ibid., 148, 62 (1868).

(16) H. Pines and R. H. Kozlonski, J. Amer. Chem. Soc., 78, 3776 (1956).
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-CCH3, 169 (s, 2, -C7H2, 233 (s, 2, -C2H2, 3.31 (s, 1,
-C4H), 3.78 and 3.85 (s’s, 6, -OCH?J3); mass spectrum (75 eV)
m/e (rel intensity) 282 (4), 264 (8), 251 (20), 249 (28), 240 (63),
235 (53), 209 (80), 208 (100), 194 (41), 193 (64).

Anal. Calcd for Ci.HisCh: C, 59.57; H, 6.43.
59.70; PI, 6.21.

When 10 g of adduct 9 was refluxed for 48 hr in 100 ml of
methanol containing 2 ml of concentrated hydrochloric acid there
was obtained 7.4 g (100%) of an oil identical with keto alcohol
11. This oil also crystallized on prolonged standing. A 2.4 g
sample of keto alcohol 11 was refluxed for 72 hr in 30 ml of acetic
anhydride containing 100 mg of p-toluenesulfonic acid. On
work-up an oil was obtained which gradually crystallized. Re-
crystallization from benzene-hexane (Norit) gave 2.5 g of keto
acetate 10, mp 106-108°.

Dimethyl 1-Hydroxy-8,8-dimethylbicvclo [2.2.2] octan-3-one-

5.6- dicarboxylate (13).— A solution of 2.85 g of adduct 124in 50
ml of methanol containing 2 ml of concentrated hydrochloric acid
was refluxed for 20 hr. Water (30 ml) was added and the solution
heated another 5 hr. Work-up gave 1.60 g of 13 which was
recrystallized from ethyl acetate-hexane and showed mp 105-
107°; nmr (CDCI3) 1.0 and 1.21 (s's, 6, CH3CHJ), 1.05 (d, 2,
-C7%H?2), 2.01 and 2.32 (d of d, 1, J = 19 Hz, J = 2 Hz, exo-
C2H), 21 (d, 1, J = 3 Hz, -C4H), 2.89 and 3.09 (d of d, 1,
J = 12 Hz, C6H), 3.0 and 3.32 (d, 1, J = 19Hz, endo-C2H),
349 (d, 1, J = 3 Hz, -C5H), 3.59 and 3.61 (s's, 6, -OCH?3),
and 4.42 ppm 's, 1, -OH); mass spectrum (75 eV) m/e (rel
intensity) 284 (37), 253 (44), 224 (16), 221 (25), 169 (60), 145
(45), 140 (87), 125 (100), 113 (69), 95 (38), 83 (40), 81 (29), and
69 (33).

Anal. Calcd for CiJhoOQe:
59.00; H, 6.85.

Dimethyl I-Acetoxy-8,8-dimethylbicyclo[2.2.2]octan-3-one-
5.6- dicarboxylate (14).—A solution of 600 mg of 13 in 20 ml of
acetic anhydride containing 10 mg of p-toluenesulfonie acid was
refluxed for 24 hr and after cooling was added to 50 ml of satu-
rated sodium bicarbonate solution. The resulting mixture was
extracted with ether. The ether solution was dried and evapo-
rated to give 600 mg of 14 which was recrystallized from hexane
and showed mp 116-118°. This sample of acetate 14 did not
depress the melting point of an authentic sample of 14.4

Dimethyl I-Acetoxy-3,8,8-trimethylbicyclo[2.2.2]octa-2,5-
diene-5,6-dicarboxvlate (16) and Dimethyl 3-Acetoxy-I,8,8-tri-
methylbicyclo[2.2.2]octa-2,5-diene-5,6-dicarboxylate (15).— The
reaction of 9.4 g of isophorone and 14.7 g of dimethyl acetylene-
dicarboxylate conducted for 48 hr in the usual manner gave 28.1
g of an orange oil. Column chromatography failed to separate
15 and 16 which were indicated to be present in a 77:23 ratio by
nmr analysis: ir (CHC13 5.8, 6.02, 6.15; nmr (CDC13 0.95,
1.02, and 1.05 (s’s, CH3, 1.84 (d, /7 = 1.8 Hz, C=CCH3, 2.07

Found: C,

C, 59.14; H, 709. Found: C,

and 2.10 (s's, OCOCH3, 3.71 (s, -OCH3, 5.72 (d, / = 2 Hz,
C=CH), and 6.0 (m, -C=CH).
Anal. Calcd for CnHZD6: C, 63.34; H, 6.88. Found: C,

62.95; H, 6.89.

Heating a sample of this mixture above 200° gave a quantita-
tive yield of a mixture of 17 and 18: ir (CHC13) 5.61 and 5.75 4;
nmr (CDC!3 2.23, 2.26, 2.33, and 2.8 (s's, -OCOCH3 CH®r),
3.85 and 3.9 (s,-OCH3J3), 7.17 and 7.58 (m, Ar H); mass spectrum
(75 eV) m/e (rel intensity) 266 (IT), 235 (18), 225 (11), 224 (84),
193 (74), 192 (100), 162 (18), 134 (68), 133 (13).

Anal. Calcd for CiR»06. C, 58.64; H, 5.30.
58.41; H, 5.02.

Dimethyl 3,5-Diacetoxphthalate (19).— Heating a sample of
adduct 9 above 200° gave a quantitative yield of phthalate 19:
mp 77.5-80.5° ir (CHC13 5.62 and 5.75 M, nmr (CDC13 2.25
and 2.28 (s's, 6; OCOCH23), 3.88 and 3.90 (s's, 6, -OCHJ), 7.22
and 7.62 (AB q,J = 2Hz, Ar H). The mass spectrum of 19was
essentially identical with that of adduct 9.

Anal. Calcd for ChHh08: C, 54.20; H, 4.55.
54.45; H, 4.82.

Registry No.—9, 25864-63-5; 10, 25864-64-6; 11,
25864-65-7; 13,25864-66-8; 15,25864-67-9; 16,25864-
68-0; 17,25864-69-1; 18,25864-70-4; 19,25907-95-3;
dimethyl acetylenedicarboxylate, 762-42-5; chloro-
maleic anhydride, 96-02-6.

Found: C,

Found: C,
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The isomeric addition products of the reaction of ¢-butyl hydroperoxide to cyclopentadiene are reported.

The major isomeric adducts were isolated by preparative gas chromatography.

Characterization of the adducts

was accomplished by the use of nmr and ir spectroscopy, and the major products were shown to be the cis- and

¢rans-1,4 adducts, with little of the corresponding 1,2 adducts detected.

An analysis of the nmr spectra and

stereochemical assignments is given and the reaction is discussed.

Addition reactions of cyclic conjugated dienes, other
than Diels-Alder reactions, have not been extensively
studied.1 Structural analyses of product geometries are
necessary as a first step in understanding the mecha-
nisms of these reactions. Bromination studies of
cyclopentadiene in petroleum ether and in chloroform
were reported some years ago,2 and it was shown that
cis-3,5-dibromocyclopentene (cis-1,4 adduct) was an
important direct product of these reactions. The
¢rans-1,4 adduct was also obtained, but in impure form.
Electrophilic addition of ¢-butyl hypochlorite to cyclo-
pentadiene in reactive hydroxylic solvents has been
reported to give mainly the ¢rans-1,4 adducts, although
isomeric mixtures were obtained.3

As part of a study of addition reactions to cyclic
dienes, the reaction of ¢-butyl hydroperoxide to cyclo-
pentadiene in agueous acetic acid in the presence of
ferrous sulfate and cupric acetate was carried out. The
stereochemical course of this addition reaction is re-
ported in this paper. Adduct structures which could
be expected to be formed in this reaction are shown in
eq L A complex mixture of eight components includ-

Fel+. Qui+
ROOH + [P j] (1)
H,0 + CHXOH
XO0..
H-J— L °x
H- O r H XA~ D « J
RCTAXJIX RCr'~H RO RCr~n
la,b lla,b Ila,b IVa,b

a,X = H; b,X — COCH3R = (CH3%-

ing both alcohol and acetate adducts is possible. It
was therefore desirable to simplify such mixtures by
converting acetate groups to alcohols without affecting
the stereochemical configurations of the adducts.

(1) For a discussion, see A. Liberies, “Introduction to Theoretical Organic
Chemistry,” Macmillan, New York, N. Y., 1968, pp 413-415.

(2) W. G. Young, H. K. Hall, Jr., and S. Winstein, J. Amer. Chem. Soc.,
18, 4338 (1956).

(3) R. Riemschneider and R. Nehring, Justus Liebigs Ann. Chem., 660,
41 (1962); R. Riemschneider and R. Nehring, Monatsh. Chem., 92, 744
(1961).

Results and Discussion

Cyclopentadiene was allowed to react with ¢-butyl
hydroperoxide in aqueous acetic acid in the presence of
ferrous sulfate and cupric acetate. The temperature
was kept below 15°. Details of the reaction are given
in the Experimental Section. An infrared spectrum of
the crude product clearly indicated the presence of both
alcohol and acetate adducts. In order to simplify
analysis of the mixture, it was reduced with lithium
aluminum hydride, thus converting the acetate to
alcohol adducts and lowering the number of potential
isomers to four. This reduction has an additional
advantage since the alcohols should be less prone to
rearrangement during subsequent separation procedures
than the corresponding acetates. The yield of crude
adducts based on the hydroperoxide used and on the
amount of adduct obtained after reduction was about
65%.

Distillation of the reduced adduct mixture followed
by gas chromatographic analysis revealed the presence
of four components, two present in major amounts and
two in only minor amounts. The major components
were isolated in pure form by preparative gas chroma-
tography and shown to be the cis- and ¢rans-1,4 adducts,
la and Ha, respectively. The cis-1,4 adduct la repre-
sented 33% and the ;rans-1,4 adduct lla, 53% of the
total mixture (normalized to 100%). Thus the pre-
dominant product of the reaction was that correspond-
ing to 1,4 addition to the diene.

Structural assignments of the cis- and ¢rans-1,4
adducts, la and lla, were made from their 100-MHz
nmr spectra. Spectral parameters for isomer la, based
on afirst-order analysis, are listed in Table I.

In the nmr spectrum of isomer la, protons Heand Hf
are a pair of double triplets reflecting the large geminal
and the two equivalent cis (or trans) vicinal coupling
constants. The higher field proton Hewas assigned to
that proton cis to the two ring substituents on the basis
of the large diamagnetic shift it experiences due to the
anisotropy of the two eclipsed C-0 bonds and by its
smaller trans vicinal coupling with the methine protons
Hc and H”. Conversely, the downfield methylene
proton Hf experiences a paramagnetic shift and exhibits
the larger cis vicinal coupling with the adjacent methine
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Table |

Nmk Spectral Parameters for |somers la and Ha

Isomer Hab HOd He Hf Hg Hh
la 5.78b 4.44 m«1.44 dt 2.60 dt 4.15 s 1.19 s
——————————————————————— S ppm (/N —---mmmmmmmemeeeon
Isomer Hi,j Hk.i Hm,n HO Hp
Ha 5.78« 4.79 1.88 4.44 s 1.17s

<*/ab = 5.8 Hz; Jei = 13.5; Jct = Jd, = 7.2; /ce =
Jd.e = 5.0. bCenter of multiplet, (jiHh — 5Hb] = 0.15 ppm).
«Center of multiplet. ®|]/mi + IJmk\ = |/il + /nk] = 10.0
Hz. 8Center of multiplet, (JiHi — 5Hj] = 0.04 ppm).

protons.4 These stereochemical assignments based on
chemical shifts of the methylene protons are in accord
with data on cis- and Zrans-cyclopentene-3,5-diols and
dibenzoates.5 This data showed that the methylene
proton cis to a C-0 bond is at higher field relative to the
Irans proton. In the Zrans-diol or dibenzoate, the
methylene proton signal appears at an intermediate
position since the protons are both cis and trans to C-0
bonds. Further supporting data for these assignments
may be found in a comparison of chemical shifts in the
nmr spectra of acenaphthalene and its hydroxy and
acetoxy derivatives.6

The methine protons Hcand Hd have essentially the
same chemical shift and show a symmetrical pattern of
four broadened peaks centered at 4.44 ppm. The
olefinic protons Haand H bare not equivalent and appear
as a typical AB pattern with, however, each AB peak
further split owing to weak coupling with the methine
protons Hc and Hd. No appreciable coupling of the
olefinic protons occurs with He and Hf, as is evident
from the sharpness of the latter signals.

In the trans isomer Ha, the methylene protons Hmand
Hn are accidentally chemically equivalent as are the
methine protons Hkand Hi. These protons appear as
a deceptively simple AA'X X' pattern7and the chemical
shifts and sum of the cis and trans coupling constants
are listed in Table I. In contrast to the cis isomer la

(4) In cyclopentene systems cis vicinal coupling is generally regarded as
larger than trans. For instance, Jda is 7.4 Hz while Jtrans is 4.6 Hz in cyclo-
pentene, which is known to be puckered. See G. W. Ratjens, Jr., J. Ckem.
Phys., 36, 3401 (1962). The difference in coupling constants is magnified
in the more planar «s-3,5-dibromocyclopentene, Jds = 6.9 Hz and Jtrana=
1.5 Hz. See H. J. Jakobsen, Tetrahedron Lett., No. 21, 1991 (1967).

(5) H. Z. Sable, W. M. Ritchey, and J. E. Nordlander, Carbohyd. Res., 1,
10 (1965).

(6) In the acenaphthalene derivatives Vaand Vb, a proton cis to the C-0
bond experiences an upfield shift while the trans proton is shifted consider-
ably downfield relative to V: C. K. Fay, S. Sternhell, and P. W. Wester-

R U %
\% H 336 336
V. OH 370 314

vb OCOCH, 372 326

man, unpublished work; L. M. Jackman and S. Sternhell, “Applications of
Nuclear Magnetic Resonance Spectroscopy in Organic Chemistry,” 2nd ed,
Pergamon Press, Elmsford, N.Y., 1969, p 233.

(7) See, for example, E. D. Becker, J. Chem. Educ., 42, 591 (1965).
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the olefinic protons H; and Hj show no appreciable
coupling with the other ring protons. This difference
is probably due to conformational effects in the two
isomers. The methylene protons Hm and Hn have
chemical shifts intermediate between those observed
for the methylene protons of isomer la, since each
methylene proton is both cis and trans to a C-0 bond.56

One of the minor components was isolated by prepara-
tive gas chromatography. Further gas chromato-
graphic analysis of this component indicated that it
was about 95% pure and contained 5% of the second
minor component. This latter component, which
constituted 7% of the total adduct mixture could not
be separated. The minor component isolated con-
stituted about 6% of the total mixture. Analysis by
nmr suggested that it was a 1,2 adduct but its exact
isomeric composition was not determined. The in-
frared spectrum was very similar to those of the major
adducts, providing further evidence for its isomeric
nature.

In the presence of ferrous ion, /-butyl hydroperoxide
decomposes to /-butoxy radicals8 (eq 2) which add to

(CH33C—OOH + Fen — (CH3X—O0O- + FemOH (2)

the diene9 to give intermediate allylic radicals. The
intermediate radicals are oxidized by cupric ion1011 and
in the presence of a reactive hydroxylic solvent the
latter is incorporated in the adduct (eq 3).

cis + trans
R = (CH3%-; X = H or CHXO-

Cupric ion oxidation of the allylic radicals may
involve formation of an allylic carbonium ion which is
then attacked by solvent, or may involve a transition
state with considerable cationic character (electron
transfer).1011 Contrary to additions of /-butyl hydro-
peroxide to acyclic dienesDin which the predominant
adduct formed corresponds to 1,2 addition, with cyclo-
pentadiene the 1,4 adducts are by far the predominant
products. No thermal isomerization during distillation
or gas chromatographic analysis occurred since the
separated /-butoxy adducts were subjected to further
gas chromatographic analysis without rearrangement.
Since the reaction was carried out under mild conditions
similar to those used in acyclic systemsD where the
thermodynamically less stable adducts were formed, it
seems likely that kinetic control was in effect. Further
work will be carried out in order to more fully define the
mechanism of this addition reaction. The absence of
appreciable amounts of the 1,2 adducts may be due to
steric hindrance to solvation of the cation by the /-bu-
toxy group in the transition state leading to 1,2 adduct.

(8) A. Tobolsky and R. Mesrobian, “Organic Peroxides,” Interscience,
New York, N. Y., 1954, p 95.

(9) M. S. Kharasch, F. S. Arimoto, and W. Nudenberg, J. Org. Chem.,
16, 1556 (1951).

(10) J. K. Kochi, J. Amer. Chem. Soc., 84, 2785 (1962).

(11) For reviews of Kochi's work, see also J. K. Kochi, Rec. Chem. Progr.,
27, No. 4, 207 (1966): J. K. Kochi, Science, 166, 415 (1967).
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This explanation is tentative at this stage. The ob-
servation of predominant 1,4 addition is in accord
with the electrophilic addition of ¢-butyl hypochlorite to
cyclopentadiene, a reaction which also involves a
cationic intermediate.3

Experimental Section

| Butyl hydroperoxide (Monomer-Polymer Laboratories) was
distilled (helix-packed column), and the fraction, bp 38-39° (20
mm), was used. Gas chromatographic analyses were carried out
with a Hewlett-Packard 5750 instrument using a 10-ft 10%
Carbowax 20M column at 165°. Gas chromatographic separa-
tions were carried out with a Hewlett-Packard 5798A preparative
attachment unit. The nmr spectra were run in carbon tetra-
chloride solution on a Yarian HA-100 instrument. Elemental
analysis was carried out by Schwarzkopf Microanalytical Labora-
tories, Woodside, N. Y.

Reaction of f-Butyl Hydroperoxide with Cyclopentadiene.—A
solution of ferrous sulfate (FeSCbYHiO, 0.25 mol) in 125 ml of
distilled water was added dropwise over 90 min to a well-stirred
mixture of cupric acetate (monohydrate, 0.25 mol), i-butyl
hydroperoxide (22.5 g, 0.25 mol), freshly distilled cyclopentadiene
(20 g, 0.30 mol), and 275 ml of glacial acetic acid. The tempera-
ture of the reaction mixture was kept below 15° during this addi-
tion. The reaction mixture was stirred for 30 min with continued
ice-bath cooling, then poured into 11 of ice water. The product
was extracted with methylene chloride, and the extract was
washed with sodium bicarbonate and water and dried over
anhydrous magnesium sulfate. The product was a clear yellow
liquid, 35.3 g. An ir spectrum was consistent with an alcohol and
acetate adduct mixture showing O—H str, also acetate C=0
str (1742 cm-1) and C—O str (1250 cm-1), as well as strong ether
absorption (1075 cm-1).

Reduction of f-Butyl Hydroperoxide Adduct Mixture.— The
crude adduct mixture (30.0 g) was reduced with lithium alu-
minum hydride (3 g) in diethyl ether. The reaction mixture was
hydrolyzed under alkaline conditions1Z2giving 21.3 g of product.

(12)
Wiley, New York, N. Y., 1967, p 584.

Oxidative Cleavage of Cyclopropanes.

L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis,”

Ouellette and Williams

The crude reduction product (20.1 g) was distilled at reduced

pressure (0.7 mm) through an annular Teflon spinning-band
column and the following fractions collected: (1) bp 53-64°,

2.2 g; (2) bp 56-66°, 8.1 g; (3) bp 66-66.5°, 5.3 g; (4) bp 48-56°
(0.1 mm), 0.3 g; residue 2.4 g. Fractions 1 and 2 had ir spectra
consistent with the expected adducts but showed weak carbonyl
absorption (C=0 str, 1730 cm-1) indicating the presence of
some unreduced acetate adduct. An ir of fraction 3 was con-
sistent with the expected alcohol adduct (O—H str, 3390 cm-1,
ether C—O str, 1053 cm-1, both very strong). Fraction 4 was
identical with 3. Analysis of each fraction was done by gc.

Fraction 3 was an isomeric adduct mixture, and this was further
verified by elemental analysis.

Anal. Calcd forCH®2 C, 69.19; H, 10.32.
tion 3): C, 69.44; H, 10.61.

Pure isomers shown to be cis- and fran.s-1,4 adducts la and
Ila were separated from fraction 3 by preparative gc and these
were shown by further analytical gc to be homogeneous and to
correspond exactly to the two peaks present in the gc of fraction
3. The structure of each of these adducts was confirmed by nmr
as discussed {vide supra). The ir spectra of the separated 1,4
adducts la and Ila were very similar and consistent with the
expected adduct structures, trans adduct lla showed O— H str at

Found (frac-

3390 cm-1, ether C—O 1053 cm-1,=C H str 3067 cm-1. Similar
bands were present in the spectrum of la.

Anal. Calcd for CaHieCL: C, 69.19; H, 10.32. Found
(trans adduct): C, 69.19; H, 10.49.

There was insufficient cis adduct for C, H analysis. Further

gc analysis of a weighed mixture of la and Ila showed that the
area per cent calculated by the peak height width at half-height

method agreed with the weight per cent as expected for similar
isomers.

Registry No.—¢-Butyl hydroperoxide, 75-91-2; 1,3-
cyclopentadiene, 542-92-7; la, 25594-22-3; lla, 25594-
23-4.

Acknowledgment.—The authors would like to thank
Professor L. M. Jackman of Pennsylvania State Uni-
versity for his constructive suggestions. A portion of
the work was done under a City University Doctoral
Faculty Research Grant (H. H.).

VII. Kinetics of the Cleavage of Some

Bicyclo[n.l.0]Jalkanes and Spiro[n.2]Jalkanes by Thallium Triacetatel?

R obert J. Ouellette and Steven Williams

Department of Chemistry, The Ohio State University, Columbus, Ohio

43210

Received March 26, 1970

The rates of cyclopropane ring cleavage of spiro[5.2] octane, spiro[4.2]heptane, and fiuorene-9-spirocyclo-

propane by thallium triacetate in acetic acid at 17.95° have been determined.
[4.1.0]heptane, and bicyclo[3.1.0]hexane cyclopropane ring cleavages were studied at 29.30 and 50.05°.
kinetics of the cleavage reactions were overall second order, first order in each reactant.
cipient carbonium ion is the rate-controlling feature in the case of the spiroalkanes.

Bicyclo[5.1.0]octane, bicyclo-
The
Stability of the in-
However, steric features

of each molecule are noted in the spiroalkanes and the steric factor becomes preeminent in the case of the bi-

cycloalkanes.

The rates of cyclopropane ring cleavage by mercury-
(I1) acetate,3thallium(l11) acetate,4and lead(1V) ace-
tate5 have been determined in acetic acid using aryl-
cyclopropanes as reference substrates. In addition to
establishing an order of reactivity of TI(OAc)3> Hg-

(1) Paper VI:
90, 7064 (1968).

(2) This research was supported by Grant GP6778 from the National
Science Foundation.

(3) R. J. Ouellette, R. D. Robins, and A. South, Jr., ibid.,
(1968).

(4) Paper VI.1

(5) R. J. Ouellette, D. Miller, A. South, Jr., and R. D. Robins, ibid., 91,
971 (19609).

A. South, Jr., and R. J. Ouellette, J. Amer. Chem. Soc.,

90, 1619

(OAc)2> Pb(OAc)4these studies have yielded informa-
tion concerning the selectivity of the metal acetates as
reflected by the magnitude of p+. The p+ values for
TI(OAc)3 Hg(OAc)2 and Pb(OAc)4 are —4.3, —3.2,
and —1.7, respectively. Therefore notonlyis TI(OAc)3
the most reactive of the metal acetates studied, it also
is the most selective. While the mechanistic in-
terpretation of these data has only been partially
successful it is clear that from an experimental view-
point T1(OAc)3is a reagent that should be studied fur-
ther in avariety of oxidation reactions of organic mole-
cules.

Our kinetic studies of the oxidative cleavage of cyclo-
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propanes have dealt exclusively with arylcyclopropanes
in which only one of the two nonequivalent bonds is
cleaved. This selective cleavage controlled by the
stability of the incipient cationic center generated in
the electrophilic attack of the metal was a convenient
first approach. However, there are other cyclopro-
panes in which the relative rates of attack of the electro-
phile at two possible sites may be more comparable.
Under such conditions it should be possible to evaluate
the effect of other structural features such as ring strain
of the cyclopropane and steric accessibility to the elec-
trophile on the rate of reaction. Two classes of com-
pounds were chosen as likely candidates with which to
study rate-controlling features other than that which
results in stability of a cationic center. These classes
are the spiro[n.2]alkanes and the bicyclo[n. 1.0Jalkanes
represented by general structures 1 and 2, respectively.

(CH2, CH.B >

1 2

In the case of the spiro [n.2 Jalkanes a single bond would
be expected to cleave as a reflection of the great differ-
ence in stability between aprimary and a tertiary cation.
In short a strong tendency toward Markovnikov addi-
tion should result. Any difference in the rate of cleav-
age of the ring bond will reflect in part the relative
stability of the tertiary cationic center on aring of vari-
able size. Other features such as ring strain and steric
accessibility of the bonds should be evident once the
cationic stability factor has been corrected for on the
basis of appropriate reference reactions. In the case of
the bicyclo [n. 1.0Jalkanes the product studies indicate
that both of the possible ring bonds are cleaved.6 Fur-
thermore, the ratio of the products resulting from cleav-
age of each bond is a function of ring size. From the
product studies previously reported it is possible to
calculate rates for individual cleavages of the two bonds
from the observed rate constants. Thus structural
features controlling the rates of external and internal
bond cleavage can be evaluated.

Results

We have shown that the oxidation reactions of thal-
lium triacetate can be followed by quenching in excess
aqueous 5% potassium iodide solution and then back-
titrating the triiodide formed with standard sodium
thiosulfate.47 When the excess potassium iodide solu-
tion is added to the reaction mixture, a yellow hetero-
geneous mixture is obtained which turns dark upon
addition of the starch indicator. This mixture is then
titrated with standardized sodium thiosulfate to a pure
yellow heterogeneous mixture of thallous iodide.

Thallium triacetate forms a double salt with thallous
acetate which arises from the decomposition of the
organothallium intermediate.4 The formation of the
double salt causes a rapid decrease in the rate of
cleavage of cyclopropanes.

T1(OAc)3+ TIOAc TLoACcH

(6) R. J. Ouellette, A. South, Jr., and D. L. Shaw, J. Amer. Chem. Soc.,

87, 2602 (1965).
(7) R. J. Ouellette, G. Kordosky, C. Levin, and S. Williams, J. Org.

Chem., 34, 4104 (1969).
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The titrimetric analytical method gives directly only
the total concentration of thallium(l11) species present.
This does not correspond to the concentration of thal-
lium triacetate in solution. Therefore, in order to
facilitate analysis of the rate of cleavage of cyclopro-
panes by free thallium triacetate, we have employed the
method previously described.4 For the case in which
the concentration of thallium triacetate (A) is twice
that of cyclopropane, the rate of cleavage and formation
of products (X) is equal to the change in oxidative
titer of the solution as indicated by the following rate
law and integrated expression.

dx/At = k[Aa- 2X][A,./2 - X]

1

A, - 2X —kt -j- 1/Aq

The observed rate constants for the rates of oxidation
of the series of cyclopropanes studied are listed in Table
I. The reported values are the average of at least
duplicate runs. Individual rate constants deviate from
the average values by no more than 2%. The typical
run illustrated in Figure 1 for spiro[5.2]octane at
29.3° has a correlation coefficient of 0.9996.

Discussion

Both spiro[5.2]Joctane and spiro[4.2]heptane react
much faster than any of the bicyclo [n.1.0Jalkanes
studied. This large difference must reflect the stability
of the tertiary cationic center developed in the case of
the spiro[n.2Jalkanes compared with the secondary
cationic center developed in the bicyclo [n. 1.0 Jalkanes.
On the basis of the earlier studies with arylcyclopro-
panes in which p+ = —4.3 was determined the results
reported herein for the differences between the two
classes of bicycloalkanes were expected.
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Compd
Spiro[5.2] octane (a)“
Spiro[4.2]heptane (b)

Fluorene-9-spirocyclopropane (c)

Bicyclo[5.1.0]octane (d)
Bicyelo[4.1.0]heptane (e)

Table |

Second-Order Rate Constants and Activation Parameters

OQOuellette and Williams

Bicyclo[3.1.0] hexane (f)
“ ldentification for registry number.

The spiro[4.2]heptane reacts faster than the spiro-
[5.2[octane by a factor of 23.1. However this value
must be corrected for differences in the symmetry of
the molecules. In spiro [4.2[heptane two cyclopropane
bonds are equivalent with respect to the five-membered
ring which must be planar or very nearly so. Even if
the five-membered ring were nonplanar the difference in
the steric environment of the two cyclopropane bonds
attached to the ring cannot be large. Furthermore,
rapid interconversion by pseudorotation will result in
the equivalence of the two bonds on a time average
basis. By contrast the two cyclopropane bonds at-
tached to the six-membered ring in spiro [5.2[octane are
nonequivalent. One of the bonds is in a pseudoaxial
position in which case the axial protons should hinder
the approach of the thallium triacetate. The pseudo-
equatorial bond is much more open to electrophilic
attack. While the six-membered ring undergoes chair-
chair interconversion rapidly and the two cyclopropane
ring bonds become equivalent on a time average basis,
there is still only one pseudoequatorial bond accessible
at a time. The ratio of the attack at the pseudo-
equatorial to pseudoaxial bond cannot be calculated
from the system studied to date but could be derived
from related decalin derivatives. However the maxi-
mum rate constant for pseudoequatorial bond attack
can be no greater than the observed rate constant and
would not be expected to be less than one-half of the
observed rate constant. By using a statistical factor
of two to obtain the relative rate of attack of an individ-
ual bond of spiro[4.2[heptane relative to a pseudo-
equatorial bond of spiro[5.2[octane the rate factor
should be.23.1/2 or 11.5.

The relative stability of the cyclohexyl cation inter-
mediate 3 compared with the cyclopentyl cation 4 should

3 4
be reflected in solvolysis reaction rates. While
data on the appropriate 1-ethylcycloalkyl deriva-

tives are not available, the unsubstituted cyclohexyl
and cyclopentyl data are available for the tosylates in
acetic acid.8 Cyclopentyl tosylate solvolyzes 16
times as fast as cyclohexyl tosylate, a value consistent
with the rate factor observed in the ring cleavage reac-
tion. Therefore, carbonium ion stability is the dom-
inant rate-controlling feature in these two compounds.
The fluorene-9-spirocyclopropane9reacts much slower
than either of the other two related compounds. From

(8) A. Streitwieser, Jr., “Solvolytic Displacement Reactions,” McGraw-
Hill Book Co., New York, N. Y., 1962, p 95.

(9) The authors gratefully acknowledge the generosity of Professor G,
Fraenkel in providing us with this compound.

fd7.05° &08D [Liseiy) AH* AS*

(I./Zmol min) (I./Zmol min) (I./Zmol min) (kcal/mol) (cal/deg)

1.57 4.45 15.5 -4.5
3.62 X 101
1.65 X 10"1

5.26 X 10“4 7.09 X 10*3 23.7 4.9

5.39 X 10*2 2.68 X 10”1 14.4 -16.8

2.15 X 10*2 1.16 X 10"1 15.2 -16.1

the available solvolysis data on cyclopentyl-1D and 9-
fluorenylmercuric perchloratesll in acetic acid it is
known that the rates stand in the order of 1 to 0.65
respectively. Therefore, while ring cleavage rate of
the spiro[4.2[heptane would be expected to be larger
than that of fluorene-9-spirocyclopropane the observed
ordering of 1 to 0.005 is clearly indicative of structural
features other than carbonium ion stability. There are
significant differences between the cation 5 generated in
solvolysis of the mercury compound and that from
cyclopropane cleavage, 6. The larger steric bulk of the

TI(OAC)2

H H H H ) H

(©
5 6

methylene group attached to the 9 position in inter-
mediate 6 should decrease its stability, raise the energy
of the transition state, and slow the rate of the reaction.
It should be recalled that p+ = —4.3 was observed in
the cleavage of arylcyclopropanes and therefore the
transition state is located far along the reaction co-
ordinate and strongly reflects product stabilities.

In the bicyclo [n.1.0[alkanes the rates of reaction re-
flect many factors for the cleavage can occur at either
an internal or external bond. In both cases the incip-
ient cation is secondary. Since there are two external
bonds and one internal bond a statistical factor of two
should favor external bond cleavage. It has been es-
tablished that 91% of the reaction of bicyclo [4.1.01-
heptane occurs via attack of an external bond whereas
46.5% external bond cleavage occurs in bicyclo [3.1.01-
hexane.6 The deviations from the statistically ex-
pected 66.7% in both compounds indicates the impor-
tance of structural differences.

Each of the observed rate constants must be
separated into specific rate constants for internal and
external bond cleavage.

&ed = MNat T kext

The ratio of the internal to external rate constants must
be equal to the ratio of the amounts of the products de-
rived from the two paths after taking into account the
statistical correction. The calculated kinl and Aext for
bicyclo [4.1.0[heptane are 0.25 X 10 1and 1.21 X 10 1
I./Zmol min at 50°, respectively, and the kint and foext for
bicyclo [3.1.0Jhexane are 0.65 X 10 1 and 0.27 X 10 1
I./mol min at 50°, respectively.

(10) R. J. Ouellette, Ph. D. Thesis, University of California, 1962.
(11) B. G. van Leuwen and R. J. Ouellette, 3. Amer. Chem. Soc., 90, 7056
(1968).
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The ratio of the specific rates for internal bond cleav-
age of bicyclo[4.1.0]heptane to that of bicyclo [3.1.0]-
hexane is 0.38. Since a cycloheptyl cation (7) results
from the former compound and a cyclohexyl cation (8)

ALTI(O AcC),

results from the latter compound this rate ratio does
not reflect carbonium ion stabilities. An opposite
order of reactivities is observed in cycloalkyl tos-
ylate solvolysis with the cycloheptyl derivative
solvolyzing 31 times as fast as the cyclohexyl deriva-
tive.8 Therefore some structural feature must give
rise to a rate factor difference of 82 to produce the order
observed. In bicyclo[3.1.0]hexane the five-membered
ring contains eclipsed hydrogens which are moved to
staggered orientations in intermediate 8. In the bi-
cyclo [4.1.0 Jheptane the change in the hydrogen-hydro-
gen interaction in proceeding to intermediate 7 is much
smaller. The energy difference which must be involved
in reversing the expected rates based on carbonium ion
stabilities is only 2.6 kcal/mol, a value well within that
possible for removing the eclipsing interactions in the
five-membered ring.

The ratio of the external bond cleavage rates for bi-
cyclo [4.1.0]heptane to bicyclo [3.1.0[hexane is 4.4. On
the basis of carbonium ion stabilities of the inter-
mediates 9 and 10 a ratio of 0.06 would be expected.8

TI(OAC), TI(OAC),

9 10

In order to account for the difference between the ex-
pected ratio and the observed ratio a rate factor of 70
favoring the cleavage of bicyclo [4.1.0[heptane over
that of bicyclo[3.1.0[hexane must be accounted for.
Examination of models reveals no outstanding differ-
ences in the steric accessability of the external bonds of
the two compounds. However there are many hydro-
gen-hydrogen interactions in bicyclo [4.1.0[heptane
which contains a nonchair six-membered ring. These
interactions are eliminated in intermediate 9 where
staggered vicinal hydrogens are present. In bicyclo-
[3.1.0[hexane the eclipsed hydrogens in the reactant
remain nearly eclipsed in the intermediate 10. An
energy factor of 2.5 kcal/mol does not seem an unreason-
able quantity to expect for the change to the chair con-
formation which occurs in the cleavage of bicyclo [4.1.0]-
heptane.
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The rate of cleavage of bicvelo[5.1.0]octane is much
slower than either of the other two bicyclo [n. 1.0[alkanes
studied. On the basis of carbonium ion stabilities as
indicated from solvolysis data this compound should
cleave the most rapidly. There appears to be little
difference in the steric accessability of the cyclopropane
bond as evidenced by inspection of molecular models.
However, there is a substantial shielding of the back of
the C-l carbon by the methylene group at C-3. La-
LondeX2 observed in the acid cleavage of 2,3-methano-
¢rans-decalin that the products are the result of trans-
diaxial attack. Analogous attack in bicyclo[5.1.0]-
octane would be seriously retarded. Solvation of the
cationic center from the back side as the electrophile
attacks the cyclopropane ring bond may be difficult to
achieve and hence slow the rate. The activation pa-
rameters for bicyclo [5.1.0[octane are dramatically
different from those for the other compounds and may
reflect this solvation difference. Other structural fea-
tures of a more subtle nature may be operative as a
result of differences in conformations of the seven-
membered ring in the reactant and the transition state.

Experimental Section

Purification of Acetic Acid.—The acetic acid which was used
for the kinetics and reaction of cyclopropanes with thallium tri-
acetate was purified by refluxing a solution of 1.5 1 of glacial
acetic acid containing 30 ml of acetic anhydride and about 3 g of
p-toluenesulfonic acid for 18 hr. The acetic acid was distilled
through a 60-cm glass-helix-packed column. The fraction with
bp 117.5-118° was retained.

Kinetic Analysis.— The Kkinetic solutions were prepared by
weighing an amount of the cyclopropane into a volumetrically
measured amount of purified acetic acid. From the weight of
sample, the desired amount of thallium triacetate was calculated,
weighed out, and added to the solution. The concentration of
the cyclopropane was ~0.015 M and that of thallium triacetate
was ~0.030 M.

The methods of sampling were dependent upon the rate of
the reaction. For slow reactions, in which evaporation
could occur, 2-irJ aliquots were sealed in test tubes. For re-
actions with a moderate rate, where evaporation was not a
problem, aliquots were pipetted directly from the reaction flask.
For fast reactions, aliquots of each reactant were pipetted into
opposite sides of a partition flask and allowed to equilibrate at
the bath temperature, and the solutions were mixed by shaking
so as to allow passage over the partition barrier.

The method o: analysis consisted of quenching the aliquot in
excess 5% aqueous potassium iodide solution, addition of a
starch-iodide indicator to the yellow heterogeneous mixture, and
titration of the resulting dark mixture to a pure yellow mixture
with standard acueous sodium thiosulfate.

Registry No.—Thallium triacetate, 2570-63-0; Table
|—a, 185-65-9; b, 185-49-9; c, 167-02-2; d, 286-43-1;
e, 286-08-8; f, 285-58-5.

(12) R. T. LaLonde and M. A. Tobias, J. Amer. Chem Soc., 85, 3771

(1963).
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The polar addition of molecular bromine to bicyclo[3.1.0]hexane has been carried out at —30 to —50° in chloro-

form with the exclusion of light.

products have also been studied.
analogous alkenes, such as cyclohexene.
ondary carbonium ion.

The mechanisms of halogen additions to alkenes are
among the most thoroughly studied in organic chem-
istry.2 In contrast, studies of halogen additions to
cyclopropane rings have only recently been initiated.34
Stereochemical methods in particular have not been
fully utilized in developing the mechanistic foundations
for this type of reaction. The work of Deno and
Lincoln3b identified the important mechanistic path-
ways but did not include stereochemistry. The halo-
genation of bicyclo[2.1.0]pentane, as studied by La-
Londe,3 proceeded by an isomerization pathway that
precluded a stereochemical discussion of the initial
addition.

Our present approach is to examine halogen additions
to cyclopropane rings, with special attention to the
stereochemical concomitants. One result from stereo-
chemical studies of additions to alkenes was the sugges-
tion that the reaction proceeds to a symmetrical or
unsymmetrical bridged halonium ion intermediate,
which may be destroyed by stereoehemically well de-
fined pathways (eq 1).5 By analogous experiments

X

with cyclopropanes, evidence concerning a possible
homobridged pathway (eq 2) may be forthcoming. A

similar bridged structure for protonated cyclopropanes
has received considerable attention recently, and ac-

(1) (a) Fellow of the Alfred P. Sloan Foundation, 1968-1970. This work
was supported by the National Science Foundation (Grant GP-9257), and
by the Petroleum Research Foundation, administered by the American Chem-
ical Society (Grant 2970-A4, 5). (b) National Science Foundation Under-
graduate Research Participant, 1967-1969.

(2) For reviews, see (a) G. Heublein, Z. Chem., 9, 281 (1969); (b) W. R.
Dolbier, Jr., J, Chem. Educ., 46, 342 (1969); (c) R. C. Storr in “Organic Re-
action Mechanisms, 1968,” B. Capon and C. W. Rees, Ed., Interscience,
London, 1969, pp 156-161.

(3) For addition of bromine, see (a) R. T. LaLonde, J. Amer. Chem. Soc.,
87, 4217 (1965); (b) N. C. Deno and D. N. Lincoln, ibid., 88, 5357 (1966);
(c) A. J. Gordon, J. Chem. Educ., 44, 461 (1967).

(4) For additions of other electrophiles, see among others (a) R. J. Ouel-
lette, A. South, Jr., and D. L. Shaw, J. Amer. Chem. Soc., 87, 2602 ((1965);
(b) R. T. LaLonde, J.-y. Ding, and M. A. Tobias, ibid., 89, 6651 (1967);
(c) H. Hart and R. H. Schlosberg, ibid., 88, 5030 (1966); 90, 5189 (1968);
(d) V. I. Sokolov, N, B. Rodina, and O. A. Reutov, J. Org. Chem. USSR,
S, 2038 (1967).

(5) The mechanistic alternatives and refinements have been discussed in
ref 2a.

Addition is predominantly to the internal, more substituted cyclopropane bond.
The major products (83%) are cis- and frans-1,3-dibromocyclohexane and trans-1,2-dibromocyclohexane.

Minor

The reaction lacks the stereospecificity that characterizes halogen additions to
These results are discussed primarily in terms of the nonbridged, sec-
There is no evidence that requires a 1,3-bridged bromonium ion.

ceptance of such intermediates is now widespread.6
In the present paper, we discuss the reaction of molecu-
lar bromine with bicyclo[3.1.0]hexane, a system that
may be capable of revealing the stereochemical path-
ways for electrophilic addition to the three-membered
ring.

Results and Discussion

Bieyclo[3.1.0]hexane was allowed to react in chloro-
form with an equimolar quantity of bromine at —50°
in the dark (see Experimental Section). The solvent
was removed by vacuum distillation below 0°, and the
reaction mixture was examined immediately by vpc.
If the mixture was heated to reflux, the product pro-
portions remained constant. Each component was
collected by preparative vpc and identified by com-
parison of its spectral and chromatographic properties
with those of authentic material. The three major
components (see below) were subjected to the reaction
conditions and found to be stable even above 0°. No
isomerization could therefore have occurred during
solvent removal.

The products and their percentages (the mean of
four runs with a standard deviation of about 1.5%) are
given below. Compounds II, IV, and V were identi-

v \%

tied unequivocally by comparison with the spectra of
known materials.7 Compound IIl was identified as to
formula by its mass spectrum (parent peak triplet at
m/e 240/242/244). Its nmr spectrum contains a sharp
doublet (J = 6 Hz) at 5 3.6, indicative of a BrCH2
group coupled to a methine proton. The structure
proof is not, however, complete. Much of the unidenti-
fied 10% consists of several shorter retention time ma-
terials, possibly alkenes. 1,1-Dibromocyclohexane, cis-
1,2-dibromocyclohexane, and irans-1,4-dibromocyclo-
hexane were synthesized and found not to be in

(6) For areview, see C. J. Collins, Chem. Rev., 69, 543 (1969).
(7) B. Franzus and B. E. Hudson, Jr., J. Org. Chem., 28, 2238 (1963).
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the reaction mixture. One peak amounting to 1% of
the mixture was identical in retention time with cis-1,4-
dibromocyclohexane, but a rigorous identification could
not be made.

The reactions of cyclopropane rings with electro-
philes may be discussed in terms of either nonbridged
A or bridged B ions that can yield 1,3 products.8 The
nonbridged pathway should be nonstereospecific, but
the opening of the bridged ion B should occur stereo-
specifically trans, e.g., a cis starting material should
yield a threo product, frans-1,3-dibromocyclohexane in
the present example.

R

threo + erythro

threo

Hydride shifts in either A or B may produce a 1,2-
bromine bridge C,3 which would be opened stereo-

specifically to a trans-1,2 product. Conceivably, the
1,3-bromine bridge could also rearrange to a proton-
bridged species35 D, which could give 1,1- and 1,3-
substituted products.

R

The above discussion of these mechanisms has as-
sumed that bromine addition is favored at the more
substituted cyclopropane bond, since higher substitu-
tion might better stabilize a partial or full positive
charge. Addition to the less substituted bond would
yield, by the same set of mechanisms, another series of
products, in which the R groups are on adjacent carbon
atoms.

It remains to discuss the observed products from
bromination of bicyclo[3.1.0]hexane in terms of the
above intermediates A-D, in hopes that certain mech-
anisms may be proved or disproved. Since the three
principal products possess six-membered rings, at least
83% of the reaction must occur on the more substituted
cyclopropane bond. The small amount of the sus-

(8) Two complications are neglected.
could be unsymmetrical. Second, the initial step in either case might be the
formation of a charge-transfer complex. The latter situation is much less
likely for cyclopropanes than with alkenes. Cf. B. C. Menon and R. E.
Pincock, Can. J. Chem., 47, 3327 (1969).

First, the bridged intermediate
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pected cyclopentane IIl may be produced by initial
attack on one of the less substituted bonds.

About 19% of the reaction, corresponding to the
proportion of trans-1,2-dibromocyclohexane (I1), must
pass through intermediate C [R,R, (CH23 X, Br].
This same intermediate is also proposed for the polar
bromination of cyclohexene, in which trans-I,2-dibromo-
cyclohexane is produced stereospecifically and exclu-
sively. It is therefore a dead end intermediate in the
present reaction. No further rearrangements may
proceed from it. Since C can be produced either from
A or B, its formation gives no information concerning
the initial intermediate.

Because the 1,3-dibromocyclohexanes form almost
two-thirds of the reaction mixture, pathways to their
formation are more important than in the bicyclo-
[2.1.0]pentane case,3in which the 1,2 product is formed
almost exclusively. The presence of both the cis- and
the ;rans-I,3-cibromocyciohexane excludes the bridged
ion B from being the only intermediate that yields 1,3
products. The nonbridged mechanism A is very ap-
pealing, since IV and V are formed in almost equal
amounts. A mechanism involving only bridged species
demands the improbable necessity that half of B react
to form the trans compound, and the other half re-
arrange to D to form the cis compound stereospecifi-
cally.9 At present we favor the nonbridged mechanism
(Scheme 1) since IV and V are produced in similar

Scheme |

Br

amounts. None of the data presently at hand require

the intermediacy of bromine-bridged ions, although
such intermediates cannot be entirely rejected. Deno
and coworkersI have presented evidence that methyl-
cyclopropane forms a nonbridged ion on protonation.
Rearrangement of substituted cyclopropanes to sec-
ondary carbonium ions on electrophilic attack may in
general preclude any stereoselectivity such as is found
in the analogous reactions of substituted alkenes.

Experimental Section

Nmr spectra were taken on Varian Models A-60 and T-60
spectrometers and the Bruker 90-MHz HFX-10.11 Infrared
spectrawere recorded on Beckman IR-5 andIR-10 spectrophotom-
eters. Mass spectra were obtained from a CEC model 21-104
analytical mass spectrometer. Gas chromatographic experi-
ments were carried out on F & M Model 700 and Varian Aero-
graph Model 1520B instruments. Analytic and preparative

(9) The opening of D should always be stereospecific, with a eis-D yield-
ing an erythro produ2t, cis-1,3-dibromocyclohexane in the present case.

(10) N. C. Deno D. LaVietes, J. Mockus, and P. C. Scholl, J. Amer.
Chem. Soc., 90, 6460 (1968); N. C. Deno, W. E. Billup, D. LaVietes, P. C.
Scholl, and S. Schneider, ibid,, 92, 3700 (1970).

(11) We thank tne National Science Foundation for a grant that made
the purchase of this instrument possible.
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experiments utilized 0.25 in X 6 ft columns containing 10%
Carbowax 20M on Chromosorb G, DMCS treated.
Bicyclo[3.1.0]hexane (l) was prepared by the Simmons-Smith
reaction on cyclopenter.e.2
¢r<ms-l,2-Dibromocyclohexane (I1)
method of Snyder and Brooks.13
1-Bromocyclohexene.— The method of Stevens and Valicenti
was used to prepare this compound from 2,3-dibromocyclo-
hexene.1&
1,1-Dibromocyclohexane.— 1-Bromocyclohexene (2.0 g) was
dissolved in 40 ml of anhydrous ether in a round-bottomed flask
equipped with a Dry Ice condenser and a gas-inlet tube. The
flask was immersed in an ice bath, 0.1 g of FeCl3was added, and
anhydrous hydrogen bromide was bubbled into the solution for 2
hr. The reaction mixture was washed with four 25-ml portions
of water and one 25-ml portion of 10% sodium carbonate, and
dried over anhydrous sodium carbonate. 1,1-Dibromocyelo-
hexane (2.1 g) was isolated by distillation [bp 72-81° (7 mm)] .56
cfs-1,2-Dibromocyclohexane.— 1-Bromocyclohexene (2.5 g) in
250 ml of pentane was irradiated for 1 hr in a Hanovia ultraviolet
apparatus, as anhydrous hydrogen bromide was bubbled through
the solution. The excess HBr was removed by washing with

was prepared by the

(12) H. E. Simmons and R. D. Smith, J. Amer. Chem. Soc., 81, 4256
(1959).

(13) H. R. Snyder and L. A. Brooks, “Organic Syntheses,” Coll. Vol. II,
A. H. Blatt, Ed., Wiley, New York, N. Y., 1943, pp 171-172.

(14) C. L. Stevens and J. A. Valicenti, J. Amer. Chem. Soc., 87, 838 (1965).

(15) H. L. Goering and L. L. Sims, ibid., 77, 3465 (1955).

Klemm and Taylor

water and 10% sodium carbonate, and the dried pentane solution
was distilled to give 1.7 g of pure cis-l,2-dibromocyclohexane
[bp 104-105° (9 mm)]

3-Bromocyclohexene was prepared from cyclohexene and N-
bromosuccinimide.

1,3-Dibromocyclohexanes (trans, 1V; cis, V).—3-Bromo-
cyclohexene (1.6 g) was placed in a flask containing 6 ml of 48%
aqueous hydrobromic acid. The flask was stoppered, heated to
65°, and allowed to stir for 7 hr. From the organic phase, the
cis- and frtms-1,3-dibromocyclohexanes were obtained by prepara-
tive gas chromatography. Their nmr spectra agreed with those
of Franzus and Hudson.7

A mixture of ei's-1,3-, trans-1,3-, cfs-1,4-, and irans-1,4-dibro-
mocyclohexane was prepared from the reaction of cyclohexane-
1,3-diol with PBr3following the method of Franzus and Hudson.7

Reaction of Bromine with Bicyclo[3.1.0]Jhexane.— The bro-
minations were performed in a darkroomunder red light; the flasks
were covered with aluminum foil. Bicyclo[3.1.0]hexane (1.0 g)
in 10 ml of chloroform (Baker analyzed reagent grade) and bro-
mine (0.5 g) in 10 ml of chloroform were cooled in separate flasks
to —50°. The bromine solution was added slowly to the cyclo-
propane compounds, and the reaction mixture was then allowed
to stand at —30° for about 5 min. The solvent was removed
under aspirator pressure below 0°, and the residue was analyzed
directly by gas chromatography. The nmr spectrum of the
immediate reaction mixture did not change with time.

Registry No.—Bromine, 7726-95-6; |, 285-58-5.
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At 320° on alumina 2,3,4,5,6,6-hexamethyl-2,4-cyclohexadienone (1) in a solvent of methanol, 1-propanol, 2-
propanol, or benzene is converted into hexamethylbenzene as the main identified product (24-88 mol %).
2,3,4,4,5,6-Hexamethyl-2,5-cyclohexadienone (in methanol) gives quantitative conversion into hexamethyl-

benzene under the same conditions.

Mechanisms of the reactions are interpreted in terms of surface processes
of Meerwein-Ponndorf-Verley reduction and subsequent dienol-benzene rearrangement.

Partial déméthylation

of 1on the catalyst accounts directly for the formation of by-products (pentamethylbenzene and pentamethyl-
phenol) and indirectly for the occurrence of the main reaction in benzene.

Recently, Ramana and Pillai2 reported catalysis by
sodium-containing alumina of hydrogen-transfer reac-
tions between alcohols (of three of more carbon atoms)
and carbonyl compounds in a manner formally similar
to the Meerwein-Pondorff-Verley (MPV) reduction
and the Oppenauer oxidation. Studies in our labora-
tory3-5 with the naphthalene ring system have also
shown that methanol plus alumina serve for conversions
such as (1) 1-tetralone into 1,2-dihydronaphthalene and
(2) l-oxo0-2,2-dimethyl-l,2-dihydronaphthalene and 2-
oxo-1,I-dimethyl-I,2-dihydronaphthalene into 1,2-di-
methylnaphthalene. It was proposed that reactions 1
and 2 (as well as conversions of naphthols to di- and
polymethylnaphthalenes) proceed through a step of
the MPV type, whereby hydride transfer occurs from a
surface methoxide group to the carbonyl carbon atom

(1) (a) This investigation was supported by Research Grant No. CA-S969
from the National Cancer Institute, U. S. Public Health Service. For part
V, see ref 5. (b) Research Assistant, 1964-1967.

(2) D. V. Ramana and C. N. Pillai, Can. J. Chem., 47, 3705 (1969).

(3) J. Shabtai, L. H. Klemm, and D. R. Taylor, J. Org. Chem., 33, 1489
(1968).

(4) L. H. Klemm, J. Shabtai, and C. E. Klopfenstein, ibid., 35, 1069
(1970).

(5) J. Shabtai, L. H. Klemm, and D. R. Taylor, ibid., 35, 1075 (1970).

to produce a chemisorbed hydronaphthoxide, plus
formaldehyde (or other oxidation products).3-6 In
case 1, the transformation is completed by loss of a
proton and an oxide ion from the hydronaphthoxide to
the alumina surface. In case 2, an attendant process of
methyl migration (neopentyl-type rearrangement) is
involved.

In further study of reduction-rearrangement such as
occurs in case 2 we now report reactions of 2,3,4,5,6,6-
hexamethyl-2,4-cyclohexadienone (1)7 and its cross-
conjugated isomer 2,3,4,4,5,6-hexamethyl-2,5-cyclo-
hexadienone (2)8 with excess alcohol when passed
through a bed of Houdry hard alumina (designated
catalyst C,9containing ~0.4% sodium ion) at 320 and
420°. For 1 at 320° (experiments 1, 3, 4) the major
product was hexamethylbenzene (4), irrespective of
whether methanol, 1-propanol, or 2-propanol was used
as the alcohol (see Table I). This result is consistent

(6) (a) L. H. Klemm, J. Shabtai, and D. R. Taylor, ibid., 33, 1480 (1968);
(b) ibid., 33, 1494 (1968).

(7) H. Hart, P. M. Collins, and A. J. Waring, J. Amer. Chem. Soc 88
1005 (1966).

(8) H. Hart and D. W. Swatton, ibid., 89, 1874 (1967).

(9) This designation for the Houdry alumina catalyst was used in previous
papers in this series.3-6
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Table |

Alumina-Catalyzed Reactions op Hexamethylcyclohexadienones with Alcohols”

————————— Product selectivity,® o4

Expt Reaction Conversion,® Pentamethyl- Hexamethyl- Pentamethyl—
no. Substrate temp, °C Alcohol used % benzene (3] benzene (4) phenol (5) Unidentified6
i i 320 MeOH 100 1.5 87.7 4.0 (8.7)
2 i 420 MeOH 100 4.0 85.5 5.8 (7.1)
3 i 320 n-PrOH 95 0.7 24.2 4.4 (53.3)/
4 i 320 i'-PrOH 97 2.1 57.0 1.2 (14.4)
5 i 320 None6 94 3.6 44.1 16.0 (10.4)
6 2 320 MeOH 100 Trace 100 Trace
7 2 420 MeOH 89 Trace 67 Trace»

“ See Experimental Section for reaction conditions.
strate converted/mol of substrate charged.

bBenzene was used in place of an alcohol.

dProduct selectivity = 100 X mol of specific product :ormed/mol of substrate converted.

cConversion 100 X mol of sub-

* Percentage by weight of total product based on gas chromatography and the assumption of an equal factor of instrumental response/

gram for each component.

of the mixture showed the presence of both phenolic and Ca, C3H 7groups.

with the intervention of astep of the MPV type. How-
ever, the yield of 4 was higher with methanol than with
1- or 2-propanol (a favorite hydride donor in MPV re-
actions in solution).l0 The low yield of 4 with 1-pro-
panol (experiment 3) results from alkyl exchange be-
tween 1 and surface 1-propoxide, as evidenced by the
complex mixture of products formed and the presence of
CAr C3H 7groups therein (c/. footnote f, Table I). A
mechanism for alkyl exchange to give an adsorbed
ketone (6) or an absorbed pentaalkylphenoxide ion (7)
is depicted in Scheme |, where step a is shown as a con-

Scheme

certed process which involves reaction at both C-2 and
C-6. Formation of 6 by a two-step process, of de-
methylation at C-6 to give adsorbed pentamethyl-
phenoxide (5a) and then propylation at C-2 or C-6, is
also possible. 2-Propoxide, on the other hand (experi-
ment 4), functions as a hydride donor without effecting
alkyl exchange. Probably, steric hindrance to iso-
propylation at a ring carbon atom already bearing a
methyl substituent is too great to permit formation of

10 A L Wi Red, 2 178 H Pli adG Kellich
C§‘EmBE’r Qlcs':lfglg(l%& g tg]‘gt% Ienern'?teresv\ererea(!ily

ogdoeed smihsmzner

1This portion contains at least 19 components of longer retention time than 4.

Spectral investigation
» Acetone-insoluble products were also formed.

the corresponding requisite pentamethylisopropyl-
cyclohexadienone intermediate under reaction condi-
tions. 11

On the basis of the proposed surface MPV and alkyl-
exchange mechanisms one might predict that 1would be
inert in the presence of a tertiary alcohol as solvent.
Since tertiary alcohols dehydrate very readily under
the reaction conditions used, however, this experiment
was not attempted. Instead, a solution of 1in benzene
alone (believed to be inert) was passed through the re-
actor (experiment 5) under otherwise identical condi-
tions.22 Even in this absence of an attendant hydride
donor, however, 1 was converted into 4 in significant
yield. Accompanying the formation of 4 was a some-
what larger yield of the by-product pentamethylbenzene
(3) and a markedly higher yield of the by-product
pentamethylphenol (5) than occurred in experiments
1, 3, and 4. Both by-products result from monode-
methylation of the substrate, as indicated in Scheme 11,
step a. The resultant adsorbed pentamethylphenoxide
ion (5a) could abstract a proton from the catalyst sur-
face (step d) to give 5.

Surface methoxide formed by demethylation of 1 is
available for further reductive processes. Thus, it can
transfer hydride to other molecules of adsorbed 1in the
MPV manner (Scheme II, step b) with the ultimate
formation (step c) of 4 plus formaldehyde (as well as its
oxidation products formate and/or carbon monoxide).13
Additionally, surface methoxide (or other alkoxide
bearing an «-hydrogen atom) may cause reduction of
ion 5a to 3, as indicated in Scheme IIl. Here it is sug-
gested that a surface hydroxide group first transfers a
proton to the ambident ion 5a (step a) to give the ad-
sorbed tautomer of pentamethylphenol (5b). Reduc-
tion of 5b to adsorbed alkoxide 9 is again depicted as
involving a surface MPV reaction (step b). Loss of a
proton plus an oxide ion from 9 to the catalyst surface
(step c) would then yield petitamethylbenzene (3).

(11) Indirect evidence from this laboratory indicates that phenol will
dialkylate at C-2 with 1-propanol but will only monoalkylate at C-2 with
2-propanol: L. H. Klemm and D. R. Taylor, unpublished results.

(12) It should be noted that apparent activity of the catalyst may vary
depending on the solvent used, since the catalytic surface will be in a steady-
state condition (involving adsorbed substrates) during the reaction proper.
It is presumed that benzene will not be dissociatively chemisorbed (as has
been postulated in the case of alcohols).66

(13) A material balance for formation of 8, 4, and 5from 1 (in experiment
5) shows that more oxygen atoms are released than could be converted into
water and carbon monoxide by the methyl groups released. Although an
experimental determination of the rate ©I tltQr* e3Eces*"XSrgenf> has not been
made, it seems plausible that it may be present in carbon dioxide or in the
unidentified products.
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Scheme Il

Step c in Scheme Il may be envisioned as occurring
by a, 8, or y elimination. 0 elimination has been sug-
gested previously5in the methanol-alumina conversion
of 1-tetralone to 1.2-dihydronaphthalene. It is partic-
ularly attractive here because it has an overall simplic-
ity as a concerted process, it involves the formation of a
pseudocyclic eight-membered transition state (expected
to be preferred on an alumina surface),5and it should be
facilitated by cis geometry in 9 (which would allow
trans elimination). If, as seems reasonable, steps a and
b in Scheme Il involve attack of H+ and H -, respec-
tively, from the catalyst surface onto flatwise adsorbed
substrate, 9 would, indeed, be the cisisomer, Yy elimina-
tion (not shown in Scheme I11) has been proposed pre-
viously4 for conversion of adsorbed 2,2-dimethyl-I,2*
dihydro-l-arenoxides to 1,2-dimethylarenes (c/. 8 — 4,
Scheme II, step c). Neither 2nor y elimination would
be expected to give methyl migration in the conversion
of 9 to 3. On the other hand, a elimination (whether
concerted or not) could result in methyl migration, as
shown in Scheme 111, step ca

Experiments reported here do not allow an evalua-
tion of the relative extents of a, /3 and y elimination in
the pentamethylphenol system. However, the pres-
ence of 19% of the 1isomer in the monomethylnaph-
thalene fraction from reaction of 1-naphthol with meth-
anol at 350° over Houdry alumina6' is consistent with
the occurrence of some a elimination under closely
similar conditions. In the same series of experiments,6'
the composition of this fraction attained 47% of 1-
methylnaphthalene for a more acidic alumina and a
reaction temperature of 420°. On the other hand,

Klemm and Taylor

Scheme Il

only small amounts (< 10%) of 2 isomer were found in
the monomethylnaphthalene fraction from reaction of
2-naphthol with methanol in the presence of alumina
catalysts of various acidities4 at temperatures up to
420°. A reduction-elimination mechanism of the
type shown in Scheme I 11 is also suggested for the direct
deoxygenation (via an adsorbed keto form) of 1- and
2-naphthols to naphthalene.6

Reaction of 2,3,4,4,5,6-hexamethyl-2,5-cyclohexadi-
enone (2) with methanol in the presence of catalyst C
at 320° (experiment 6) gave quantitative formation of
hexamethylbenzene (4). Failure to detect any penta-
methylphenol or more than a trace of pentamethyl-
benzene in the total product implies that neither dé-
méthylation of 2 to adsorbed pentamethylphenoxide ion
nor rearrangement {e.g., by concerted déméthylation at
C-4 and méthylation at C-2) of 2 to 1 occurs as an in-
termediate process.¥4 Moreover, méthylation at C-2
without attendant déméthylation at C-4 seems highly
unlikely. In fact, a concerted intramolecular migra-
tion of the methyl group from C-4 to C-l in a surface

(14) In fact R. F. Childs, J. Chem. Soc. D, 946 (1969), found that 1

rearranges to 2 under strongly acidic conditions.
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dienol-benzene
(Scheme 1V).

rearrangement’ may be implicated

Scheme IV

Increasing the reaction temperature from 320 to
420° for 1in the presence of methanol gave little change
in the yield of 4 but did increase the extent of déméthyl-
ation (experiments 1 and 2). On the other hand, a
similar change in reaction temperature for 2 (experi-
ments 6 and 7) produced a much lower yield of 4, with-
out accompanying appearance of déméthylation prod-
ucts 3 and 5. Since unidentified chromatographic
peaks were not observed in the regular range, it is pre-
sumed that 2 undergoes extensive decomposition at the
higher temperature.

It is noteworthy that cases of déméthylation have
been found in hydroaromatic ketones of the naphthalene
series, aswell as in the presently reported benzene series.
Thus, l-oxo0-2,2-dimethyl-1,2-dihydronaphthalene (an-
alogous to 1) underwent limited conversion to 2-methyl-
naphthalene at 350-420° in the presence of alumina-
methanol, while the isomeric compound I-ox0-4,4-di-
methyl-1,4-dihydronaphthalene (analogous to 2) gave
no monomethylated products under similar conditions.
At 275° reduction-rearrangement occurred with 1,1-
dimethyl-2-oxo-1,2-dihydronaphthalene without at-
tendant démeéthylation.4 Investigation of this com-
pound at higher temperatures was not made. With
catalyst C9and methanol at 325-420°, monomethylated
compounds constituted 52-82 mol % of the total identi-

(15) H. Plieninger and G. Keilich, Angew. Chem., 68, 618 (1956). For
mechanistic characteristics of this reaction in the 2-allyl-2-methyl-2,4-
cyclohexadien-l-ol and 4-allyl-4-methyl-2,5-cyclohexadien-1-ol systems, see
H. J. Hansen, B. Sutter, and H. Schmid, Helv. Chim. Acta, 01, 828 (1968).
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fied product from 2,2-dimethyl-I-tetralone.5 With
more acidic alumina (catalyst A), however, mono-
methylated products were less prevalent (3-6 mol %),
probably because of a much more facile rearrangement
on this catalyst. Catalyst A, likewise, gave 4-7 mol %
monodemethylated product (presumed to be 1,3,6-trl-
methylnaphthalene) from 2,2,4,7-tetramethyl-I-tetra-
lone.5 It is thus apparent that (at least for the second
methyl group; the methylation-demethylation process
is reversible at C-2 in the temperature range of 320-
420° for the 1-naphthol, the 1-tetralone, and the phenol
systems, but it is not reversible at C-4 under these con-
ditions. It is suggested that the general mechanism
shown in step a, Scheme Il (and its reverse), applies to
these cases. For the Il-0x0-2,2-dimethyl-I,2-dihydro
systems involved, déméthylation and AIPV reduction
(plus skeletal rearrangement) are competing reactions.
Déméthylation is fostered by using basic alumina cata-
lysts and low (or zero) ratios of methanol to substrate in
the influent.

Experimental Section

The apparatus and procedure were similar to those reported
earlier.6 In each experiment a solution of 1 g of substrate (17or
28 in the appropriate alcohol [molar ratio, alcohol :substrate
(40:1)] or (for experiment 5 only) in benzene (15 ml) was added
at a rate of 15 drops/min in a stream of dry nitrogen gas (41
ml/min) to a vertically mounted, externally heated 53 cm X 2.7

m (0.d.) Pyrex reactor tube, packed to a height of 28 cmwith 45¢g
of fresh Houdry HA-100 alumina (cyclindrically extruded 0.125-
in. pellets, containing ~0.4% sodium ion, pre-activated in situ
by passing 25 ml of solvent and a slow stream of nitrogen through
the reactor at the reaction temperature). After completion of
the reaction proper the catalyst was flushed (hot) with 25 ml of
solvent, allowed to cool, and extracted with boiling acetone.
Combined effluents and washings were evaporated to remove sol-
vents and extracted with ether. The ether extract was washed
with water, dried, and evaporated. The residue was analyzed by
gas chromatography (by comparison with authentic samples)
using columns of 10% DC-550 silicone fluid on Chromosorb W
(8 ft X 0.375 in. at 160-200°) and of Bentone 34-silicone on
Chromosorb (to separate hexamethylbenzene and 1, not resolved
on the former column).

Registry No.— 1,3854-96-4 ; 2,14790-04-6.
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The chemistry of the long-known and readily prepared boron difluoride complexes of 1,3-dicarbonyl compounds
had not been investigated except for hydrolysis. The reaction of such BF2complexes of 2-formyl ketones (e.g.,
4) with organometallic reagents has been found to constitute an effective synthesis of 2-al <ylidene ketones. For
example, 4 reacts with 1 equiv of methyllithium to yield, after treatment with acid, 81% 2-ethylidenecyclo-
hexanone. Other syntheses of 2-alkylidene ketones have been compared with this new procedure. In particu-
lar, reinvestigation of the reaction of 2-formyl ketones with Grignard reagents has shown this to be a comparably
effective method of preparation of 2-alkylidene ketones.

Preparation of 2-alkylidene ketones by direct aldol
condensation of an aldehyde with a ketone (asin1 2)
is usually not a practical synthetic method.2 Less
direct but more effective procedures devised for the
synthesis of 2-alkylidene ketones have included the use

of enamine intermediates,3 the reaction of 2-amino-
methylene ketones with Grignard reagents,4 and the
reaction of enolates generated by zinc reduction of 2-
bromo ketones with aldehydes.5 Of particular relevance
to the research described herein is the report by Dreiding
and Nickel6of the preparation of 2 by direct reaction of
the 2-formyl ketone7 3, as well as its O-isopropyl
derivative, with organometallic reagents.

The long-known8 and readily prepared (see below)
boron difluoride complexes of 1,3-dicarbonyl compounds
(e.g., 4) seemed to offer an attractive alternative method
for the synthesis of 2-alkylidene ketones, if the electro-
philicity at the exocyclic carbon implied in contributing
structure 4b could be manifested by its attachment to a
carbanionic nucleophile. Accordingly, an investigation
of the reactions of BF2 complexes of 2-formyl ketone,
with organometallic reagents was undertaken.

(1) This research was presented at the 159th National Meeting of the
American Chemical Society, Houston, Texas, Feb 22—27,1970.

(2) A. T. Nielsen and W. J. Houlihan, Org. React., 16 (1968), provide
references to specific examples and on p 38 the conclusion that “yields
are low” in this type of reaction.

(3) L. Birkofer, S. M. Kim, and H. E. Engels, Ber., 95, 1495 (1962).

(4) E.g., (&) L. I. Zakharkin and V. Y. Korneva, Izv. Akad. Nauk SSSR,
Ser. Khim., 2206 (1964); (b) P. N. Weintraub, Chem. Ind. (London), 1497
(1966); (c) R. E. Ireland and P. W. Schiess, J. Org. Chem., 28, 6 (1963).

(5) T. A. Spencer, R. W. Britton, and D. S. Watt, J. Amer. Chem. Soc.,
89, 5727 (1967). .

(6) A.S. Dreiding and S. N. Nickel, I, 76, 3965 (1954).

(7) The term 2-formyl ketone is used [as it was by E. W. Garbisch, ibid.,
85, 1696 (1963) ] to designate the enolic mixtures often referred to, and shown
structurally in this paper, as 2-hydroxymethylene ketones.

(8) G.T. Morgan and R. B. Tunstall, J. Chem. Soc., 125, 1963 (1924).

No examples of BF2complexes derived from 2-formyl
ketones had been reported at the outset of the study,
but their preparation proved facile, as might have been
anticipated on the basis of the isolation of such com-
plexes from 1,3 diketones. These are most frequently
encountered as intermediates in boron trifluoride cata-
lyzed acylation of ketones with anhydrides.9 Hydroly-
sis to the parent 1,3-dicarbonyl compound was the
only chemistry of these species which had been studied.

The best procedure for preparation of the desired
BF2 complexes consists in treatment of a methylene
chloride solution of the 2-formyl ketone with 1.5-2.0
equiv of boron trifluoride etherate at room temperature.
In this manner, nicely crystalline BF2 complexes were
obtained in 70-86% yield from 2-formylcyclohexanone
(3), 2-formylcyclododecanone (5), 2-formylcholestan-3-
one (6), and 2-formyl-5-methoxy-I-tetralone (7). The
complex from 2-formylcyclopentanone (8) was liquid
and relatively unstable, and could not be purified, but
it displayed the same spectral properties and chemistry
as the others. These complexes have distinctive
infrared and ultraviolet absorption; the complexes from
2-formyl derivatives of unconjugated ketones all show
absorption at ~6.2 and 6.7 p and at 310-311 rap (in
cyclohexane), with e ~14,000. They are stable in
aprotic solvents, such as hexane, benzene, methylene

3,R=0H 5 R=0OH 6,R = OH
2,R=CH3 12R= CH3 14, R = CH3
11, R=rcBu 13 R =n-Bu 15, R = a-Bu

o
CHR

OCH3

7,R=0H 8,R= OH 9 10
16, R *=CH3 18, R = CH3

17,R = NBu 19, R = n-Bu

(9) C. R. Hauser, F. W. Swamer, and J. T. Adams, Org. React.,, 8, 98
(1954); R. D. Youssefyeh, J. Amer. Chem. Soc., 85, 3901 (1963); H. Musso
and K. Figge, Justus Liebigs Ann. Chem., 668, 1, 15 (1963); T. F. Crimmins
and C. R. Hauser, J. Org. Chem., 32, 2615 (1967).

(10) No indication of consumption of organometallic reagent by reac-
tion with tte BFZmoiety to give alkylboron compounds [cf. E. Krause and
R. Nitsche, Ber., 54, 2784 (1921) ] was ever observed.
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chloride, or carefully dried ether or tetrahydrofuran.
Protic solvents such as ethanol effect rapid conversion
to the original 2-formyl ketone and chromatography is
not suitable for purification.

When the boron difluoride complex 4 in benzene
solution was treated with 1 equivD of methyllithium in
ether, followed by hydrolysis with aqueous ammonium
chloride, the major product was /3-hydroxy ketone 9,
accompanied by some enone 2. In order to facilitate
isolation of product and determination of yields by
vapor phase chromatography (vpc), the crude reaction
products were subsequently routinely treated with
p-toluenesulfonic acid in benzene to effect complete
dehydration to enone. If the intermediate ketol were
the desired product, however, it presumably could be
obtained.

After this acid-catalyzed dehydration, the product
from 4 was 2-ethylidenecyclohexanone (2) (81% by vpc
analysis), containing only small amounts of other sub-
stances. The 2-ethylidenecyclohexanone obtained pos-
sessed exclusively the trans geometry (see Experimental
Section) as shown in 2, but at least some of the other
2-alkylidene ketones synthesized were obtained as
mixtures of cis and trans isomers. No attempt was
made to separate or, in most cases, determine ratios of
geometrical isomers. No products, such as 10, resulting
from attack at the endocyclic electrophilic position (cf.
4c) were isolated from 4 or any other BF2 complex
studied, although minor products were not identified.
Use of more than 1 equiv of methyllithium did not
affect the product composition.

The results from all the reactions of boron difluo-
ride complexes with organometallic reagents are
shown in Table 1. Methyllithium was distinctly
superior to methylmagnesium iodide in the two cases
where comparison was made. The generality of the
2-alkylidene ketone synthesis was demonstrated by the
preparation of comparable yields of 2-pentylidene
ketones with 1 equiv of n-butyllithium, except in the
case of the 2-formyl-5-methoxy-I-tetralone BF2 com-
plex, which gave an anomalous and unexplained low
yield of 17.

Clearly, the BF2 complexes provide an effective
pathway to 2-alkylidene ketones. It was not clear,
however, that this pathway represented an improve-
ment over the direct reaction of the 2-formyl ketone
with an organometallic reagent. The previous brief
study6 of this direct route reported 61 and 25% of 2
from 3 using methylmagnesium iodide and methyl-
lithium, but these somewhat lower yields were of
distilled products and, since we had learned in the
course of the present work that distillation of the 2-alkyl-
idene ketones lowered the vyields, a reinvestigation
seemed imperative.

The results of the reactions of the same set of 2-formyl
ketones (4-8) directly with methyllithium or methyl-
magnesium iodide, followed by acid-catalyzed dehydra-
tion of intermediate ketols, are also shown in Table I.
The yields with the Grignard reagent are in all in-
stances comparable with those of the BF2complexeswith
methyllithium. As found by Dreiding,6 methyl-
lithium is relatively less effective in direct reaction with
2-formyl ketones.

The reaction of a Grignard reagent with a 2-formyl
ketone thus should probably be the first method tried

J. Org. Chem., Vol. 85, No. 10, 1970 3221

for synthesis of a given 2-alkylidene ketone. However,
this procedure requires at least 2 equiv of organometallic
reagent, the first reacting with the acidic proton of the
enolized 1,3-dicarbonyl system to yield the magnesium
enolate which then reacts with the second equivalent.
Use of a protecting group such as boron difluoride is
advisable when conservation of organometallic reagent
is desired.

One of the indirect routes may also provide the
maximum yield in a particular case. As an example of
the unpredictability of the best method for synthesis of
a specific 2-alkylidene ketone, the low yields of 2-alkyl-
idenecholestan-3-ones in all of the procedures involving
2-formyl ketones may be cited. In addition to the
examples recorded in Table I, the reaction of 2-pyr-
rolidinomethylenecholestan-3-one  with methylmag-
nesium iodide affords 14 in a comparably disappointing
yield (30%).4 Preparation of 2-alkylidenecholestan-3-
ones is best accomplished (e.g., 90% yield of 14) via the
zinc enolate derived from 2-bromocholestan-3-one.6
These contrasting results, for which there is no obvious
explanation, emphasize the desirability of having a
variety of methods available for the synthesis of 2-alkyl-
idene ketones.

Further investigation of the chemistry of boron
difluoride complexes of various 1,3-dicarbonyl com-
pounds with organometallic and other reagents is in
progress.

Experimental SectionIl

Preparation of 2-Formyl Ketones.—Preparation of 2-formyl
ketones was carried out by condensing the parent ketone with
ethyl formate by reported procedures in the cases of 2-formyl-
cyclohexanone (3),12 2-formylcyclododecanone (5),18 2-formyl-
cholestan-3-one (6), ¥&and 2-formyleyclopentanone (8).16

2-Formyl-5-methoxy-I-tetralone (7).—A 50% mineral oil dis-
persion of sodium hydride (1.90 g, 0.035 mol) was added to a
stirred solution cf 5-methoxy-I-tetralone® (3.26 g, 0.0185 mol)
in freshly distilled ethyl formate (50 ml) held at 0°. Anhydrous
methanol (0.75 ml) was then added and the mixture was stirred
at room temperature under purified nitrogen for 18 hr. The
resulting suspension was poured onto water (100 ml) and the
organic layer was separated and extracted with two 100-ml por-
tions of 2 N sodium hydroxide solution. Acidification of the
combined aqueous extracts with cold 50% v/v aqueous hydro-
chloric acid and ether extraction afforded, after removal of the
solvent at reduced pressure, 2-formyl-5-methoxy-I-tetralone
(7) (3.78 g, 99.7%) as a yellow oil which crystallized on standing.
Crystallization from hexane gave an analytical sample: mp

(11) Analyses were performed by Spang Microanalytieal Laboratory,
Ann Arbor, Mich. Melting points were taken in an open capillary and
are corrected. Ultraviolet (uv) spectra were determined on a Unicam
SP800 spectrometer, using the solvents indicated. Infrared (ir) spectra
were determined on a Perkin-Elmer Model 137 recording spectrophotometer.
Nuclear magnetic resonance (nmr) spectra were determined on a Varian
Associates DA-60-1L spectrometer. Vapor phase chromatography (vpc)
was carried out on a Wilkens A-700 chromatograph using a 5 ft X 0.25 in,
copper column packed with 60-80 mesh Chromosorb W coated with 7.5%
Carbowax 20M. The column was operated at 150° at a helium gas flow
rate of 60 ml/min. Vpc identification of compounds was performed by
peak enhancement with authentic samples. Vpc yields were determined
by triangulation of peak areas. Minor products were not identified, so
response factors were not determined; neither were internal standard com-
pounds used to determine yields. Analytical thin layer chromatography
(tic) was carried out on 250-/i-thick layers of Merck silica gel G. Prepara-
tive tic was carried out cn 1.25-mm-thick layers of Merck 3ilicagel PFZ} + &&

(12) C. Ainsworth, “Organic Syntheses,” Coll. Vol. IV, Wiley, New York,
N. Y, 1963, p 537.

(13) V. Prelog, L, Ruzicka, and O. Metzler, Helv. Chim. Acta, 30, 1883
(1947).

(14) C. Djerassi, N. Finch, R. C. Cookson, and C. W. Bird, J. Amer.
Chem. Soc., 82, 5488 (1960).

(15) W. S. Johnson and W. E. Shelberg, ibid., 67, 1752 (1945).

(16) Aldrich Chemical Co., Milwaukee, Wis.



3222 ). Org. Chem., Vol. 35, No. 10, 1970

Smith and Spencer

Table |

Formation of 2-Alkylidene Ketones by Reaction of 2-Formyl Ketones and Their Boron Difluoride Complexes

with Organometallic Reagents

Reactions of BF2compIexes of 2-formyl ketones,

Reactions of 2-formyl ketones,

———————————————————— % yield® (product) > £ % yield (product)----------------

2-Formyl ketone CllisLi CHaMgl n-BulLi CHalLi CHjMgl n-BulLi
2-Formylcyclohexanone (3) 81° (2) 45° (2) 85° (11) 44° (2) 85° (2) 49» (11)
2-Formyleyclododecanone (5) 61 (12) 35 (12) 53 (13) 33 (12) 58 (12) 35 (13)
2-Formylcholestan-3-one (6) 37 (14) 32 (15) 25 (14) 41 (14) 17 (15)
2-Formyl-5-methoxy-I-tetralone (7) 87 (16) 38 (17) 89 (16) 81 (16) 20 (17)
2-Formylcyclopentanone (8) 62° (18) 60° (19) 56» (18) 75» (18) 48» (19)

“ Yields are of isolated purified material unless indicated otherwise.

67-68°; uv max (95% EtOH) 311 mM (e 10,700), 262 (5700), and
230 (10,900); uv max (95% EtOH-NaOH) 354 dim (e 14,790), 318
shoulder (6120), and 248 (15,000); ir (KBr) 6.3-6.4 (broad) n', nmr
(CDCls) s 2.3-3.0 (m, 4), 3.78 (s, 3, HaC-0-), 6.83-7.66 (AMX
system, 3, Ha 7.58, Hb 7.20, Hx 6.92, Tax =1.5 Hz, Tam =
/mx = 8.0 Hz, aromatic ring protons), 8.17 [s, broad, 1, HC-
(OH)=], and 13.67-14.83 ppm (m, 1, H-0-).

Anal. Caled for CiHi203 C, 70.58; H,
C, 70.49; H, 5.97.

Preparation of Boron Difluoride Complexes of 2-Formyl Ke-
tones.— The boron difluoride (BF2 complexes were prepared by
adding 1.5-2 equiv of freshly distilled boron trifluoride etherate
to a stirred (~ 10% w/v) solution of the appropriate 2-formyl
ketone in methylene chloride at room temperature under nitro-
gen. After 1hr the methylene chloride solution was washed with
water until free of excess boron trifluoride and the solvents were
removed under reduced pressure. The crystalline products (all
cases except 2-formylcyclopentanone) were then recrystallized
from hexane or methylene chloride-hexane until constant melting
points were obtained. The individual yields and properties of
the BF2 complexes follow.

BF2 complex of 2-formylcyclohexanone (4)I7was formed in 72%
yield: mp 44-45°; uv max (cyclohexane) 311 n¥x (e 14,750);
ir (KBr) 6.20 and 6.68 m; nmr (CDC13 51.8 (m, 4), 2.5 (m, 4),
and 7.9 ppm [s, 1, HC(OBF2=]; mass spectrum M+ at m/e

5.92. Found:

174.
Anal. Calcd for CH®2BF2 C, 48.28; H, 5.17; F, 21.84.
Found: C, 48.28; H, 5.22; F, 21.75.

BF2 complex of 2-formylcyclododecanone was formed in 70%
yield: mp 66-67°; uv max (cyclohexane) 311 m”" (e 14,100); ir
(KBr) 6.25 and 6.78 n; nmr (CDC13 51.1-2.1 (m, 16), 2.2-2.8
(m, 4), and 7.9 ppm [s, broad, 1, HC(OBF2=1].

Anal. Calcd for CiH202BF2 C, 60.49; H, 8.20.
C, 60.53; H, 8.25.

BF2 complex of 2-formylcholestan-3-one was formed in 86%
yield: mp 133-134°; uv max (cyclohexane) 311 him (e 14,100);
ir (KBr) 6.18 and 6.69 ju

Anal. Calcd for CeHa02BF2 C, 72.72; H, 9.81.
C, 72.84; H,9.76.

BF2complex of 2-formyl-5-methoxy-I-tetralone was formed in
80% vyield: mp 167-167.5°;, uv max (cyclohexane) 353 nMt («
19,800); ir (KBr) 6.53 and 6.70 yx nmr (CDC13 52.4-3.2 (m, 4),
3.82 (s, 3, HaCO-), 7.0-7.85 (AMX system, 3, HA 7.75, HM
7.33, Hx 7.10, Zax = 2.0 Hz, /am = /mx = 8.0 Hz, aromatic
protons), and 8.10 ppm [s, 1, HC(OBF2=].

Anal. Caled for CiHNC>=BF2 C, 57.19; H, 4.40.
57.08; H, 4.36.

BF2 complex of 2-Formylcyclopentanone.— The general proce-
dure outlined above produced a dark oil (65% yield) which could
not be solidified or purified by distillation or chromatography.
The crude product showed uv max (cyclohexane) 310 m™ and ir
(film) 6.18 and 6.65 indicating that the BF2 complex was in-
deed present and subsequent reactions were carried out with
this crude product.

Preparation of 2-Alkylidene Ketones. A. General Method
for the Reactions of the BF2Complexes of 2-Formyl Ketones with
Organometallic Reagents.— Methyllithium (CH3.i) and 71-bu-
tyllithium (n-BulLi), obtained®in ether and hexane solutions
respectively, were analyzed by the method of Gilman, et al.w
Méthylmagnésium iodide (CH3Vgl) was prepared from magne-

Found:

Found:

Found:

(17) We wish to thank Mr. James G. Magyar who isolated and charac-
terized this compound.

(18) Alfa Inorganics, Beverly, Mass.

(19) H. Gilman and A. H. Haubein, J. Amer. Chem. Soc., 66, 1515 (1944).

» Yield based on vpc analysis.

sium and methyl iodide in approximately 1 m ethereal solutions
and filtered under nitrogen prior to use. To a stirred 10% w/v
solution of the BF2complex in anhydrous benzene at room tem-
perature under nitrogen was added 1 equiv of the organometallic
reagent solution. The reaction was essentially instantaneous
and after 15 min the benzene solution was washed with 10% w/v
aqueous ammonium chloride and dried (MgS04. To the re-
sulting mixture was added 15-20 mg of p-toluenesulfonic acid
and it was then heated under reflux with azeotropic removal of
water utilizing a Dean-Stark apparatus. After 2 hr the benzene
solution was cooled, washed with water until free of acid, and
dried (MgS04), and the solvents were removed under reduced
pressure. Purification of each product is described under its
respective heading.

2,4-Dinitrophenylhydrazone (2,4-DNP) derivatives were pre-
pared by adding 1 equiv of a solution of 0.30 g of 2,4-dinitro-
phenylhydrazine in a mixture of 95% ethanol (10 ml), water (3
ml), and concentrated sulfuric acid (2 ml) to a solution of the
2-alkylidene ketone in 95% ethanol. The mixture was stored
overnight at 0° and the precipitate was collected and crystallized
to constant melting point from methylene chloride-ethanol mix-
tures.

B. General Method for the Reactions of 2-Formyl Ketones
with Organometallic Reagents.—To a stirred 10% w/v solution
of the 2-formyl ketone in anhydrous ether at 0° under nitrogen
was added 2-2.2 equiv of the same organometallic reagent solu-
tions used with the BF2complexes. After 15 min the ethereal
solution was washed with 10% w/v aqueous ammonium chloride
and dried (MgS04, and the solvents were removed under re-
duced pressure. The residue was then treated with acid in
the same manner as the products from the BF2 complexes.
Purification of each product is described under its respective
heading and 2,4-DNP’swere prepared as outlined above.

2-Ethylidenecyclohexanone (2).— Reaction of 4 with CH3.i
afforded a product which was 81% 2 by vpc analysis, and from
which 78% vpe-pure 2 was isolated by preparative tic as a
light yellow oil which darkened on exposure to light and air.
This 2 showed the following: uv max (95% EtOH) 245 m"
(e 6900); ir (film) 5.94 and 6.19 m; nmr (CDC13 s 1.73 (d of t,
3,/ = 7, 1.5 Hz, HLCCH=), 1.5-2.00 (m, 4), 2.20-2.65 (m,
2), and 6.73 ppm [m, 1, HC(CH3=]. These nmr data indi-
cate that 2 was essentially pure ;raws-2-ethylidenecyclohexanone
by comparison with literatureDvalues for the trans olefinic pro-
ton of 66.62 and the cis olefinic proton of 65.60 ppm. The 2,4-
DNP derived from 2 had mp 222-223°, uv max (CHC13 385
mii (€22,100) [lit.2Lmp 222°, uv max (CHC13) 388 n¥x (t 24,000)].

Reaction of 4 with CH3VIgl afforded 2 as the major product
in 45% vyield (by vpc analysis), 2,4-DNP mp 221-222°. Re-
action of 3 with CH3.i afforded 44% 2 by vpc analysis and
30% 2 isolated by column chromatography and preparative
tic, 2,4-DNP mp 220-221°. Reaction of 3 with CH3Mgl af-
forded 85% 2 by vpc analysis, 2,4-DNP mp 219-220°.

2-Pentylidenecyclohexanone (11).— Reaction of 4 with ra-BulLi
produced 85% of 11 (by vpc analysis). Pure 11 was obtained by
preparative tic (using 1:3 ether-hexane) and showed uv max
(95% EtOH) 247 m™ (e 4500) and ir (film) 5.95 and 6.20 fi; the
2,4-DNP had mp 102-104°.

Anal. Calcd for CIH2ZND 4 C, 58.95; H, 6.40; N, 16.17.
Found: C, 58.95; H, 6.26; N, 16.24.

Reaction of 3 with ?i-BuLi afforded 49% 11 (2,4-DNP mp
101-102°) by vpc analysis which also indicated the presence of
at least nine minor products.

(20) J. E. Dubois and M. Dubois, C.R. Acad. Sci., Ser. C, 256, 715 (1963).
(21) R. Jacquier and G. Maury, Bull. Soc. Chim. Fr., 306 (1967).
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2-Ethylidenecyclododecanone (12).— Reaction of the BF2com-
plex of 5 with CH3.i afforded, after preparative tic, 61%
12 as an oil: uv max (95% EtOH) 235 nv* (e 10,000); ir (film)
6.01 and 6.11 n; nmr (CDC1,) 6 1.24 (s, broad, 16), 1.84 [d,
3,3 — 7 Hz, HXC(H)=], 2.2-2.8 (m, 4), and 6.65 ppm [q,
1,3 = 7Hz, HC(CH3=]; 2,4-DNP mp 156-157° (lit.** mp
153.5-154°).

Reaction of the BF2complex of 5 with CH3Mgl gave a brown
Q11 which was adsorbed from hexane onto alumina. Elution with
hexane gave a mixture (12%), whose ir displayed neither hydroxyl
nor carbonyl absorption, and elution with 1:19 ether-hexane gave
12 (35%). Elution with ether gave a complex mixture (40-50%)
which showed strong hydroxyl and carbonyl absorption in the
infrared. Reaction of 5 with CH3.i yielded 33% 12, similarly
isolated, which solidified, mp 28-29° (lit.3amp 29-30°), 2,4-DNP
mp 155-156°. Reaction of 5 with CH3Mgl yielded 58% 12,
similarly isolated, with mp 31-32°.

2-Pentylidenecyclododecanone (13).—Reaction of the BF2
complex of 5 with re-BuLi afforded, after preparative tic, 53%
13 uv max (95% EtOH) 237 mu (e 10,000); ir (film) 6.0 and
6.1 n; 2,4-DNP mp 110-111° (lit.3 mp 108-110°). Reaction
of 5with n-BulLi afforded a yellow-brown oil which was adsorbed
from hexane onto alumina. Elution with hexane gave a non-
polar mixture (17%), whose ir spectrum displayed neither hy-
droxyl nor carbonyl absorption, and elution with 1:19 ether-
hexane gave impure 13 (43%). Elution with ether gave a com-
plex mixture (25-35%). Purification by preparative tic gave
pure 13in 35% yield, 2,4-DNP mp 110-111°.

2-Ethylidenecholestan-3-one (14).—Reaction of the BF2 com-
plex of 6 with CH3.i afforded, after preparative tic, 37% 14,
which had mp 86-88° after several recrystallizations from ethanol;
uv max (95% EtOH) 246 n¥x (e 6900); ir (KBr) 5.95 and 6.22
H (lit.3 mp 93-94°; uv max (95% EtOH) 246 nmM (e 7110).
Reaction of 6 with CH3.i afforded, after preparative tic, 25%
14, mp 87-89°. Reaction of 6 with CH3Vgl afforded, after
preparative tic, 41% 14, mp 88-90°.

2-Pentylidenecholestan-3-one (15)/—Reaction of the BF2com-
plex of 6 with n-BuLi afforded a yellow oil which was adsorbed
from benzene onto alumina. Elution with benzene and 1:19
ether-benzene afforded impure 15 (42%) while elution with ether
afforded a complex mixture (35-40%) whose ir showed strong
hydroxyl and carbonyl absorption. Purification by preparative
tic gave pure 15in 32% yield as a light yellow oil: uv max (95%
EtOH) 249 mp (« 7000); ir (film) 5.94 and 6.20 p. The derived
2,4-DNP had mp 168-170°. Reaction of 6 with n-BuLi af-
forded, after similar purification, 17% 15, 2,4-DNP mp 167-
170°.

Anal. Calcd for CBHBND4 C, 71.89; H, 9.21; N, 8.82.
Found: 71.95; H, 9.25; N, 8.79.

2-Ethylidene-5-methoxy-I-tetralone (16).— Reaction of the
BF2 complex of 7 with CH3.i afforded, after preparative tic,
87% 16 as a yellow oil which nmr indicated was a 2:5 mixture
of cis and trans isomers: uv max (95% EtOH) 329 nvi (e 3600),
275 (14,600) and 232 (11,400); ir (film) 5.94, 6.13, 6.27 (sh),
and 6.30 M nmr (CDCU) 5183 [doft, 2.1,/ = 7, 1Hz, HX—
C(H)=],208 [doft 0.9, /7 = 7, 1.3 Hz, HXC(H)=]. 2.5-
31 (m, 4), 382 (s, 3, HXO-), 6.07 [m, 0.3, HC(CH3=],
7.07 [m, 0.7, HC(CH,)=], and 6.8-7.8 ppm (AMX system,
3, Ha 7.71, Hm 7.24, Hx 6.94, fax = 15 Hz, /am = /mx =
7.5 Hz, aromatic protons); 2,4-DNP mp 201-203°. A sample
worked up prior to the acid dehydration step gave 2-(I-hydroxy-
ethyl)-5-methoxy-I-tetralone which had a lower tic ri than 16:
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ir (film) 2.95 (br), 5.97 and 6.31 pn» nmr (CDC13 5 1.25 [d’
3, / = 75 Hz, HXC(H)OH-], 1.6-3.5 (m, 5), 3.81 (s, 3
HXO0-), 425 m, 1, HC(OH)CH»-], and 6.82-7.7 (AMX
system, 3, Ha 7.60, Hm 7.23, Hx 6.95, 7ax = 2.0 Hz, /am =
/mx = 7.5 Hz, aromatic protons). Treatment of this compound
with p-toluenesulfonic acid in benzene as outlined in the general
method A gave 16 in 89% yield, 2,4-DNP mp 200-201°. Reac-
tion of 7 with CH3.i afforded, after elution from a Florisil column
with benzene, 89% 16, 2,4-DNP mp 200-202°. Reaction of
7 with CH3Mgl afforded, after similar purification, 81% 16,
2.4- DNP mp 201-202°.

Anal. calcd for CidHidND 5 C, 59.68;, H, 4.74; N, 14.65.
Found: C, 59.71; H, 4.81; N, 14.79.

2-Pentylidene-5-methoxy-I-tetralone (17).—Reaction of the
BF2 complex of 7 with n-BuLi afforded, after elution from a
Florisil column with benzene, 38% 17 as a yellow oil: uv max
(95% EtOH) 278 mp (e 12,500) and 233 (10,500); ir (film) 5.97,
6.17, 6.29 (sh), and 6.31 p; 2,4-DNP mp 213-214°. Reaction
of 7 with ra-BuLi afforded, after preparative tic, 20% 17,
2.4- DNP mp 208-210°.

Anal. calcd for CZH2ND 6 C, 62.25; H, 5.70; N, 13.20.
Found: C, 62.12; H, 5.75; N, 13.07.

2-Ethylidenecyclcopentanone (18).— Reaction of the BF2com-
plex of 8 with CH3.i afforded, after filtration in benzene through
a grade Il alumina column, 62% vpc-pure 18: ir (film) 5.88
and 6.05p; 2,4-DNP mp 211-213° (lit.2L mp 216°). Reaction
of 8 with CH3.i afforded 56% 18 by vpc analysis, 2,4-DNP
mp 213-215°. Reaction of 8 with CH3Mgl afforded 75% 18
by vpc analysis, 2,4-DNP mp 212-214°.

2-Pentylidenecyclopentanone (19).— Reaction of the BF2com-
plex of 8 with ra-BuLi afforded 60% by vpc analysis of what was
assumed to be 19 on the basis of the spectral properties of the
crude reaction mixture: ir (film) 5.85 and 6.05p. The 2,4-DNP
formed from the crude product had mp 115-117° (lit.2mp 120.7-
121.4°). Reaction of 8 with ra-BuLi afforded 48% 19 by vpc
analysis, 2,4-DNP mp 117-118°.

Registry No.—2, 1122-25-4; 4, 25726-01-6; 7,

25677-39-8; 11, 25677-40-1; 11 (2,4-dinitrophenyl-
hydrazone, 25677-41-2; 12, 1138-01-8; 13 (2,4-
dinitrophenylhydrazone), 1178-47-8; 14, 14026-01-8;

15, 25677-44-5; 15 (2,4-dinitrophenylhydrazone),
25677-45-6; 16, 25677-46-7; 16 (2,4-dinitrophenyl-
hydrazone), 25677-47-8; 17, 25677-48-9; 17 (2,4-
dinitrophenylhydrazone), 25677-49-0; 18, 14845-53-5;
19, 16424-35-4; BF2 complex of 2-formylcyclododec-
anone, 25677-00-3; BF2complex of 2-formylcholestan-
3-one, 25677-01-4; BF2complex of 2-formyl-5-methoxy-
1-tetralone, 25677-02-5.
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Preparation of seven high-molecular-weight (C30-CG40) hydrocarbons containing two and four gem-dimethyl

units interspersed in the aliphatic chain are described.

Addition of mono- and difunctional Grignard reagents

to ethyl isopropylidenemalonate was employed to incorporate gem-dimethyl units into key intermediates. The

use of difunctional Grignard reagents in this reaction has not been previously reported.

The acid chloride—

organocadmium reaction was better for the preparation of diketone intermediates than the Grignard-nitrile

reaction.

A three-step procedure of reduction, dehydration, and hydrogenation to convert the diketone inter-

mediates to the desired hydrocarbons was found to be superior to direct Wolff-Kishner reduction.

The data available to assess the effect on such proper-
ties as viscosity and thermal and oxidative stability of
interspersing quaternary carbon atoms in the structure
of compounds in the lubricant molecular-weight range
are limited to hydrocarbonslwith

CH3
—chZ3lch2-
ch3

recurring units and esters23with one or two quaternary
carbons.

Of the approximately 150 reported hydrocarbons
with quaternary carbons, only eight have more than 28
carbon atoms and none of these have more than two
quaternary carbons. The 16 reported hydrocarbons
containing two or more quaternary carbons all fall in
the Cis to C2range, and, except for 2,2,4,4,13,13,15,15-
octamethylhexadecane and 6-ethyl-2,2,4,4,11,11,18,18-
tetradecane,4none were prepared by unequivocal routes
nor were their purities verified chromatographically.5-7
To broaden the scope of these data, we prepared a num-
ber of hydrocarbons with up to four quaternary carbon
atoms interspersed in the chain with the general struc-
ture below, where n = 4-8 and x — 1 and 3.

CH3

|
G—R

CH3

The synthesis of high-molecular-weight hydrocarbons
in high purity even now presents difficulties,8 and is
further complicated in our case because reactions which
form quaternary carbons are limited.

Desgrandchamps9 has shown that of seven routes

(1) S. F. Birch, V. E. Gripp, D. T. McAllan, and W. S. Nathan, J. Chem.
Soc., 1363 (1952).

(2) W. E. Taylor, E. R. Witt, C. L. Osborn, J. L. Hugnet, and H. H.
Thigpen, “The Syntheses and Evaluation of Aromatic Esters as Potential
Base Stock Fluids for Gas Turbine Engine Lubricants,” WADD Technical
Report 60-913, March 1961.

(3) W. E. Taylor, C. L. Osborn, and N. F. Swynnerton, ref 2, WADD
Technical Report 60-913-Pt |11, Jan 1962.

(4) S. Wawzonek, H. W. Bluhm, B. Studnicka, R. E. Kallio, and E. J.
McKenna, J. Org. Chem., 30, 3028 (1965).

(5) A. I. Zakharova, G. D. Il'ina, and G. M. Murashov, Zh. Obsch.
Khim., 25, 1968 (1955).

(6) W. H. Puterbaugh and M. S. Newman, J. Amer. Chem. Soc., 81, 1611
(1959).

(7) A. K. Hoffmann, W. G. Hodgson, D. L. Mariele, and W. H. Jura,
ibid., 86, 631 (1964).

(8) R. R. Reinhard and J. A. Dixon, J. Org. Chem., 30, 1450 (1965).

(9) G. Desgrandchamps, A. Deluzarche, and A. Millard, Bull. Soc.
chim. Fr,, 264 (1961).

which he evaluated for the synthesis of Cn-tetraalkyl-
methanes, only one developed by Rabjohn, et al.,10
yielded hydrocarbons of chromatographic purity.
Four methods, the Blaise reaction, reactions of tertiary
chlorides and alkyl sodium derivatives, reactions of
alkylcadmium reagents with acid chlorides, and reac-
tions of Grignard reagents with aldehydes did not lead
to acceptable results, and the Grignard condensations
of Petrov,11 and the reaction of Grignard reagents with
tertiary acetylenic chlorides according to Campbell and
Eby12 lead to contaminated products. The Rabjohn
method,1013inwhich the quaternary carbon is formed by
1,4 addition of a Grignard reagent to an alkylidene-
cyanoacetate,4was used by Rabjohn and Desgrand-
champs9 to synthesize pure, high-molecular-weight,
unsymmetrical tetraalkylmethanes.

R' N R' CN 1 OH-
R"M gX 1 / 2. H+
—————— > R—C—CH >-

/ \ 3. -COj

R CO/EHa R coxhb5
R' R’ o
| 1 R"MgX

R—C—CHZXN R—C—CH:& -R'"

| 2. H>
R " R"

1. LiAIHY, H+ |
2. KHSR, A
3. H2Ni T

R'

Results and Discussion

In applying Rabjohn’s method to the synthesis of
6,6,11,11,17,17,22,22-octamethylheptacosane (22b) ac-
cording to Scheme | we found that in the first step the
addition of pentamethylenebis(magnesium bromide)
(2) to ethyl cyanoisopropylideneacetate (1) in ether
afforded a complex mixture of at least five major reac-
tion products. Hydrolysis and decarboxylation of this
mixture gave only an 11% yield of pure 3,3,9,9-tetra-
methyl-l,ll-undecanedinitrile (4). An alternate syn-
thetic approach is the addition of Grignard reagents to

(10) N. Rabjohn, L. V. Phillips, and R. J. DeFeo, J. Org. Chem., 24, 1964
(1959).

(11) A. D. Petrov and E. A. Tcherishov, lzv. Akad. Nauk SSSR, Otd.
Khim. Nauk, 6, 1082 (1952).

(12) K. N. Campbell and L. T, Eby, J. Amer. Chem. Soc., 62, 1798
(1940).

(13) N. Rabjohn and R. J. DeFeo, J. Org. Chem., 25, 1307 (1960).

(14) A. C. Cope, C. M. Hoffmann, C. Wykoff, and E. Hardenbergh,
J. Amer. Chem. Soc., 63, 3452 (1941).
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Scheme |
cH3 CN NC CH3 CHa CN
cui
W + BrMg(CH23MgBr o \ thc(Ch25ch
ether
CH3 col2nb c2hbolec s ¢hd ¢n3xcokH5
KCA)H, HOCHXHXOH
CHa
1. LiAIHI, H + CsHNjICHjCH.MgBr
2. KHSOI, A CHa o CHa CHa © CHa CHs chd chd
3. H2 Rh !
22b - cth,,cchz hICCHZi(CH25CCHZ*ICHLTHZCH 1L o NCCHZ (CH25,CHXN
H2, H +
chld ¢Ha ¢H3 ¢Ha (Ha (Ha
19b
Table |.— /J,A/3,/S-Tetramethylalkanedioic Acids |7a-d
OI CHa CHa O
HOCCH7; (CH Z)n(iCHZCOH
]
CHa CHa
Compd % ——— Calcd, %------- % Found, %—
no. n Bp, °C (mm) Mp, °C yield Formula c H e Y I
17a 4 180-185 (0.3) 115-116“ 35 c,h %4 65.08 10.14 65.58 10.04
17b 5 178-180 (0.1) 96-976 31 c 15+ 2804 66.14 10.36 66.20 10.23
17c 6 185-190 (0.3) 142-143“ 49 clito4 67.09 10.55 67.15 10.70
17d 8 210-220 (0.4) 124 46 clBH3o 4 68.74 10.89 68.80 10.93

“Recrystallized from benzene. bRecrystallized from hexane.

alkylidenemalonates.’®6 The inverse addition of pentyl-
magnesium bromide to ethyl isopropylidenemalonate
using cuprous iodide catalysis gave yields of ethyl 1,1-
(7) in the range of 65-70%.
These yields approach those reported by Hook and
Robinsonland Rabjohn, etal.,wfor the inverse addition
of Grignard reagents to ethyl cyanoisopropylideneace-
tate using cuprous iodide catalyst. Lower yields, 30-
40%, of i-alkylmalonic esters were reported by Wide-

dimethylhexylmalonate

quist’Bfor the normal addition of methyl- and n-butyl-
magnesium bromide to ethyl isopropylidenemalonate
The
di-Grignard reagents to ethyl isopro-
pylidenemalonate (Table 1) gave, after hydrolysis and
the d~d~/S'-tetramethylalkanedioic
acids (17a-d) in yields of 31-49% compared with yields
of only 11% for 3,3,9,9-tetramethyl-Il,ll-undecanedi-
nitrile.

without using cuprous iodide catalysis. inverse

addition of

decarboxylation,

is con-

Al-
though di-Grignard reagents have been used widely,I7

Approximately 15% of the malonate
verted to the dihydro dimer during this reaction.

this is the first report to our knowledge of di-1,4 addi-
tion of such a reagent.

In the third step of Scheme |I although the reaction
(4) with
3,3-dimethyloctylmagnesium bromide (5) gave a good,
61%, yield of 6,6,1,11,17,17,22,22-octamethyl-9,19-
heptacosanedione (19b), this route proved to be inferior
to the organocadmium-acid reaction. The
addition of di(3,3-dimethyloctyl)cadmium(16a) to
the chlorides of the d~/S'~'-tetramethylalkanedioic
acids gave diketones (19a-d) with four quaternary car-
bon atoms in yields of 80% and in high purity (Table
I1). The acid chlorides (18a-d) were used in this reac-

(15) S. Widequist, Ark. Kemi, Mineral. Geol., B23, No. 4 (1946).

(16) W. H. Hook and R. Robinson, J. Chem. Soc., 1952 (1944).

(17) E. Buchta and E. Weidinger, Justus Liebigs Chem. Ann., 580, 109
(1953).

of 3,3,9,9-tetramethyl-l,ll-undecanedinitrile

chloride

tion without f.nal purification by vacuum distillation
because decomposition began at around 125° (pot tem-
perature) when distillation was attempted.
the 3,3-dimethyloctyl (10), excess,
coupled in the preparation of the cadmium compounds
to yield 15-20% 6,6,11,11-tetramethylhexadecane (11).

Similar results were obtained

Some of

bromide used in

in the reaction of the

acid chlorides with di(4,4-dimethylnonyl)cadmium
(15b) which was obtained as shown in Scheme Il from
3,3-dimethyloctyl bromide (10) by conventional
methods.

Although our synthetic work was directed primarily
toward the synthesis of hydrocarbons containing four
grem-dimethyl groups, one hydrocarbon with only two,

9,9,18,18-tetramethylhexacosane (26), was also pre-
pared. The intermediate diketone, 9,9,18,18-tetra-
methyl-7-20-hexacosanedione (23), was prepared in

88% vyield by the reaction of dihexylcadmium with 3,3,-
12,12-tetramethyl-1,14-tetradecanedioyl chloride (18d).

O CHa CHa o
(CHBLd - 18d — Cdf,aC(IIT(CH),C(HXCH,s
¢Ha  ¢Ha
23
CHa CHa H HiI'H+
! ; Rh-C, H, KHso4

c8Hnc(cH)scclHi, <--—- 25 <

¢Ha  ¢Ha

26

In an attempt to reduce the diketones directly to the
hydrocarbons we selected from the many methods for
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Scheme |1
ch, CH, CHs COZX N,
! 1 KOH CsHuMgBr
cHuCCHXOH w CH nicH (CO2XH52 W — c=c
oh, A —co2 oH, CHA X COXTHS5
8 6
i . BrMg(CHi)nMgl5r
LiAIHi, H + (n = 4,5,6,8)
CH, CH, CH,
CH jiicH 2CH]OH (CHBXL)THC(CHI,CCH(COXHO2
|
C-H, CH, CH,
1. KOH
2. H+
HBr-HX04 3. A -COi
1 Me
CH, o CH, CH,
CICOCiHs LiAIHt, h +
C,HNCCHZXH®Br - > 12 » 13 HOOCCHZ(CH2,CCHZOO0H
|
CH, HBr ¢H, CH,
HjSOi
10 17a,n = 4
b,n =15
14 c,n =6
dn =8
1. Me
L Mé’ 2. CcdcCli
2. Cdch
ISb socr*
m — 3
CH, CH, CH, (@] CH, CH, O
I | .
CHNC(CH24.CH, + [CsH,0(CH2MZd C1CCHZ(CH2,ICH ZC1
CH, JH, CH, JH, CH,
11
b,n =5
c,n —6
dn =28
CH, OH CH, CH, OH CH, CH,
| |
COHUC(CH2m c H ,i (CH2C (CH2nCCHHu 4C,H,
| | |
JH, H CH, H, IH 1H, CH,
20 19
KHSOI
CH, CH, CH, CH, CH, CH, CH, CH,
I |1 Rh-C : !
CsHNC—Y —c(CH2,c—Y—ccH U Ha c,h ,,CI(Ch 2>+ L(CHAMC(CH2,, + Zc&
I
CH, CH, CH, CH, ch3 CH, CH, CH,
21 2
ry = -(CH*NCH=CH- and'|
L-fCHAA"CH~MHCHTr- J
19, 20, 21, and 22
am=2;n-= 4
bbm =2, n =5
C,m = 2; n =26
dm=2,n=8
e,em=3;n =20
f,m= 3;n =8

this purposel821 the Wolff-Kishner reduction as the
least likely to cause rearrangement.
However, using the Huang-Minlon modification of

(18) E. L. Martin, Org. React., 1, 155 (1942).

(19) H. Adkins and R. Connor, J. Amer. Chem. Soc., 53, 1091 (1931).

(20) D. Nightingale and H. D. Radford, J. Org. Chem., 14, 1089 (1949).

(21) H. Pines, D. R. Strehlau, and V. N. Ipatieff, J. Amer. Chem. Soc.,
71, 3534 (1949); 72, 1563 (1950).

the Wolff-Kishner reaction2 we obtained only a 32%
yield after chromatography on alumina of the desired
hydrocarbon in the reduction of 6,6,11,11,17,17,22,22-
octamethyl-9,19-heptacosanedione (19b). Reduction of
the same diketone by a modification of the Wolff-
Kishner reaction, which was developed especially for

(22) Huang-Minlon, ibid., 68, 2487 (1946).
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Tabte |l.—gem-DIMETHYLALKANEDioNES 19a-f
ch3 0 ch3 CH3O0 CH3
CEHnC(CHarTCCHZ:(CHa,,CCHZ:(CH.Om?CsH,,
ch3 CHs ch3 ch3
Compd % - v,a cm-1l--—----—-- > -----Calcd, %——#  /-—Found, % -
no. m n , °C (mm) nZD yield cC=0 -C(CHa)2-& Formula C H C H
19a 2 4 198 (0.2) 1.4625 83 1694 1355-1373 CalTe02 80.56 13.12 80.27 13.04
19b 2 5 210-215 (0.2) 1.4630 86 1692 1355-1373 CxsHe02 80.69 13.15 80.58 13.05
19c 2 6 198- 201 (0.05) 1.4630 20 1692 1355-1373 CxH 102 80.82 13.19 80.59 13.07
19d 2 8 98 (0.15) 1.4636 88 1692 1355-1373 cHBh o2 81.06 13.25 80.69 12.99
1% 3 5 225 (0.15) 1.4630 82 1700 1358-1380 c3h ™2 80.95 13.22 80.94 13.03
19f 3 8 210-218 (0.3) 1.4635 88 1710 1360-1380 C40H 7802 81.28 13.30 81.40 13.75
23c 208 (0.3) 1.4631 88 1690 1350-1370 cIH Bo?2 79.93 12.96 79.60 12.68
° Capillary. bRange for two bands. ¢9,9,18,18-Tetramethyl-7,20-hexacosanedione (23).

the reduction of hindered or masked carbonyl groups
and which uses in the hydrazone formation acid rather
than base catalysis and a large (66:1) mole ratio of
hydrazine hydrate to carbonyl group,ZB also gave a
yield of the desired hydrocarbon after chromatography
on alumina of only 35%. This is about the same yield
reported for direct reduction of a C3diketone to tetra-
nonacontane using acid catalysis for hydrazone forma-
tion in 1-octanol, followed by decomposition of the
hydrazone to hydrocarbon using sodium octylate.8
These poor yields and the formation of by-products
which necessitates tedious purification procedures may
result from the conversion of the diketones to azines
rather than hydrazones, since these high-molecular-
weight diketones have limited solubility in conventional
Wolff-Kishner solvents.

Since the Wolff-Kishner reduction proved unsatis-
factory, we returned to the three-step method of reduc-
tion, dehydration, and hydrogenation reported by
Rabjohn, et al.w This procedure afforded the desired
hydrocarbons (22a-f) as illustrated in Scheme II, in
high yield and purity. The “~em-dimethylalkanediols
(20a-f) listed in Table Il were obtained in excellent
yields (82-99%) via lithium aluminum hydride reduc-
tion. These diols were dehydrated to diolefin mixtures
listed in Table 1V in high yields (90-97%) using potas-
sium hydrogen sulfate at 150-160° under reduced pres-
sure. The infrared spectra of these diolefins exhibited
no trace of an absorption band for the hydroxyl function
and an intense band at 970 cm-1 indicative of
principally trans double bonds. The high ratios of
methylene to vinylic protons in the nmr spectra of the
diolefins indicate that double bond formation equidis-
tant from the grem-dimethyl groups is preferred. In
fact, the ratio of methylene protons to vinylic protons
of 2.00 in the nmr spectra of the Css diolefin (21d) shows
that only the less strained olefin is formed.

CH, CH3 CHs

CéH,CCHXH=CHCHZ(CH2BCCHXH=CHCHZC5H,

CHs

JHa CH3 CHs ¢H's
These results are consistent with the observations of
Brown and Berneis2that the preferred olefin is the one
which has the lowest steric requirements with respect to
the ds-methyl and f-butyl groups in 2,4,4-trimethyl-2-

pentene.

(23) W. Nagate and H. Itazoki, Chem. Ind. {London), 1194 (1964).
(24) H. C. Brown and H. L. Berneis, J. Amer. Chem. Soc., 75, 10 (1953).

The f/em-dimethylalkanes (22a-f) listed in Table V
were obtained in excellent yields (82-95%) via hydro-
genation using 5% rhodium on carbon at elevated tem-
peratures (180°) and pressures of 3200 psi. The in-
frared spectra of these hydrocarbons exhibited an in-
crease in the intensity of the absorption band due to
recurring methylene units and no trace of an absorption
band for unsatoration. Their nmr spectra showed no
trace of unsataration and agreed satisfactorily with
their proposed structures. The purities of the inter-
mediate diketones, diolefins, and the final quaternary
hydrocarbons all exceeded 99% by glc analysis.

Experimental Section®

3,3,9,9-Tetramethyl-l,ll-un<lecanedinitrile (4).—A Grignard
solution was prepared from 1,5-dibromopentane (114 g, 0.5 mol),
magnesium (24.3 g, 1 g-atom) and 1200 ml of ether. This re-
agent was added to ethyl cyanoisopropylideneaeetate (1)25(153 g,
1 mol) in a 1200-ml mixture of ether and cuprous iodide (5 g/
mol of ester) over 2 hr. The reactants were mixed for 16 hr,
refluxed for 1 hr, and decomposed with ice and dilute hydrochloric
acid. The aqueous layer was washed several times with ether;
the ether solutions were combined and dried (MgSO,)- The
filtered solutions were concentrated on a steam bath and dis-
tilled. The collected forerun was identified as starting material
and monoaddition products, bp 105° (1.0 mm) maximum.
The pot residue, consisting of crude diaddition reaction product
3 (90 g, 0.238 mol), was refluxed for 3 hr at 135° with potassium
hydroxide (56.5 g, 1 mol) and 240 ml of ethylene glycol. This
solution was cooled, diluted with 300 ml of water, and extracted
with ether. The ether washings were combined, washed with
water and a saturated solution of sodium chloride, and dried
(Mgs0i). The solution was filtered, concentrated on a steam
bath, and distilled.

3,3,9,9-Tetramethyl-1,1l-undecanedinitrile (4) (12.9 g), bp
135-139° (0.2 mm), nZD 1.4569, was obtained in 11% yield in
purity greater than 99.5% by glc analysis.

Anal. Calcd for CieHEBN2 C, 76.86; H, 11.18; N, 11.95.
Found: C, 76.59; H, 11.48; N, 11.73.

Reaction of 3,3-Dimethyloctylmagnesium Bromide (5) and
3,3,9,9-Tetramethyl-l,1l-undecanedinitrile (4).—A solution of 4
(11.7 g, 0.048 mol) dissolved in 100 ml of ether was added over a
20-min period to a Grignard reagent prepared from 10 (61 g,

(25) All boiling points and melting points were uncorrected. Microanal-
ysis were performed by Gailbraith Laboratories, Inc., Knoxville, Tenn.
Infrared spectra were determined as a thin film using a Beckman IR-5
spectrometer. All nmr spectra were determined in carbon tetrachloride
containing 5% tetramethylsilane as an internal standard using a Varian A-
60 nmr spectrometer. Analytical gas-liquid chromatographs were deter-
mined using an F & M 720 dual column gas chromatograph. The dual
columns were 20 ft, 0.25-in. o.d. packed with 12% Dow Corning high vacuum
grease dispersed on 45-50 mesh Chromosorb P. Column temperatures
were generally in the range of 250—275° using a helium flow of 70 mI/min.
Sample sizes of 0.1 jA were used at maximum attenuation to obtain optimum
resolution and detection of any trace impurities for the compounds in the
cdcd molecular-weight range reported herein.

(26) S. Wideqvist, Acta Chem. Scand., 3, 303 (1949).
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Quaternary-Substituted Hydrocarbons

0.276 mol), 600 ml of ether and magnesium. The reactants were
gently refluxed for 18 hr, cooled, and hydrolyzed with 500 g of ice
and 180 ml of concentrated hydrochloric acid. The hydrolyzed
reaction mixture was warmed on a steam bath with excess ether
(1 1.) for 1 hr with stirring. The aqueous layer was extracted
with ether; the ether layers were combined and washed with water,
10% sodium bicarbonate, and finally with water until the washings
tested neutral. The dried ether extracts (MgSO<) were filtered
and concentrated on a steam bath and the concentrates vacuum
distilled. The fraction boiling principally at 199-202° (0.05
mm), 15.2 g (61% vyield), nZd 1.4628, had identical glc retention
time and infrared spectrum as those observed for 6,6,11,11,17,17,-
22,22-octamethyl-9,19-heptaecosanedione (19b). This diketone
(19b) was also prepared via the organocadmium-acid chloride
route. Analysis of equal concentrations of each diketone by
glc showed only one peak with no shoulders showing unequiv-
ocally that these diketones are identical.

Ethyl 1,1-Dimethylhexylmalonate (7).—A Grignard solution
was prepared from 1-bromopentane (151 g, 1 mol), magnesium
(24.3 g, 1g-atom), and 1200 ml of ether. This reagentwas added
to ethyl isopropylidenemalonate (6)2 (200 g, 1 mol) dissolved in
1200 ml of ether containing cuprous iodide (5 g/mol of ester) over
2 hr. The reactants were stirred for 16 hr, heated for 1 hr, and
decomposed with ice and dilute hydrochloric acid. The aqueous
layer was separated and washed several times with ether; the
ether solutions were dried (MgSO,). The filtered ether solutions
were concentrated on a steam bath and distilled. 7, bp 128-132°
(3.0 mm), u2s¢ 1.4359, was obtained in 65% yield and showed no
trace impurities by glc.

Anal. Calcd for CieHX<:
66.75; H, 9.86.

C, 66.63; H, 9.69. Found: C,

3.3- Dimethyloctanoic Acid (8).—7 (272 g, 1 mol) was added

dropwise over 2 hr to a hot solution of potassium hydroxide (200
g, 3.5 mol) and water (200 ml). The mixture was refluxed at 93°
for 3 hr, cooled, diluted with 200 ml of water, and distilled to
collecc 200 ml of ethanol forerun. Cold sulfuric acid (175 ml of
concentrated H204450 ml of water) was added cautiously to
this mixture (45-50°) before refluxing all these components for
4 hr. The cooled, aqueous layer was separated and washed with
benzene; the benzene extracts were combined with the organics.
The dried benzene extracts (MgS04 were filtered, concentrated
on a steam bath and distilled with carbon dioxide evolution.
Crude 8, bp 120-125° (3.5 mm), was obtained in 94% yield.
The purity of 8 was improved by distillation, bp 104° (1.0 mm),
nZD 1.4355.

Anal. Calcd for CioHZD 2 C, 69.72; H, 11.70. Found: C,
69.50; H, 11.80.

3.3- Dimethyl-l-octanol (9).—Addition of an ethereal solution

of 8 (75 g, 0.43 mol) to a stirred suspension of 20.3 g of lithium
aluminum hydride in 1200 ml of ether, followed by the usual
procedures and distillation of the residual oil gave a total of 67.1 g
(98%) of 9 boiling principally at 110-111° (2.5 mm). 9 was
further purified by distillation, bp 72° (0.7 mm), nZD 1.4378.

Anal. Calcd for CiadH2D: C, 75.88; H, 14.01. Found: C,
75.81; H, 13.91.

I-Bromo-3,3-dimethyloctane (10).—A mixture of 48% hydro-
bromic acid (240 g, 1.4 mol), concentrated sulfuric acid (62 g,
0.34 mol), and 9 (87 g, 0.55 mol) was refluxed for 5 hr at 125°.
The cooled solution was diluted with water and filtered through
Hyflo Super Cel and the bromide layer separated. The crude
bromide was washed with 10 ml of cold sulfuric acid, 100 ml of
water and 100 ml of 10% sodium carbonate. A light brown oil
was dried (MgSOi), filtered and distilled, bp 85-90° (2.5 mm),
85% vyield. 10 was further purified by distillation, bp 69°
(0.25 mm), n2D 1.4575.

Anal. Calcd for CitH2Br: C, 54.29; H, 9.57; Br, 36.13.
Found: C, 54.20; H, 9.66; Br, 36.14.

3,3,9,9-Tetramethyl-1,11-undecanedioic Acid (17b).— The ester
precursor to this acid (n = 5) was prepared by the same proce-
dure listed for 8. A Grignard solution prepared from 1,5-
dibromopentane (230 g, 1 mol) and magnesium (48.6 g, 2 g-atoms)
in 1200 ml of ether was added over a period of 1 hr to 6 (440 g,
2 mol) dissolved in 1200 ml of ether containing 10 g of cuprous
iodide. This mixture was stirred for 12 hr at reflux, cooled, and
hydrolyzed. After distillation of the low boiling reaction prod-
ucts, bp 55-135° (1.4 mm), the crude ester (~250 g) in the dis-
tillation pot was saponified and decarboxylated. Crude 17b,
bp 178-180° (0.1 mm), was obtained in 31% yield. Recrystal-

(27) A. C. Copeand E. M. Hancock, J. Amer. Chem. Soc., 60, 2644 (1938).
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lization from hexane gave a white crystalline solid, mp 96-97°
(c/. Table I).

3,3,9,9-Tetramethyl-l,ll-undecanedioyl Chloride (18b).— 17b
(41 g, 0.15 mol) was added as a solid to excess thionyl chloride
(71.4 g, 0.6 mol) over a period of 40 min with stirring. The mix-
ture was refluxed for 1.5 hr at 55°; excess thionyl chloride was
distilled carefully in vacuo, after which the crude acid chloride
(18b, n = 5) was distilled, bp 150-152° (0.2 mm), in 88% vyield.
Since several of the higher melting acids listed herein had limited
solubility in thionyl chloride owing to the endothermic nature of
the reaction, it was necessary to heat these mixtures gently at
40-45° during the addition of the acids.

6.6.11.11.17.17.22.22-
—This diketone, and the gem-dimethylalkanediones listed in
Table 11, were prepared using the general procedures described
by Cason and Prout.8B A Grignard solution was prepared from
10 (77.5 g, 0.35 mol) and magnesium (9.7 g, 0.4 g-atom) in 600
ml of ether. Anhydrous cadmium chloride (40 g, 0.22 mol),
dried in a vacuum oven at 110°, was added to the decanted Gri-
gnard solution in a dry nitrogen atmosphere at ice-bath tempera-
ture, and di(3,3-dimethyloccyl)cadmium (16a) prepared by
conventional techniques.8 18b (27 g, 0.09 mol) dissolved in 50
ml of benzene was added slowly to 16a at 68° since the reaction
was very exothermic. The mixture was refluxed for 2 hr, poured
into a 10% solution of sulfuric acid and extracted with ether.
The ether solutions were washed with water, 5% sodium car-
bonate, and a saturated solution of sodium chloride and dried (Mg-
SO,). The reaction products were filtered, concentrated on a
steam bath and distilled (cf. Table I1). A lower boiling compo-
nent, bp 136° (1.4 mm), n2D 1.4330, was isolated in 18% yield.
This was identified as 6,6,11,11-tetramethylhexadecane (11).

Anal. Calcd for CsoH«: C, 85.01; H, 14.98. Found: C,
84.73; H, 15.00

6.6.11.11.17.17.22.22- Octamethyl-9,19-heptacosanediol (20b).
—This procedure is typical of those used to obtain the gem-
dimethylalkanediols listed in Table IlIl. A mixture of 61 g
(0.16 mol) of lithium aluminum hydride in 600 ml of ether was
stirred while 20.3 g (0.04 mol) of 19b in 600 ml of ether was
added at a rate sufficient to cause gentle refluxing. After the
addition, the mixture was stirred at ambient temperature for
14 hr and refluxed for 5 hr. Excess lithium aluminum hydride
was decomposed cautiously by the dropwise addition of cold
water at ice-bath temperatures, and the reaction mixture hy-
drolyzed with 500 ml of 10% sulfuric acid. The ether layer was
removed, washed with water, 10% sodium bicarbonate, and again
with water and dried (MgS04). The ether solution was filtered,
concentrated on a steam bath and distilled to give 20.5 g (97%
yield) of 20b (cf. Table I11).

6,6,11,11,17,17,22,22-Octamethyl-(8)9,18(19)-heptacosadiene
(21b).—This procedure is typical of those used to obtain the
pem-dimethylalkadienes listed in Table IV. 20b (20.5 g, 0.04
mol) was heated with anhydrous potassium bisulfate (6 g, 0.044
mol) at 150-160° for 6 hr at reduced pressure (3-5 mm). The
cooled reaction product was decanted, the potassium bisulfate
was washed several times with small portions of ether, and the oil
and extracts were combined. The concentrate was distilled to
give 17.5 g (90% vyield) of 21b (cf. Table V).

6,6,11,11,17,17,22,22-Octamethylheptacosane (22b)—The
pem-dimethylalkanes listed in Table V were obtained by means
of the typical hydrogenation procedure at elevated temperatures
and pressures described herein. 21b (13.8 g, 0.028 mol), methyl-
cyclohexane (75 mi), and 1 g of 5% rhodium-on-carbon catalyst
were heated to 180° in a 300-ml bomb and rocked for 8 hr at a
final pressure of hydrogen and reactants of 3200 psi. The cooled
reaction mixture was filtered free of catalyst and concentrated
in vacuo, and the concentrate distilled to yield 11.7 g (85%
yield) of 22b (cf. Table V).

Ethyl 4,4-Dimethylnonanate (12).—This ester was prepared
by a procedure similar to that described by Gaertner.® A
Grignard reagent prepared from 10 (442 g, 2.0 mol), magnesium
(49.5 g, 2.0 g-atoms), and 2 1 of ether was added to ethyl chloro-
carbonate (1080 g, 10 mol) in 2 1 of ether at -40° over a 4 hr
period. The reactants were allowed to warm to room tempera-
ture overnight and washed with a solution of ammonium chloride
and the excess ether was removed in vacuo with mild heating.
Distillation of crude 12, bp 100-105° (1.2-1.5 mm), gave 245

(28) J. Cason and F. S. Prout, ibid., 66, 47 (1944); Org. Syn., 28, 75
(1948).
(29) R. Gaertner, ibid., 73, 3934 (1951).

Octamethyl-9,19-heptacosanedione (19b).
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g (69% vyield). Per cent yield is based on the availability of
Grignard reagent since 50.5 g of the Grignard dimer 11 was
also isolated from this mixture. The purity of 12 was improved
by distillation, bp 108° (1.2 mm), n2D 1.4302.

Anal. Calcd for C,3HZ 2 C, 72.84, H, 12.22.
72.50; H, 12.01.

4,4-Dimethyl-lI-nonanol (13).—Addition of an ethereal solu-
tion of 198 g (0.93 mol) of 12 to a stirred suspension of 33 g of
lithium aluminum hydride in 1200 ml of ether, followed by the
usual procedures, gave a total of 152 g (95%) of 13, bp 105-
109° (1.0 mm). The purity of 13 was improved by distillation,
bp 109° (1.0 mm), w2 4.4400.

Anal. Calcd for ChH2D: C, 76.67; H, 14.04. Found: C,
76.67; H, 14.17.

I-Bromo-4,4-dimethylnonane (14).—A mixture of 48% hydro-
bromic acid (384 g, 2.24 mol), concentrated sulfuric acid (98 g,
1 mol), and 13 (152 g, 0.88 mol) was refluxed for 5 hr at 125°.
The cooled solution was diluted with water and filtered through
Hyflo Super Cel;the bromide layer separated. The crude bromide
was washed with 10 ml of cold sulfuric acid, 100 ml of water, and
100 ml of 10% sodium carbonate. Crude 14 was dried (MgSO<),
filtered, and distilled, bp 94° (1.0 mm), n2D 1.4578, yield 75%.

Anal. Calcd for CnHZBr: C, 56.16; H, 9.85; Br, 33.97.
Found: C, 56.03; H, 10.13; Br, 34.03.

6,6,11,11,17,17,22,22-Octamethylheptacosane (22b). A.
Huang-Minlon Modification.— 19b (20.0 g, 0.038 mol), 15 ml of
85% hydrazine hydrate, 200 ml of diethylene glycol, and potas-
sium hydroxide (15 g, 0.27 mol) were refluxed for 16 hr at 155°
before the heat was increased to 165° to collect 15 ml of low boil-
ing components. The reaction mixture was heated at 195° for
4 hr, cooled, and diluted with ether and water; the ether extracts
were collected and washed to neutrality. The dried ether extracts
(MgSOi) were concentrated on a steam bath and the residue
was distilled under vacuum to yield five fractions. The highest
boiling fraction, bp 195-215° (0.2 mm), was shown by glc to
be mainly 22b (10.4 g) with minor impurities. Chromatography
on alumina using heptane gave 6.0 g (32% yield) of 22b in high
purity (>99%), bp 220° (0.2 mm).

Found: C,

Friedmann, Bovee, and Miller

B. Nagate and Itazaki Modification.— 19 (22.6 g, 0.043
mol), 85% hydrazine hydrate (287 g, 5.57 mol), hydrazine di-
hydrochloride (73.0 g, 0.7 mol), and triethylene glycol (980 g,
6.5 mol) were heated for 12 hr at 130-150° with a Soxhlet ex-
tractor or apparatus containing calcium oxide (50 g) fitted to the
reaction flask to remove traces of water. The reaction mixture
was heated for an additional 12 hr until the temperature rose to
175° and cooled; after KOH (106 g, 1.9 mol) addition, it was
then heated to 175° for 6 hr and finally to 225° for 4 hr. The
cooled reaction mixture was worked up by the usual procedure and
13.5 g of a crude reaction product, bp 140-185° (0.07 mm), was
obtained. Chromatography on alumina using heptane gave 7.5 g
(35% yield) of 22b, bp 208° (0.1 mm), in high purity (>99%)
as evidenced by glc analysis.

Registry No. -4, 25570-04-1; 7, 25570-05-2; 8,
14352-59-1; 9,25570-07-4; 10,25570-08-5; 11, 19342-
94-0; 12, 25570-10-9; 13, 25570-11-0; 14, 25570-12-1;

17a, 20778-76-1; 17b, 22704-13-8; 17c, 25570-15-4,
17d, 25570-16-5; 18b, 25570-17-6; 19a, 25570-18-7;
19b, 25570-19-8; 19c, 25570-20-1; 19d, 25570-21-2;
19e, 25570-22-3; 19f, 25570-23-4; 20a, 25570-24-5;
20b, 25570-25-6; 20c, 25570-26-7; 20d, 25577-25-7;
20e, 25577-26-8;, 20f, 25577-27-9; 2la, 25641-47-8;
21b, 25641-48-9; 21c, 25641-49-0; 21d, 25577-28-0;
2le, 25641-50-3; 2If, 25641-51-4; 22a, 25577-29-1,
22b, 25577-30-4; 22c, 25577-31-5; 22d, 25577-32-6;
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25577-36-0; 25,25641-52-5; 26,25577- 37-1.
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The pyrolysis of nine hydrocarbons at 1200° has been studied.

The main products, which were the same for

all hydrocarbons studied, were 1,3-cyclopentadiene, benzene, toluene, phenylacetylene, styrene, indene, and naph-

thalene.

Twenty-three minor products were identified.

The distribution of products can be accounted for in

terms of polymerization of acetylene, produced by the pyrolysis of the hydrocarbon, and the addition of CH2or

CH3to some of the acetylene polymers.

Pyrolyses of simple hydrocarbons have been studied
previously by various investigators with the main
emphasis on the kinetics and mechanism of decomposi-
tion.2-6 However, these pyrolyses were usually done
at relatively low temperatures (500-700°) and only the
main end products were analyzed, with a few excep-
tions.7-11 We report here pyrolysis reactions that
take place at higher temperature (1200°) with particular
emphasis on the product analysis. We have attemptedd

(1) This work was supported by NSF grant GB-8056.

(2) M. J. Molera and F. J. Stubbs, J. Chem. Soc., 381 (1952).

(3) G. B. skinner and W. E. Ball, J. Phys. Chem., 64, 1025 (1960).

(4) N. H. Sagert and K. J. Laidler, Can. J. Chem., 41, 838 (1963).

(5) H.B. Palmer and F. L. Dormish, J. Phys. Chem., 68, 1553 (1964).

(6) J. Happel and L. Kramer, Ind. Eng. Chem., 69, 39 (1967).

(7) G. Dahlgren and J. E. Douglas, J. Amer. Chem. Soc., 80, 5108 (1958).

(8) G. M. Badger, G. E. Lewis, and |I. M. Napier, J. Chem. Soc., 2825
(1960).

(9) E. K. Fields and S. Meyerson, Tetrahedron Lett., 571 (1967).

(10) J. Or6 and J. Han, J. Oas. Chrom., 5, 480 (1967).

(11) M. Tsukuda and S. Shida, J. Chem. Phys., 44, 3133 (1966).

to describe the mechanism on the basis of the nature of
the end products and their relative yields.

The pyrolysis chamber contained a hot tungsten wire,
and the walls of the flask were kept cold so that high-
molecular-weight compounds formed by a recombination
of the initial fragmentation of the hydrocarbons were
condensed on the walls of the chamber and were not
subjected to further pyrolysis to a significant degree.1213
The major products from these pyrolyses are shown in
Table I. The minor components are listed at the
bottom of Figure 1 in order of their retention time on
the gas chromatograph column.

Results and Discussion

The pyrolysis of each of the hydrocarbons studied at
1200° leads to the same end products, but both the
(12) R. A. Sanchez, U. S. Patent 3,410,922; Chem. Abstr., [0, 47166

(1969).
(13) N. Friedmann and S. L. Miller, Science, 166, 766 (1969).
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Figure 1.—Gas chromatograph analysis of products from the pyrolysis of ethane at 1200°. Varian Model 1200 was used with 10-

ft, Vs-in- stainless steel Porapak Q. The column temperature was programmed as follows:

isothermal at 40° for 5 min, then 8° min-1

for 10 min followed by 2° min-1 to a temperature of 240° where it remained isothermal to the end of the run. Peaks 1-14 were an-

alyzed with a sample of the gas phase and 15-38 with a sample of the liquid phase:
(8) propyne;
(15) 1,3-cyclopentadiene; (16) 2-pentyne; (17) irans-l-pentyne-3-ene; (18)

(4) acetylene; (5) ethane; (6) propene; (7) propane;
buter.e; (13) 1-butene; (14) 3-pentene-l-yne;

(1) hydrogen;
(ID) 1,3-butadiene;

(2) methane; (3) ethylene;

(9) allene; (11) 1,3-butadiyne; (12) 2-

methyldiacetylene; (19) 1,3,5-hexatriene; (20) benzene; (21) 1,3-cyclohexadiene; (22) three hydrocarbons (triacetylene? 1,5-diyne-

3-hexene? 2-methylcyclopentadiene?);
(28) 1,3,5-cycloheptatriene;

(37) 1-methylindene; (38) naphthalene.

(23) methyl-1,3-cyclohexadiene;
(29) four hydrocarbons with mol wt 112, 110, 108, 108; (30) phenylacetylene and ethylbenzene; (31)
styrene; (32) a- or /3-methylstyrene; (33) Ci-benzene (mol wt 120);

(24) 1-heptyne; (25) .CHIQ (26) toluene; (27) CHIO

(34) 2,3-dihydroindene; (35) indene; (36) 4-phenyl-I-butene;

Table |

M ajor Products from the Pyrolysis of Hydrocarbons at 1200°

Phenyl-
Benzene® Toluene acetylene
Methane 0.1 63 75
Ethane 18.4 31 20
Ethylene 22.8 16 5.2
Acetylene 42.3 3.5 15
Propane 15.2 22 3.5
Cyclopropane 5.3 15 2.0
Allene 19 11 2.1
Butane 12.1 15 5.4
Isobutane 13.2 24 8.7

®Per cent yield of benzene based on the total carbon initially present.

benzene taken as 100. The pyrolyses lasted for 2 hr.

relative and absolute yields vary markedly (Table 1).
Benzene is the major end product for all the hydrocar-
bons pyrolyzed with the exception of methane, and the
yield ranges from 5 to 43%. In the case of methane,
not only is the absolute yield of benzene Vsoth the yield
from any of the other hydrocarbons, but benzene is not
the major end product. The yield of 1,3-cyclopenta-
diene from the pyrolysis of methane is about four times
as great as that of benzene.

The effect of changing the wire temperature was
studied with the pyrolysis of ethane. Ethane was
pyrolyzed for 2 hr at temperatures of 800, 1000, 1200,
and 1400°; the yield of benzene based on the initial
amount of ethane added was 0.09, 0.12, 18, and 25%
respectively. The relative yields of other end products

Cyclo-
Styrene Indene Naphthalene pentadiene
96 81 42 375
35 21 8.1 1.3
24 18 2.0 4.2
10 13 8.0 0.1
8.2 3.1 1.6 3.6
4.9 0.9 Trace 14
3.1 0.8 0.7 6.9
10 7.0 Trace 11
13 15 6.3 0.5

The entries for the other compounds are the yields relative to

at these different temperatures were nearly the same as
the values at 1200° given in Table I.

The similarity of products and yields from the C2 C3
and C4 hydrocarbons, as well as the different results
with CH4 can be explained on the basis that the reac-
tive species in these pyrolyses is acetylene or an activated
form of it. A consideration of such an intermediate
explains first the relatively low yield of end products
from the pyrolysis of methane compared with the yield
from the other hydrocarbons. The products from
methane, ethane, ethylene, and acetylene account for
0.8, 47, 38, and 63%, respectively, of the initial hydro-
carbon added. Secondly, methane yields a ratio of
C2e molecules to C2Z+i molecules less than unity (0.6),
whereas for the other gases this ratio varies from 3.1 for
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c,h,

H—C=C—H-_
acetylene

H—C=C—C=C—H

diacetylene

ethane to 7.8 for acetylene. Furthermore, since meth-
ane cannot undergo initial dehydrogenation to form the
reactive C2intermediate, a recombination of the initial
fragments (methyl radicals or carbene) must take place
before any polymerization reaction proceeds. This
explains the large yield of cyclopentadiene from the
pyrolysis of methane. Once such a two-carbon reactive
intermediate has been formed it is more likely to
react with a one-carbon radical to form a C3 molecule
than to react with an acetylene. Since the walls of the
pyrolyzing chamber are kept only at about —30°, a C3
molecule will not condense on the walls and will be
subject to further reactions such as two consecutive
additions of a Ci molecule to form 1,3-cyclopentadiene,
which will largely condense on the —30° walls.

The formation of cyclopentadiene, cycloheptatriene,
toluene, dihydroindene, and indene can be accounted for
by the reaction of CH2with even-carbon products of
the pyrolysis (Scheme I). The reaction of CH3radicals
instead of, or in addition to, the CH2could also account
for the odd-carbon products. Carbene is known to
react at lower temperatures with benzenel4 5 to give
toluene and cycloheptatriene in a ratio of 1 to 3. The
higher temperatures would isomerize most of the cyclo-
heptatriene to toluene. That a one-carbon intermedi-
ate is available is also seen from the examination of
n-butane and isobutane with respect to their yield of
1,3-cyclopentadiene. In the case of butane, once a one-
carbon radical is formed it will react with the available
parent compound or dehydrogenated products (e.g.,
diacetylene, vinylacetylene, etc.) to form large quanti-
ties of 1,3-cyclopentadiene after further dehydrogena-
tion. In the case of isobutane this is not possible due
to the presence of the secondary carbon in the parent
compound, and so the yield of 1,3-cyclopentadiene is
relatively low.

Pyrolyses at temperatures lower than studied here
give more highly hydrogenated products and the reac-
tion mechanism probably involves radical intermediates
formed by breaking a single bond. At temperatures
above 1000°, acetylene is more stable than ethylene,
ethane, or higher hydrocarbons. Rate of bond break-
ing at 1200° is sufficiently rapid that more than one
bond can be broken during the pyrolysis. Therefore,
the character of the high temperature pyrolysis is
different from those at temperatures between 400 and
700° and appears to be dominated by acetylene polym-
erizations.

(14) W. Kirmse “Carbene Chemistry,” Academic Press, New York,

N. Y., 1964, p 35.
(15) G. A. Russell and D. G. Hendry, J. Org. Chem., 28, 1933 (1963).

Friedmann, Bovee, and Miller
+ch, -h,
methyl-
indene naphthalene

We have previously shown the role of phenylacetylene
in the synthesis of phenylalanine and tyrosine under
primitive earth conditions.13 The other hydrocarbons
reported here from pyrolysis reactions may be useful
starting materials for other prebiotic synthesis reac-
tions.

Experimental Section

Materials.— Methane, pure grade, was obtained from Phillip’s
Petroleum Co. Lecture bottles of ethane, ethylene, propane,
allene, cyclopropane, butane, and isobutane were obtained from
Matheson Co. and were used without further purification. Acety-
lene was synthesized from calcium carbide and purified on a
vacuum line directly before use.

Pyrolysis.—The hydrocarbons were introduced to the pyrolyz-
ing vessel through a vacuum line. The reaction chamber con-
sisted of a 1-1 flask in which a 0.025 X 15 cm tungsten wire was
connected between two tungsten electrodes which in turn were
connected to an Electro D.C. Power Supply Model NFB. The
flask was immersed in an ethanol bath maintained between
—35 and —20° by adding Dry Ice. The tungsten wire was
heated to temperatures between 800 and 1400° for 2 hr. The
temperature of the wire was measured using a Pyrometer Instru-
ment Co. Model 95. When the reaction was completed the
flask was cooled to —78°, and the products volatile at this
temperature were saved for analysis. The vessel was then
brought to room temperature and the visible liquid at the bottom
was distilled overnight into a tube cooled with Dry Ice. The
distillation was completed by heating the reaction vessel to
100°. This distilled material was weighed and then sealed in a
tube until used for analysis.

Identification: Benzene, toluene, phenylacetylene, styrene,
and indene were identified by their retention time on two gas
chromatograph columns, and by their ir and uv spectra. The
columns were 5-ft 0.25-in. aluminum tubing containing 20%
DEGS on Chromosorb P, and 5-ft Vs-in. stainless steel tubing
containing Porapak Q. The unknown peaks were collected at
the column exit. The infrared and ultraviolet spectra were
obtained using Perkin-Elmer Infracord and Cary Model 15
spectrophotometers.

The other hydrocarbons were identified by combined gas
chromatography and mass spectrometry. The gas chromato-
graph was a Varian Aerograph Model 1200 and a flame ionization
detector. The mass spectrometer was a Hitachi Perkin-Elmer
Model RMU-6D single focusing instrument. A 10-ft Vs-in.
stainless steel Porapak Q column was used for the separation.
A 4-to-| splitter divided the column effluent so that 80% of the
sample went to the flame ionization detector and 20% went to
the mass spectrometer inlet system. A Watson-Biemann helium
separator served to enrich the sample and reduce the pressure at
the mass spectrometer inlet.16

Registry No.—Methane, 74-82-8; ethane, 74-84-0;
ethylene, 74-85-1; acetylene, 74-86-2; propane, 74-98-
6; cyclopropane, 75-19-4; allene, 463-49-0; butane,
106-97-8; isobutane, 75-28-5.

(16) J. T. Watson and K. Biemann, Anal. Chem., 86, 1135 (1964).
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The catalytic conversion of benzoic anhydrides into fluorenones and biphenyls by several rhodium compounds

has been studied.

Mixtures of aromatic anhydrides react generally as if they were mixed anhydrides, leading
to the formation of asymmetrically substituted products.

Equimolar amounts of the isolated phenyl-rhodium

complex PhRhCI(PPh32(7) and chlorocarbonylbis(triphenylphosphine)rhodium (2) react at 250° to give fluor-

enone and biphenyl.

In a previous publicationlit has been shown that
benzoic anhydride and some of its derivatives can be
transformed catalytically by chlorotris(triphenviphos-
phine)rhodium(l), RhCI(PPh33 (1), and by chlo-
rocarbonylbis(triphenylphosphine)rhodium(l), RhCI-
(CO)(PPh32 (2), into fluorenones, benzoic acids, car-
bon monoxide, small quantities of benzophenones, and,
according to the experimental conditions, into varying
amounts of biphenyls.

We have now extended this study, exploring the
scope of the reaction and the possibility of using mix-
tures of anhydrides for the synthesis of fluorenones and
biphenyls. In addition to 1 and 2, several other
rhodium complexes, as well as anhydrous rhodium tri-
chloride, proved to be effective catalysts for these reac-
tions (Table 1). Palladium dichloride, hydrated ru-

Tabte |

Conversion of Benzoic Anhydride to

Fluorenone and Biphenyl by Various Catalysts

/--—--Reaction--——-- -----------Yield---------- n

Temp, Time, Fluorenone, Biphenyl,

Catalyst® °C hr mol % mol %
Rhci(CO)(PPh3y> 240 4.5 35-52 2.2-3
RhCKPPha)/ 240 4.5 36-40 6-7
RhCfi, anhydrous 290 6.5 26 3.6
Rh2CO0O),CI2 250 4 22 <1
RhCI3SbPh33 250 4 8 1
RhH(CO)(PPh33 250 3 6 <1
IrC13 3HD 310 3.5 4.1 Traces
PdCI2 350 4 4.0 Traces
RuCh, 3HD 290 6 1.3 Traces
RuCIZPPh33= 340 1 0.8 Traces

° Concentration 10-2 mol per mol of anhydride. b CF. ref 1
¢8 mol % of benzophenone was formed in this experiment.

thenium trichloride, and hydrated iridium trichloride
possess low catalytic activity, while rhodium trichloride
trinydrate and metallic rhodium have proved to be
inactive under our conditions.

Mixtures of aromatic anhydrides, which often equili-
brate with the (unstable) mixed anhydride,2 could be
decarbonylated by 1 to give the fluorenones expected
from the mixed anhydrides (Table Il). Thus a mixture
of benzoic and p-chlorobenzoic anhydride gives, in
addition to the unsubstituted fluorenone and 2,6-di-
chlorofluorenone,1 also the “mixed” products, 2- and
3-monochlorofluorenone. A mixture of benzoic and
m-chlorobenzoic anhydride yielded all four monochloro-
fluorenones, the 1 and 4 isomers in low yield. Equi-
molar amounts of p-chlorobenzoic and p-toluic anhy-

(1) J. Blum and Z. Lipshes, J. Org. Chem., 34, 3076 (1969).
(2) Cf. J. M. Zeavin and A. M. Fisher, J. Amer. Chem. Soc., 54, 3738
(1932).

Both these compounds are assumed to be formed Miathe same rhodium intermediate.

dride give bcth 2-chloro-6-methyl- and 6-chloro-2-
methylfluorenone. The two ketones have been identi-
fied by their dipole moments: 4.6 and 2.7 D, respec-
tively. These values are in agreement with the cal-
culated figures of 4.35 and 2.58 D.3 This decarbonyla-
tion seems, however, not to proceed well with some
mixtures of benzoic anhydrides, possibly owing to the
absence of sufficient quantities of the mixed anhydride
in the equilibrium mixture. E.g., a mixture of p-fluoro-
and p-chlorobenzoic anhydride failed to yield significant
amounts of the “mixed” chlorofluorofluorenones.

The formation of these “mixed” fluorenones can be
explained by the pathway proposed in our previous
paper.l This mechanism is further confirmed by the
formation of 2,6-difluoro-,4 2,6-dibromo-,5and 1,3,5,7-
tetramethylfluorenone from p-fluoro-, p-bromo-, and
3,5-dimethylbenzoic anhydride, respectively.

Reinvestigation of the decarbonylation of m-toluic
anhydride by 1 (and also by anhydrous rhodium tri-
chloride) showed that in addition to the previously
isolated 1,7- and 2,6-dimethylfluorenone, traces of 1,5-
and 3,5-dimethylfluorenone are also formed; these iso-
mers had been predicted by our theory but had not been
isolated before. 3,5-Dimethylfluorenone was identi-
fied by reduction to the known 3,5-dimethylfluorene6
and by its nmr spectrum (vide infra).

It has been shown that the transformation of sub-
stituted benzoic anhydrides to fluorenone is subject to
steric effects.1 Particularly pronounced is the impedi-
ment to cyclization of the intermediate 4 (or 6) caused
by the shielding of the hydrogen atom to be extruded.
In order to find out whether this steric effect is associ-
ated with the large size of the triphenylphosphine
ligands, we treated m-toluic anhydride with rhodium
trichloride at 290°. The results (Table I, footnote d)
proved, however, that this phosphine-free catalyst
behaves in the same manner as 1. On the other hand it
should be borne in mind that, in the rhodium trichloride
catalyzed reaction, the ratio of 2,6- plus 3,5-dimethyl-
fluorenone to 1,5- plus 1,7-dimethylfluorenone is close
to unity, while, in the reaction catalyzed by 1, it is 2.6.
Though this comparison has only a qualitative meaning
(because of the difference in temperature at which the
catalyses with 1 and with RhCI3could be carried out),
it may suggest that the step 3—4 in Scheme I, in which
an acylation takes place at an ortho position to the

(3) The calculations as based on the structure of fluorenone proposed by
E. D. Hughes, C. G. Le Fevre, and R. J. W. Le Fivre, J. Chem. Soc., 202
(1937) .

(4) J. L. Fletcher, M. J. Namkung, W. H. Wetzel, and H. L. Pan, J. Org.
Chem., 25, 1342 (1960).

(5) N. Campbell, W. Anderson, and J. Gilmore, J. Chem. Soc., 446 (1940).

(6) B. Longo, Aill. Accad. Sci. Torino, Classe Set. Fis. Mat. Nat., 73, 440
(1938) ; Chem. Abstr., 33, 6286s (1939).



3234 J. Org. Chem., Vol. 35, No. 10, 1970

Blum, Milstein, and Sasson

Table Il

Conversion of Substituted Benzoic Anhydride by 1to Fluorenones

Anhydride Registry no.
Benzoic + p-toluic 25569-87-3
Benzoic + p-chlorobenzoic 21961-55-7
Benzoic + m-chlorobenzoic 25569-89-5
p-Chlorobenzoic + p-toluic 25569-90-8
p-Fluorobenzoic + p-chlorobenzoic 25569-91-9

7ra-Toluicd

3,5-Dimethylbenzoic
p-Fluorobenzoic
p-Bromobenzoie

° Calculations are based on 2 mol of anhydride leading to 1 mol of fluorenone.

(cf. ref 4).

0.4, and 2.2%, respectively. ¢Mp 200-201° (cf. ref 5).

Scheme |

rhodium-bearing carbon, is hindered by the voluminous
triphenylphosphine ligands. It appears that these
factors play a part in determining the details of the
reaction paths, but that they are not the only factors
involved.

Some further clarification of the reaction mechanism
has been made possible by a study of the reaction be-
tween chloro(phenyl)bis(triphenylphosphine) rhodium-
ill), PhRhCI(PPh32 (7), and the rhodium-carbonyl
complex 2 (both formed in the reaction of benzoic an-
hydride and 11 at 250°. In addition to benzene and
triphenylphosphine, the formation of 11.1% biphenyl
and 15.6% fluorenone has been observed. While at
least part of the biphenyl may have been formed by the
pyrolysis of 7, the fluorenone can only result from car-
bonylation of 7 by 2 (or phénylation of 2 by 7) to give
an aroyl-rhodium complex that would undergo further
phénylation to a compound of type 3. It is clear that
the above mechanism accounts also for the observa-
tions made in the experiments with mixed anhydrides.

—————————— Reaction------—---—--m
Temp, °C Time, hr Fluorenone formed Yield, %’
250 5 Unsubstituted6 18
2-Methyl-6 24
3-Methyl-6 20
2,6-Dimethyl-6 15
240 4 Unsubstituted6 12
2-Chloro-6 8
3-Chloro-6 12
2,6-Dichloro-6 3
240 4 Unsubstituted6 8
1-Chloro-6 3
2-Chloro-6 8
3-Chloro-6 10
4-Chloro-6 3
2,6-Dichloro-6 4
Unidentified dichloro- <1
250 4 2,6-Dichloro-6 24
2,6-Dimethyl-6 16
2-Chloro-6-methyl- 14
6-Chloro-2-methyl- 13
250 4 2,6-Difluoro-c 18
2,6-Dichloro-6 26
Unidentified chlorofluoro- <1
235 3 1,5-Dimethyl-6 1
1,7-Dimethyl-6 12
2,6-Dimethyl-6 30
3,5-Dimethyl- 4
300 1 1,3,5,7-Tetramethyl- 14
250 3 2,6-Difluoro-e 40
240 4 2,6-Dibromo-' 44

6Compared with authentic sample. ¢Mp 176-178°

d With anhydrous RhCh at 290° and 7 hr, the yields of 1,5-, 1,7-, 2,6-, 2,7-, and 3,5-dimethylfluorenone were 2.8, 15.4, 16.5,

As mentioned beforelbiaryls are formed when benzoic
anhydrides are treated with 1 at higher temperatures
than those required for the formation of fluorenones.
We have now studied this additional reaction, using
substituted and “mixed” benzoic anhydrides, p-
Toluic and o-toluic anhydride yield each a single bitolyl,
3,4'- and 2,3'-bitolvl, respectively. m-Toluic anhy-
dride is transformed into a mixture of 2,3'- and 3,4'-
bitolyl (see Table I11). Bitolyls carrying methyl groups
at the ortho positions are formed in lower yields, prob-
ably because of steric interference. A mixture of
benzoic and p-toluic anhydride gives, in addition to bi-
phenyl and 3,4'-bitolyl, also 3- and 4-methylbiphenyl.

This method of biphenyl formation is obviously dif-
ferent from the known oxidative coupling of aromatic
hydrocarbons by palladium complexes78 by which all
the possible structural isomers are obtained. The
selectivity in our system is rationalized with the aid of
a metal-ion promoted mechanism, in which the same
intermediate 3 in involved, which is the key intermedi-
ate in the formation of the fluorenones. Schemes | and
Il represent possible pathways (cf. footnote 22 of ref 1).

This mechanism can, however, explain only part of
the results. Both p-bromo- and p-chlorobenzoic an-
hydride give mixtures of halogenated biphenyls, albeit
in low yields, in which the 4,4'-dihalo derivatives pre-
dominate (see Table IIl1). In these cases either

(7) 1. Moritani, Y. Fujiwara, S. Teranishi, H. Itatani, and M. Matsuda,
Amer. Chem. Soc., Div. Petrol. Chem. Prepr., 14, B 172 (1969).

(8) Cf. M. O. Unger and R. A. Fouty, J. Org. Chem,, 34, 18 (1969), and
references therein.
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Tabte Il
Conversion of Aromatic Anhydrides by | into Biaryls
-Reaction-

Anhydride Temp, °C Time, Biaryl formed Yield, %
o-Toluic 285 3 2,3'-Bitolyl6 1.0
m-Toluic 285 2.5 2,3'-Bitolyl6 3.7

3,4'-BitolyP 9.3
p-Toluic 285 2 3,4'-Bitolyl6 17
3,5-Dimethylbenzoic 300 0.75 2,3',4 5'-Tetramethylbiphenyl 4.0
3,3',5.5'-Tetramethylbiphenyl 1.0
p-Fluorobenzoic 290 1.5 3,4'-BifluorobiphenyP+ 3.7
p-Chlorobenzoie 285 2.5 4,4'-DichlorobiphenyP d 3.0
p-Bromobenzoic 285 3 4,4'-Dibromobiphenyl6« 0.35
Other dibromobiphenyls 0.18
2-Thenoic 285 0.25 2,2'-Bithienyle 8.0
2,3'-BithienyP 3.9
Benzoic + p-toluic 290 3 Biphenyl6 0.9
3-Methylbiphenyl6 2.5
4-Methylbiphenyl6 2.5
3,4'-Bitclyl6 2.7

° Calculations are based on 1 mol of anhydride leading to 1 mol of biaryl.
C, 75.8; H, 42 Nmr spectrum showed an unsymmetric multiplet centered
d When the catalyst was replaced by a mixture of 19.6 mg of 2,5-di-i-butylhydroguinone and 327 mg of 1, less than 0.01%
* Separated from 2,3'-bithienyl on a2.6 m X 6.4 mm column, packed with 10% Apiezon L on Chromosorb
Analysis and melting point confirm the structure; cf. W. Sternkopf and J. Rcch, Justus Liebigs Ann. Chem., 482, 260 (1930).

Anal. Calcd for Ci2H&2 C, 75.8; H, 4.2. Found:
at 57.3 ppm.
of halobiphenyl was obtained.

W at 190°.

6Compared with an authentic sample. e Colorless oil.

1 The melting point is identical with that reported by J. Teste and N. Lozach, Bull. soc. chvn. Fr., 492 (1954).

Table IV

N mr Spectra of Some M ethylated Fluorenones

Chemical shifts of CHa hydrogen atoms, o (ppm)-

Position of methyl groups c-l, c-8 c-2, ¢c-7 c-3, C6 C-4, C-5 Ref
1,5-Di-Me 2.75 2.48 a
1,7-Di-Me 2.56 2.31 b
2,6-Di-Me 2.32 2.35 a
3,5-Di-Me' 2.34 2.47 This work
2,4,5-Tri-Me 2.32 2.44, 2.49 b
1,3,5,7-Tetra-Me« 2.58 2.32 2.36 2.52 This work

Seeref 1. 6J. Goodfroid, Bull. Soc. Chim. Fr., 2962 (1964). ¢ In CCl4

Scheme |l

oxidative coupling of the halobenzenes (formed by de-
carboxylation of the halobenzoic acids) or homolytic
fission of the anhydrides used, may be invoked. In
support of this hypothesis, we have shown that rela-
tively small amounts (19.6 mg per 327 mg of 1) of free-
radical scavengers, such as 2,5-di-i-butylhydroquinone,
interfere strongly with the formation of the halobi-
phenyls, but are without effect on the transformation of
benzoic and p-toluic anhydride to the corresponding
biaryls.

Some anhydrides are converted to biaryls by both
pathways, the metal-ion promoted and the free-radical
mechanism.  3,5-Dimethylbenzoic anhydride, e.g.,
gives, in addition to 4% asymmetric 2,3'4,5'-tetra-
methylbiphenyl, 1% 3,3',5,5'-tetramethylbiphenyl,
and 0.1% a third tetramethyl derivative. The yield
of these latter compounds could be further reduced
by 2,5-di-i-butylhydroquinone.

2-Thenoic anhydride gives two biphenyl-type com-
pounds. In ‘his case the symmetric 2,2'-bithienyl is
formed in preference to 2,3-bithienyl. p-Phenyl-
benzoic anhydride is transformed under our standard
conditions only into traces of a quaterphenyl, the second
product being di-p-biphenylyl ketone; none of the
expected 2,6-diphenylfluorenone is formed.

The previous study of hydrocinnamic anhydridelhas
been supplemented by an investigation of lauric an-
hydride. Catalytic amounts of 1 at 275° (for 4.5 hr)
give a mixture of 20% 1-undecene, 2% isomeric un-
decenes, 30% laurone (12-tricosanone), and 41% lauric
acid. The low degree of the isomerization of 1-un-
decene is surprising, as the catalytic decarbonyla-
tion of lauroyl chloride by 1 at 250° is coupled with
isomerization of the resulting undecene to an extent of
56%.

Some of the decarbonylation products obtained in
this study have been identified by nmr spectroscopy.
The nmr data for some representative methylated
fluorenones and biphenyls are summarized in Tables
IV and V. They indicate that distinct chemical shifts
may be assigned to the methyl hydrogen atoms at the
various positions of the fluorenone and biphenyl mole-
cules. This enabled us to elucidate the structures of
the unknown 3,5-dimethyl- and 1,3,5,7-tetramethyl-
fluorenone, as well as those of 2,3',4,5'- and 3,3',5,5'-
tetramethylbiphenyl.
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Table V

Nmr Spectra of Some Methylated Biphenyls

Chemical shifts

Position of methyl of CH3 hydrogen atoms, 8 (ppm)

groups 0] m \V2 Ref
2,4'-Di-Me" 2.225 2.375 This work
3,3'-Di-Me* 2.36 This work
3,4'-Di-Me" 2.35 2.37 This work
4,4'-Di-Me* 2.375 This work

2,2',4,4'-Tetra-Me 2.03 2.37 b
2,3',4,5'-Tetra-Me* 2.23 2.345 2.36 This work
3,3',5,5'-Tetra-Me* 2.34 This work
«In CCla. sHigh Resolution Nmr Spectra, Varian Associates,

Palo Alto, Calif., The National Press, U. S. A., 1963, Spectrum
No. 659.

Experimental Section

The catalysts RhCI(PPh33@RhCRCOXPPhah,® RhH(CO)-
(PPh33,u RhCI3SbPh33D and RuCl2(PPh332 have been pre-
pared essentially as described in the literature.

p-Fluorobenzoic anhydride was obtained in 21% yield when a
mixture of 10 g of p-fluorobenzoie acid and 70 g of acetic anhy-
dride was refluxed for 24 hr. The crude anhydride was flash

distilled at 2 mm and recrystallized from hexane: mp 108-110°;
ir (KBr) 1720 and 1780 cm-1.

Anal. Calcd for CnH&FD3 C, 64.1; H, 3.1; F, 145.
Found: C, 64.2; H, 3.4; F, 14.2.

p-Phenylbenzoic anhydride was formed in 82% vyield upon
refluxing 10 g of p-phenylbenzoic acid with 70 g of acetic anhy-
dride for 48 hr:  mp 141-142° (from hexane); ir (KBr) 1720 and
1763 cm-1. The analytical sample was further purified from a
small contamination by the free acid by heating it at 130° and 2
mm for 5 hr; the free acid sublimed off.

Anal. Calcd for Ci6HIi® 3 C, 82.5;
82.5; H, 4.7.

3,5-Dimethylbenzoic Anhydride.—A mixture of 9.5 g of 3,5-
dimethylbenzoyl chloride and 26.5 g of dry pyridine was refluxed
for 5 min, cooled, and poured onto 60 g of crushed ice and 28 ml of
concentrated hydrochloric acid. The crystalline anhydride was
washed with 10 ml of cold methanol and 10 ml of dry benzene to
yield 8 g (90%) of the colorless anhydrides: mp 127° (from
benzene); ir (KBr) 1715 and 1785 cm-1; nmr (CC14) 2.35 (s, 12),
7.22 (s, 2),7.71 (s, 4).

Anal. Calcd for CigHisCh: C, 76.6;
76.7; H, 6.5.

2,3'- and 3,4-Dichlorobiphenyl.—A solution of m-chloroben-
zenediazonium chloride (prepared from 80 g of m-chloroaniline)
was added during 30 min to a stirred mixture of 254 g of chloro-
benzene and 140 ml of 5 N aqueous sodium hydroxide. The
stirring was continued for 12 hr at room temperature, and the
organic layer was steam distilled. The distillate was fractionated
at 2 mm and the material of bp 150-180° was collected to yield 19
g (13%) of a mixture of the two biaryls. The separation of 2,3'-
and 3,4'-diehlorobiphenyl was carried outona2m X 6.4 mm vpc
column, packed with 10% diethylene glycol succinate on Chromo-
sorb W, at 170°. The 2,3'-dichlorobiphenyl (retention time, 23
min) was treated with excess butyllithium and carbon dioxide to
yield 27% biphenyl-2,3'-dicarboxylic acid of mp 213-214°
(lit.13215-216°). The second peak (retention time, 39 min) con-
sisted of 3,4'-dichlorobiphenyl. The ratio of 2,3'-:3,4'-dichloro-
biphenyl was 5:8.

Anal. Calcd for C,H&&12 C, 64.6; H, 3.6;
Found (2,3'isomer): 0,64.3; H, 3.9; CI, 32.1.

H, 4.8. Found: C,

H, 6.4. Found: C,

Cl, 31.8.
Found (3,4'

isomer): C, 64.7; H, 3.6; CI, 31.8.

The catalytic transformation reactions of the various anhy-
drides listed in Tables I, 11 and 111 are illustrated by the following
examples.

Reaction of 3,5-Dimethylbenzoic Anhydride and 1.—A mixture
of 3 g of 3,5-dimethylbenzoic anhydride and 150 mg of chlorotris-

(9) J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson, J. Chem.
Soc. A, 1711 (1966).

(10) J. Blum, J. Y. Becker, H. Rosenman, and E. D. Bergmann, J. Chem.
Soc., B, 1000 (1969).

(11) D. Evans, G. Yagupsky, and G. Wilkinson, J. Chem. Soc. .4, 2660
(1968).

(12) T. A. Stephenson and G. Wilkinson, J. Inorg. Nucl. Chem., 28, 945
(1966).

(13) F. Mayer and K.Freitag, Ber., 54, 347 (1921).

Blum, Milstein, and Sasson

(triphenylphosphine)rhodium (1) was placed in a Claisen flask
connected with a receiver and a gas collector, and heated at 300°
for 4.5 hr, during which time 0.41 g (18%) of m-xylene distilled
over. The cooled reaction mixture was digested with 10%
aqueous sodium hydroxide, and the neutral material was taken up
into warm benzene. The aqueous layer yielded upon acidifica-
tion 1.6 g (50%) of 3,5-dimethylbenzoic acid. The organic layer
was washed with water, dried, and concentrated, and the residue
chromatographed on alumina. The first fraction of hydrocarbons
was further separated ona2m X 6.4 mm vpc column, packed with
10% SE-30 on Chromosorb W at 170°. The first peak (retention
time, 19 min) consisted of 2,3',4,5'-tetramethylbiphenyl (4 mol
%), which forms aviscous oil (nmr spectrum, see Table V).

Anal. Calcd for CieHi8& C, 91.4; H, s8.6. Found: C,
91.4; H, 9.0.

The second hydrocarbon (1 mol %), having a retention time of
29 min, corresponded to 3,3',5,5'-tetramethylbiphenyl: mp 44°
(lit.14 437°15°); nmr spectrum s 2.34 (s, 12), 6.96 (s, 2), 7.18 (s,
4). A third tetramethylbiphenyl (retention time, 13 min) was
formed in avery low yield (0.1 mol %).

The yellow carbonyl-containing fraction obtained from the
column chromatography was further purified by preparative vpc
ona2m X 6.4 mm column, packed with 2% XE-60 on Chromo-
sorb W at 200°, to yield 7 mol % (14% yield) of 1,3,5,7-tetra-
methylfluorenone: mp 117°; ir (KBr) 1710 cm-1 (for nmr spec-
trum, see Table V).

Anal. Calecd for CuHisO: C, 86.4; H, 6.8.
86.1; H, 6 .8.

Reaction of m-Toluic Anhydride and Anhydrous Rhodium
Trichloride.—m-Toluic anhydride (4 g) was heated in the pres-
ence of 33 mg of anhydrous rhodium trichloride at 290° for 7 hr.
The neutral fraction obtained was analyzed on a5.2m X 6.4 mm
vpc column, packed with 10% stabilized diethyleneglycol succin-
ate on Chromosorb W. The biaryls were separated at 170° into
2,3'- (0.5 mol %) and 3,4'-bitolyl (4 mol %). (Authenticsamples
were prepared from m-toluenediazonium chloride and toluene in a
similar way as the analogous chlorobiphenyls described above.)
The dimethylfluorenones were separated at 235° into five peaks,
corresponding to 1,7-, 1,5-, 2,6-, 2,7-, and 3,5-dimethylfluorenone.
The yields were 2.8, 15.4, 16.5, 0.4, and 2.2%, respectively.
1,5, 1,7-, and 2,6-dimethylfluorenone were compared with
authentic samples.1 The structure of 2,7-dimethylfluorenone
was proven by its nmr spectrum [(CCl<) 2.34 (s, 6), Table IV,
footnote 6] and melting point of 156° (lit.15157°). The material
corresponding to the last peak on the vpc chromatogram showed
an nmr spectrum indicating the structure of 3,5-dimethylfluor-
enone (see Table V), mp 102-104°.

Anal. Calcd for CieHi20: C, 86.5; H, 5.8.
86.8; H, 6.1.

A quantity of 10 mg of this fluorenone was reduced with 28 mg
of 55% hydrochloric acid (analytical grade), 14 mg of red phos-
phorus, and 0.6 ml of acetic acid (reflux for 20 hr), to yield a few
crystals of 3,5-dimethylfluorene, mp 81-82° (from ethanol)
(lit.e81-82°).

Reaction of a Mixture of p-Chlorobenzoic and p-Toluic Anhy-
dride with 1.—A mixture of 2.1 g of p-chlorobenzoic anhydride,
1.9 g of p-toluic anhydride, and 0.2 g of 1was heated at 250° for
5hr. The reaction mixture was extracted with chloroform, freed
from the carboxylic acids, and separated by preparative tic on
silica gel, using carbon tetrachloride and benzene (3:7) as eluent.
The fluorenones formed three yellow bands: the two extreme
ones consisted of 2 ,6-dimethyl-1 and of 2,6-dichlorofluorenone.1
The middle broad band proved to be a mixture of two fluorenone
derivatives that were separated ona2.2 m X 6.4 mm vpc column,
packed with 10% XE-60 on Chromosorb W at 220°. The first
fraction was e-chloro-z2-methylfluorenone according to its dipole
moment (2.7 + 0.1 D), mp 150° ir (Nujol) 1725 cm“1 The
second fraction proved to be 2-chloro-6-methylfluorenone: 4.6
+ 0.2 D; mp 208° ir (Nujol) 1725 cm“1/ The yields of 2,6-
dimethyl-, 2,6-dichloro-, 2-chloro-e-methyl-, and e-chloro-2-
methylfluorenone were 16, 24,14, and 13%, respectively.

Anal. Caled for C,<HeC10: C, 73.5; H, 3.9. Found (2-
chloro-6-methylfluorenone): C, 73.5; H, 4.2. Found (6-
chloro-2-methylfluorenone): C, 73.5; H,4.2.

Reaction of Laurie Anhydride with 1.—Laurie anhydride (4 g)
and 0.2 g of 1 were heated for 4.5 hr at 275°. Extraction of the

Found: C,

Found: C,

(14) W. Carruthers and A. G. Douglas, J. Chem. Soc., 2813 (1959).
(15) E. D. Bergmann, G. Berthier, Y. Hirshberg, G. Lowenthal, B. Pull-
man, and A. Pullman, Bull. Soc. Chim. Fr., 669 (1951).



2'-lodo-2-bkomomethylbiphenyl

reaction mixture with 10% aqueous sodium hydroxide afforded on
acidification 1.7 g (41%) of laurie acid. The neutral residue was
analyzed on the following vpc columns: (a) 10% SE-30, (b)
10% diethylene glycol succinate, (c) 5% Apiezon M, and (d) 5%
3.3"-oxydipropionitrile on Chromosorb W. There were isolated
20% 1-undecene, 2% other undecenes (mainly ¢rans-2-undecene),
and 30% 12-tricosanone of mp 68°.16

Registry No.—p-Fluorobenzoic anhydride, 25569-
77-1; p-phenylbenzoie anhydride, 25327-57-5; 3,5-
dimethylbenzoic anhydride, 25569-79-3; 2,3'-dichloro-
biphenyl, 25569-80-6; 3,4'-dichlorobiphenyl, 2974-
90-5; 2,3',4,5'-tetramethylbiphenyl, 25569-82-8; 1,3,-

(a6) An authentic sample was prepared as described by J. C. Sauer, “Or-
ganic Syntheses,” Coll. Vol. IV, Wiley, New York, N. Y., 1963, p 560.

J Org. Chem., Vol. 35, No. 10, 1970 3237

5,7-tetramethylfluorenone, 25569-83-9; 3,5-dimethyl-
fluorenone, 25569-84-0; 6-chloro-2-methylfluorenone,
25569-85-1; 2-chloro-6-methylfluorenone, 25569-86-2;
o-toluic anhydride, 607-86-3; m-toluic anhydride,
21436-44-2; p-toluic anhydride, 13222-85-0; p-ehloro-
benzoic anhydride, 790-41-0; p-bromobenzoic anhydride,

1633-33-6; 2-thenoic anhydride, 25569-97-5; 2,4'-
dimethylbiphenyl, 611-61-0; 3,3'-dimethylbiphenyl,
612-75-9; 3,4'-dimethylbiphenyl, 7383-90-6; 4,4'-

dimethylbiphenyl, 613-33-2;
phenyl, 25570-02-9.

3,3',5,5'-tetramethylbi-

Acknowledgment.—The authors wish to thank Pro-
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The mechanism of the cyclization of 2'-iodo-2-bromomethylbiphenyl to fluorene using methyllithium was in-

vestigated.
aromatic anion is presented.

We have been interested in the synthesis of the
strained hydrocarbon 1 as a likely precursor to dibenzo-
[cd,gi/i]pentalene (2). Compound 2 can be visualized as
a perturbed [12]annulene. The recent synthesisl of
hydrocarbon 1, as well as the dianion of 2, prompts us to
report our results at this time.

Friedel-Crafts cyclization of the readily available
fluorene-4-carboxylic acid (3) cannot be expected to
serve as a synthetic method for the preparation of 1
This acylation would proceed through an acylium ion
which must attack the aromatic ring along the it or-
bital,2an impossibility for the rigid, planar acid 3. We
therefore sought a method that would circumvent this
difficulty and turned to an investigation of methods
potentially capable of converting 5-iodo-4-bromo-
methylfluorene (4) to 1. We chose to study the cycliza-

4 5

tion of 2'-iodo-2-bromomethylbiphenyl (5) as an easily
prepared model for this cyclization. Our investigations
were limited to those reactions, such as a back-side
displacement of the benzylic bromine by an aromatic

* Author to whom correspondence should be addressed.

(1) B. Trostand P. Kinson, J. Amer. Chem. Soc., 92, 2591 (1970).

(2) J. von Braun, E. Danziger, and Z, Koehler, Chem. Ber., 50, 56 (1917);
J. von Braun and E. Rath, ibid., 61, 956 (1928); J. von Braun and E. Anton,
ibid., 62, 145 (1929).

Evidence that this conversion proceeds by the direct displacement of the benzylic bromine by an

anion, which would cyclize 5in a manner that would not
require large changes in geometry. Several reactions
were investigated, including those with Zn, Zn-Cu
couple, Mg, Ni(CO)<i,3 and methyllithium. Methyl-
lithium proved to be the most satisfactory reagent,
affording fluorene in yields of 69-71%. In order to
determine whether the cyclization of 5 with methyl-
lithium was indeed proceeding through the desired
back-side displacement of the benzylic bromine, a study
of the mechanism of this reaction was undertaken and
our results are reported below.

A search of the literature provides little information
about the relative rates of halogen-lithium exchange for
iodobenzene and benzyl bromide, except that the order
of reactivity cf the halidesis| > Br > Cl.4 We there-
fore chose to work with methyllithium, the least reac-
tive of the alkyllithiums,6 in order to enhance any
differences in the halogen-lithium exchange rates.

An ethereal solution of 5 at 0° was treated with 2
equiv of methyllithium, allowed to come to room tem-
perature, and worked up with ammonium chloride
solution to afford fluorene in isolated yields of 69-71%.
The remaining material had no iodine as shown by a
lack of absorption at lower field than 8 7.80 (aromatic
protons ortho to iodine) in the nmr spectrum.

A priori there are four possible mechanisms for this
conversion (Scheme 1). Recent work67indicates that
the halogen-lithium exchange reaction proceeds by a
one-electron transfer to give a caged radical pair.
These radicals may complete the halogen-metal
exchange by transferring a second electron or they may

(3) The yields of fluorene obtained from Zn or Zn-Cu couple were 1-6%,
those from Mg were 30%, and those from Ni(CO)4 were 2-46%, depending
upon the solvent used. A paper on the cyclization of 5 with Ni(CO)i will
appear at a later date.

(4) See H. Gilman, Org. React., 6, 339 (1951), and the references therein.

) H. Gilman and F. W. Moore, J. Amer. Chem. Soc., 62, 1843 (1940).
) H.R. Ward, R. Lawler, and R. Cooper, ibid., 91, 746 (1969).
) A. R. Lepley and R. Landau, ibid., 91, 748, 749 (1969).
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Scheme |

undergo further reactions. Reaction of Swith methyl-
lithium may therefore be proceeding through the forma-
tion of either an aromatic or a benzylic radical, de-
pending on which halogen exchanges more rapidly, and
this radical might conceivably then displace the second
halogen as X m (paths b and c). To test this possibility,
the reduction of 5with triphenyltin hydride, a reduction
known to proceed through a radical intermediate,8was
envisaged. In order to assure ourselves that both the
radical intermediates of paths b and c would be pro-
duced, a standardized solution of benzyl bromide and
iodobenzene was partially reduced with triphenyltin
hydride. The ratio of the per cent disappearance of
benzyl bromide to iodobenzene, as determined by glpc,
was 3, while the ratio of toluene to benzene formed
was 2.6. Therefore the reduction of 5 would be ex-
pected to produce both the aromatic and the benzylic
radicals of paths b and c. When this reduction was
carried out in dilute solution to allow the radicals
sufficient time to cyclize, a 33% yield of 2'-iodo-2-
methylbiphenyl (6), a 25% yield of 2-methylbiphenyl
(7), and an 18% yield of 2-bromomethylbiphenyl (8), all
based on a 23% recovery of starting material, were

obtained. Significantly, no fluorene was produced.
Since all three possible reduced products were re-
covered from the reduction, both of the radical inter-
mediates in Scheme | must have been formed, but,
because no fluorene was observed, these intermediate
radicals do not cyclize and paths b and c are eliminated.9

(8) H. G. Kuivila, Accounts Chem. Res., 1, 299 (1968); H. G. Kuivila,
L. W. Menapace, and C. R. Warner, J. Amer. Chem. Soc., 84, 3584 (1962);
L. W. Menapace and H. G. Kuivila, ibid., 86, 3047 (1964).

(9) Furthermore, no 2,-bromo-2-methylbiphenyl (9) was detected from the
reduction of 5 (as little as 0.6% could have been detected), thus eliminating
the possibility of an intramolecular halogen bridge and transfer.

Altman and Erdman

Since the cyclization does not proceed directly from
the radical intermediates, it must go through either of
the anionic pathways a or d. To differentiate between
paths a and d, the relative rates of exchange of an
aromatic iodine and a benzylic bromine with methyl-
lithium had to be determined. As mentioned earlier,
nothing conclusive pertaining to this question was
found in the literature. Wittig and WittlD have ob-
served that when benzyl bromide is treated with
phenyllithium the products are bibenzyl and bromo-
benzene, presumably arising from the reaction

PhLi + PhCIbBr PhBr + PhCHZi

PhCHZi + PhCthBr — >~ PhCHZXZHZ?h + LiBr

Unfortunately, these results provide no conclusive
information regarding the relative rates of halogen-
lithium exchange. Therefore a methyllithium com-
petition experiment with benzyl bromide and iodo-
benzene to determine these relative rates was carried
out. When a standardized solution of iodobenzene and
benzyl bromide in ether was treated with methyllithium
and analyzed by glpc, it was found that less than 1% of
the benzyl bromide had disappeared, while nearly 21%
of the iodobenzene disappeared; the ratio of benzene to
toluene detected was greater than 90:1. Thus the
rate of halogen-metal exchange is greater for CHQ.i
with Phi than for CH3.i with PhCHD3Br. These
results indicate that it is the aromatic anion that is
forming more rapidly in the reaction of 5 with methyl-
lithium. This anion then displaces a bromide ion to
form fluorene in arapid reaction as depicted in path d.
That the consequent back-side displacement of bro-
mide is indeed the next step and is rapid is indicated by
the following observations. When the cyclization is
run at —70° and worked up with acid after 50% reac-
tion, only starting material and fluorene (69% based on
reacted 5) are recovered with no detectable amount of 8.
The absence of 8 indicates that the path d intermediate
has avery short lifetime and cannot be trapped by H+.
To investigate the possibility that there was actually
one more step involved in path d before final closure,
namely an internal halogen-lithium exchange and
subsequent cyclization as in eq 2, the reaction of 2'-

bromo-2-bromomethylbiphenyl (10) with methyllithium
was carried out. The products identified from this
reaction were |,2-bis-2-(2'-bromobiphenyl)ethane (11,
44%), 2'-bromo-2-ethylbiphenyl (12, 20%), and 2'-
bromo-2-methylbiphenyl (9, 2%), but no fluorene. In
this reaction the benzylic anion is undoubtedly an

(10) G. Wittig and H. Witt, Chem. Ber., 74, 1474 (1941).
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intermediate; however the absence of fluorene indicates
that it does not cyclize. Instead, the expected bibenzyl
formationDand methyl coupling4products are obtained.
These results therefore eliminate eq 2 as a possible
pathway in the reaction of 5with CH3.i. Hence, path
d of Scheme | is the mechanism by which the cyclization
of 5with methyllithium proceeds.

Experimental Section

Melting points are uncorrected. Nmr spectra were taken in
deuteriochloroform with tetramethylsilane (TMS) as internal
standard. Silica gel HF 24 (E. Merck) was used for preparative
thin layer chromatography (tic). Ir spectra of solids were
determined as KBr pellets; ir spectra of liquids were determined
as thin films.

2'-Amino-2-methylbiphenyl.—A mixture of 4.0 g (18 mmol)
of 2'-nitro-2-methylbiphenyl,n 5 g of mossy tin, and 12 ml of
concentrated HC1 were refluxed for 1 hr. The cooled reaction
mixture was treated with 50 ml of a 10m NaOH solution and the
resulting solution was steam distilled. The distillate was ex-
tracted with dichloromethane and the dried extracts were evapo-
rated. The oil that remained was distilled to give 2.4 g of clear
oil, bp 94-99° (0.1 mm), which solidified into a white solid,
mp 31-34° (lit.11237°).

2'-lodo-2-methylbiphenyl (6).—To a solution of 1.24 g (7.16
mmol) of 2'-amino-2-methylbiphenyl in 3 ml of concentrated
HC1 and 9 ml of HD at 0° was slowly added a solution of 0.52 g
(7.5 mmol) of sodium nitrite in 2 ml of ice water. The resulting
yellow solution was poured into a solution of 1.7 g of potassium
jiodide in 10 ml of HD at 0°. Gas was evolved and a dark, red
tar formed. The mixture was slowly warmed to room tempera-
ture (2 hr) and then extracted with CHC13 The dried organic
extracts were evaporated and the remaining red oil was chroma-
tographed on 100 g of neutral alumina (Woelm, activity I,
hexane); 1.30 g of a clear oil was obtained which solidified to a
white solid, mp 36-38° (lit.1138-39°).

2'-lodo-2-bromomethylbiphenyl (5).—A solution of 3.94 g
(13.4 mmol) of 6, 2.48 g (13.9 mmoles) of N-bromosuccinimide,
and a few milligrams of benzoyl peroxide in 90 ml of CCh under
nitrogen was simultaneously irradiated and refluxed by means of
a 500-W incandescent light for 1 hr. The cooled reaction mix-
ture was filtered and the filtrate concentrated to give 5.21 g of
orange oil which, upon purification by preparative tic (hexane as
eluent), gave 4.38 g (11.7 mmol, 88%) of 5: nmr 57.94 (d, 3 =
8 Hz, 1 H), 57.5-7.0 (m, 7H), 5A4.13, 884.37 (AB quartet, 3 =
10 Hz, 2 H).

Anal. Calcd for ClaH1Brl: C, 41.85; H, 2.70; 1, 34.02.
Found: C,41.53; H, 2.67; 1,33.84.

2'-Bromo-2-bromomethylbiphenyl (10).—A solution of 0.925
g (3.74 mmol) of 2'-bromo-2-methylbiphenyl (9),12 0.661 g
(3.70 mmol) of N-bromosuccinimide, and a few milligrams of
benzoyl peroxide in 20 ml of CC14 under N2was simultaneously
irradiated and refluxed with a 500-W incandescent light for 10
min. The cooled mixture was filtered and the filtrate concen-
trated to give 1.32 g of crude material which, upon purification
by preparative tic, afforded 89 mg of 9 and 1.06 g of 2'-bromo-2-
bromomethylbiphenyl (10): nmr 5 7.06-7.78 (m, 8 H), %
4.17, 3B4.37 (AB quartet, / = 10Hz, 2 H).

(11) A. M. Sadler and G. Powell, J. Amer. Chem. Soc., 56, 2650 (1034).
(12) L. Moscarelli and D. Gatti, Atti Reale Accad. Noz, Lincei, 15, 89
(1932).
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Anal. Calcd for CidHi®Br2 C, 47.89; H, 3.09; Br, 49.02.
Found: C, 48.15; H, 3.15; Br, 48.70.

Reaction of Methyllithium with lodobenzene and Benzyl
Bromide.—A standard mixture of 1 g (5 mmol) of iodobenzene,
0.85 g (5 mmol) of benzyl bromide, and 0.51 g (5 mmol) of -
xylene in 100 ml of ether was analyzed by vpc (20 ft X ‘A in.
column of 10% SE-30 on Chromosorb W at 130°). The area
ratios were Phl/p-xylene = 0.729; PhCH2Br/p-xylene = 0.654.
To one-half of the standardized ether solution at 0° was added
1ml of a 1.47 m methyllithium solution in ether (Foote Mineral
Co.). A few pieces of Dry Ice were added to react with any
organolithium compounds and the ether layer was analyzed by
vpc.: Phl/p-xylene = 0.576; PhCH2Br/p-xylene = 0.650.
To the other half of the standardized ether solution at 0° was
added 1 ml of 1.47 m methyllithium solution in ether. After
1 min, 2 ml of water was added and the ether layer analyzed by
vpc for benzene and toluene: PhH/toluene >90:1.

Reaction of 5 with Methyllithium.—To a stirred solution of
535 mg (1.43 mmol) of 5 in 50 ml ether at 0° under N2 were
added 2 ml of a 1.47 m methyllithium solution in ether. The
solution was stirred at 0° for 30 min, then warmed to room tem-
perature before adding 10 ml of a saturated NH4Cl solution.
The ether layer was separated, dried, and concentrated, leaving
231 mg of a slightly yellow solid. Fluorene (165 mg) was sepa-
rated from the rest of the material by preparative tic. An nmr
of the remaining material (43 mg) had no absorption at lower
field than 5 7.80 (protons ortho to aromatic I); this material
was composed of at least eight components (tic), the largest of
which contained 6 mg. No further attempts at identification
were carried out.

Reaction of 10 with Methyllithium.—To a solution of 128 mg
(0.392 mmol) of 10 in 25 ml of ether under N2 at 0° was. added
vi ml of a 1.47 m solution of methyllithium in ether. After
2 hr 2 ml of a saturated N H4C1 solution was added and the ether
layer was separated. The dried ether layer was concentrated
and the remaining oil (102 mg) separated by preparative tic to
afford 42 mg of I,2-bis-2-(2'-bromobiphenyl)ethane (11): mp
182-184° (from CHC13; nmr 57.53-7.70 (m, 2 H), 6.78-7.40 (m,
14H), 2,55 (s, 4H).

Anal. Calcd for CeH2Br2 C, 63.44; H, 4.09; Br, 32.47.
Found: C, 63.64; H, 4.23; Br, 32.47.

A second fraction (20 mg) consisted of two materials (10:1 mol
ratio by nmr), the smaller component being identified as 9
(singlet at 52.10). The larger component is tentatively identi-
fied as 2'-bromo-2-ethylbiphenyl (12) on the basis of its nmr
spectrum: 57.05-7.80 (m, 8 H), 54.12 (q, 3 = 8 Hz, 2 H),
51.07 (t,3 = 8 Hz, 3H).

The remaining material (32 mg) consisted of several compo-
nents (tic) of 11 mg or less. No further attempts at identifica-
tion were carried out.

Reaction of 5 with Triphenyltin Hydride.—To a stirred solu-
tion of 305 mg (0.818 mmol) of 5 and a few crystals of azobis-
isobutyronitrile (AIBN) in 20 ml of hexane at 50° under N2
was added a solution of 304 mg (0.866 mmoles) of triphenyltin
hydride in 20 ml of hexane over a period of 80 min. The reaction
was refluxed for 26 hr, evaporated to dryness, triturated with
CCl4 to destroy excess triphenyltin hydride, and evaporated to
dryness again. The remaining material was purified by prepara-
tive tic to remove triphenyltin halides and two fractions were
obtained. Fraction A (98 mg) consisted of a 5:3 mol ratio
(nmr) of 5 (AB quartet at 54.20) and 8. Fraction B (86 mg)
consisted of a 4.3 mol ratio (nmr) of e (singlet at 52.07) and 7
(singlet at 52.23).

Reaction of Benzyl Bromide and lodobenzene with Triphenyltin
Hydride.— A solution of 1 ml of benzyl bromide, 1 ml of iodoben-
zene, and 1 ml of o-xylene in 10 ml of pentane was analyzed by vpc
(area ratios): xylene/Phl/PhCH2Br = 1:0.76:0.78. To 10 ml
of the above solution at reflux under N2 was added a solution
of 2.5 g of triphenyltin hydride in 10 ml of pentane over 15 min.
and reflux was continued for an additional 1.25 hr. The reac-
tion mixture was then analyzed by vpc: xylene/Phl/PhCHZ2Br =
1:0.67:0.50; xylene/PhH/PhCHs = 1:0.14:0.37.

Registry No.—5, 25860-20-2; 10, 13379-29-8; 11,
25860-22-4; methyllithium, 917-54-4.
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Ethyl 3,3-dipentyl-2-oxooctanoate, 3a, was isolated in low yields when oxygen was passed into the Grignard
complex, 1, R, = R2= R3= CHin, obtained from the conjugate addition of pentylmagnesium bromide to ethyl

2-cyano-3-pentyl-2-octenoate.

stituted carboxylates, 2, in polar solvents was found to afford good yields of 2-oxo esters, 3.

The extension of this base-catalyzed autoxidation to ethyl 2-cyano 3,3-disub-

It was shown that

the nitrile group of 2 is lost during the autoxidation as a mixture of cyanate and cyanide ions in the approximate

ratio of 4:1.

The conjugate addition of Grignard reagents to
alkylidenecyanoacetates offers one of the best ap-
proaches to the formation of quaternary carbon atom
systems.3 We have observed more recentlyfthat the
highest yields of 1,4-addition products result when an
excess (30-40%) of the organometallic reagent is em-
ployed, and that extended reaction times, in the pres-
ence of air, lead to the diminution of the ir nitrile ab-
sorption of the reaction product with concomitant pro-
duction of materials which absorb at 2000-2050 cm-1.
It is thought that the latter is due to the presence of the
ketenimine grouping (-C =C =N -) which is known6to
absorb in this range. The present investigation was
undertaken to examine in more detail the nature of the
products which result from such prolonged reactions.

When an excess (~25%) of a titrated ether solution
of pentylmagnesium bromide was added to a mixture of
ethyl 2-cyano-3-pentyl-2-octenoate and cuprous iodide
catalyst and the resulting complex, 1, R] = R2= R3=
CoHn, stirred at room temperature, the color changed
gradually from black to yellow to orange. After sev-
eral hundred hours, the reaction mixture was hy-
drolyzed to give a viscous red oil: ir absorptions at
2035 (ketenimine), 1715 and 1750 (carbonyl), and 2255
(nitrile, very weak) cm-1. Vapor phase chromato-
graphic (vpc) analysis indicated the presence of two
main components which corresponded to 2a (35% by
area) and an unknown compound (60%) of shorter
retention time, as well as six minor constituents. Dis-
tillation afforded a small amount of 2a, considerable

CN

|
RIRZ=C—COXH5+ RjMgBr — >
CN

|
[R,RREL—C—COXHY-MgBr
1

L 1 Oi
I 2. H>0 +
CN (0]

RIRRX —(HCOXHE6 “ketenimine” R,RRIC—COXHS5
2 3
a, Ri = R2= R3= CH, a, R2= R2= R, = CHu

(1) Taken from the Ph.D. Thesis of C. A. Harbert, 1967, and presented
in part at the 2nd Midwest Regional American Chemical Society Meet-
ing, Lawrence, Kan., Oct 27-28, 1966.

(2) NDEA Fellow, 1963-1966.

(3) N. Rabjohn, L. V. Phillips, and R. J. DeFeo, J. Org. Chem., 24, 1964
(1959).

(4) N. Rabjohn and C. L. King, unpublished results.

(5) C. L. Stevens and J. C. French, J. Amer. Chem. Soc., 75, 657 (1953).

Suggestions are made with regard to the mechanism by which 2 is converted to 3.

tarry residue, and a colorless oil (33%) which was iden-
tified as ethyl 3,3-dipentyl-2-oxooctanoate, 3a. Efforts
to isolate and identify the species responsible for the
ketenimine absorption were largely futile and will not
be described here.

Apparently 3a was formed by the oxygenation of the
Grignard complex, 1. A similar reaction has been re-
ported by Stork, Herz, and Wendt6 who oxygenated
the conjugate addition complexes of several 16-dehydro-
20-oxopregnanes to obtain the corresponding 17a-ols.
The isolation of 3a, rather than a cyanohydrin or a
related material, in the present case, indicates that the
oxygenated intermediate is unstable and decomposes
with the loss of the nitrile group.

In an effort to decrease the reaction time and increase
the yield of 3a, air or oxygen was bubbled into ether
solutions of the Grignard complex. The reaction time
was lowered to 20 hr, but the yield of 3a was decreased.
Substitution of tetrahydrofuran for ether increased the
yield to 41%, whereas the use of anisole led to a com-
plex mixture which was not separated. Also, the sol-
vent combination of benzene-triethylamine7was tried,
but apparently the 1,4 addition failed in this system.
Although the preparation of 3a by this autoxidative
route was novel, the synthetic utility appeared to be
limited so attention was turned to an alternative ap-
proach.

The base-catalyzed autoxidation of the saturated
cyano ester, 2a, then was investigated since Russell and
coworkers8have shown that this is an excellent way to
oxidize compounds which have active hydrogen atoms.
This choice proved to be fortunate since a 71% yield of
3a was obtained by passing oxygen into a mixture of 2a,
potassium ¢-butoxide, dimethyl sulfoxide, and ¢-butyl
alcohol. The use of other solvents was investigated
and, since dimethylformamide gave slightly better re-
sults, 80% 3a, it was employed in further autoxida-
tions. ¢-Butyl alcohol was tried without success, and
an autoxidation of 2a in the benzyltrimethylammonium
hydroxide-pyridine system9afforded the corresponding
3a, but more volatile by-products were formed also.

The autoxidation was extended to the other 2 in
Table I, and the results are recorded in Table II. The
yields of 3 were generally good except in the case of
ethyl 2-cyano-2-cyclohexylacetate. When the normal

(6) G. Stork, J. E. Herz, and M. W. Wendt, U. S. Patent 3,080,393 (1963);
Chem. Abstr., 89, 8835 (1963).

(7) E.C. Ashby and R. Reed, J. Org. Chem., 81, 971 (1966).

(8) G. A. Russell, E. G. Janzen, A. G. Bemis, E. J. Geels, A. J. Moye,
S. Mak, and E. T. Strom, 'Selective Oxidation Processes,” Advances in
Chemistry Series, No. 51, American Chemical Society, 1965, pp 112-169.

(9) Y. Sprinzak, J. Amer. Chem, Soc., 80, 5449 (1958).
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Table I
Ethyl 2-Cyano 3,3-Disubstituted Carboxylates 2
) Yield, Calcd, % --—--- a——Found, of-——.
Ri* R2 Ra* Bp, °C (ram) n~D % Formula c H c H

cHb5 cH5 chH 1 130-133(2) 1.4513 72 cBH2ZNO2(a)5 71.10 10.74 71.33 10.78
(CH 26 cth 5 118-120(0.4) 1.5250 76 CIMH 2IN 0 2(b) 75.24 7.80 75.34 7.94

C2Hb5 chb ch9 135-138 (0.4) 1.4530 83 C1H 3N 0 2(c) 73.73 11.40 73.89 11.25
ch 9 CeHi3 CHu 117-119(0.1) 1.4532 77 CAHINO 2(d) 74.72 11.65 74.64 11.54
ch, CHu chu 119-122 (0.1) 1.4530 85 C2IH3j)N02C(6) 74.72 11.65 74.81 11.75
ch, C@Hu cthb 123-125 (0.05) 1.4940 89 c2ZH3BN02(f) 76.92 9.68 76.69 9.72

- All alkyl groups are normal.

b Identification for registry no.

(m, 36, CH2 CH3); ir (film) 2250 (CN) and 1750 cm-1 (CO).

Tabte |l

3,3-Dialkyl-2-oxocarboxylates 3

«Nmr (CC1,) i 4.20 (q, 2, OCH,CH3; 3.37 (s, 1, CH), and 0.7-1.7

Temp, Yield, -—Calcd, %— . —Found, %—,
Ri* RA Ra* Bp, °C (mm) iR “C Solvent % Formula C H c H
(CH2)5 H 105-107 (6)5 1.4514 20 DMF! 21 C10H 1603 (g)d
ch5 CoHs CHIn 112-114(2) 1.4369 20 DMF 72 CuH=x03(h) 69.38 10.81 69.58 10.72
(CH25 c 6 120-122(1) 1.5185 20 DMF 60 CHBA2D. (i) 73.82 7.74 74.04 7.74
CHs c49 c,hB 90-93(0.05) 1.4428 50 DMF 74 C18H3403 (j) 72.43 11.48 72.43 11.26
cth5 CJ19 CH,5 20 DMSO-f-BuOH' 61
CA cHh, CeHi3 112-115(0.35) 1.4442 50 DMF 76 CxHx=03(k) 73.57 11.73 73.77 11.62
C@Hu CsHn CB1u 94-96 (0.15) 1.4442 20 DMSO-f-BuOH* 71 CxoH303(1) 73.57 11.73 73.66 11.84
chl CHu cCHn 20 DMF 80
cthl CHu cells 113-115(0.05) 1.4860 50 DMF 68 CzH=z03(m) 75.86 9.70 75.90 9.67

“ All alkyl groups are normal.
amide. d ldentification for registry no.

twofold excess of base was used with the latter, no ethyl
cyclohexylglyoxylate was obtained, apparently because
of further oxidation at carbon-3 of this initially formed
product. This difficulty was alleviated to some extent
(21% vyield) by employing a stoichiometric amount of
potassium ¢-butoxide.

The fate of the cyano group during the autoxidation
was of interest since it could leave as cyanide or cyanate
ion. AurichDhas shown that the base-catalyzed autox-
idation of phenylacetonitrile affords cyanide ion, whereas
cyanate ion is obtained from diphenylacetonitrile.
These results suggest that cyanate ion should be formed
on autoxidation of 2. Accordingly, autoxidation mix-
tures from 2a were analyzed by precipitation of the
silver salts,11and the method was tested against stan-
dard solutions of cyanate and cyanide ions. When the
method was applied to autoxidation mixtures from di-
phenylacetonitrile and phenylacetonitrile, the values
obtained were 98% cyanate ion from the former and
90% cyanide ion from the latter; these are in good
agreement with Aurich’s results.10 The data from the
autoxidation of 2a indicate that cyanate and cyanide
ions are produced in the approximate ratio of 4:1.

The mechanism of the autoxidation of 2 has not been
established completely, but it obviously must involve
peroxy anion, 5 (Chart I). Its formation may be
pictured as a direct reaction of 4 with oxygen,912or as a
multistep process through radicals 6 and 7 as suggested
by Russell.813 It is not possible to distinguish between
these alternative routes on the basis of the present
study.4 The peroxy anion, 5 might be transformed

(10) H. G. Aurich, Tetrahedron Lett., 657 (1964).

(11) G. Chariot, “Quantitative Inorganic Analysis,” R. C. Murray, Trans-
lator, Wiley, 1954, pp 310-312.

(12) H. R. Gersmann, H. J. Nieuwenhuis, and A, F. Bickel, Tetrahedron
Lett., 1383 (1963).

(13) For recent, reviews on the relative merits of the one- vs. two-electron
transfer mechanism, see ref 8 and G. A. Russell, J. Pure Appl. Chem., 15,
185 (1967).

b R. Fischer and T. Wieland, chem. Ber., 93, 1387 (1960):
* Dimethyl sulfoxide-I-butyl alcohol (80:20, v/v).

bp 117-120° (15 mm). < Dimethylform-

to products by at least the three routes shown in Chart
I. Path “b” is suggested as the predominant one on
the basis of the preferential formation of cyanate ion;
similar reactions are well documented.5 Path “a”
seems to be the most likely way by which cyanide ion
might arise.

The corresponding 2-oxo acids, 9, were formed as
minor products in the autoxidation of the 2-oxo esters,
3. A plausible route to these compounds might be by a
base-catalyzed elimination as shown.’ Upon heating,

i-BuO “
RIR2R3ICOCOXHIH) -~ >-

3
RIRZR3ICcoCOH + ch2 ch?2

9

the 2-oxo acids, 9, lose carbon dioxide and rearrange to
ketones. A study of this reaction will be reported
separately.

The autoxidation of 2-cyano-3,3-dipentyloctaneni-
trile was examined briefly during the course of the
present investigation. The expected initial product
was an acyl cyanide, 8. It was hoped that the experi-
ment might help to elucidate the fate of any 8 which
arose by path “c” during the autoxidation of 2; how-
ever, the autoxidation of the dinitrile produced a com-
plex mixture which by ir analysis contained 8, un-
changed dinitrile, and acidic materials. No attempt
was made to separate the oily product.

(14) Russell813 has cited catalysis of the autoxidation of carbanions by
nitro aromatics as evidence for the one-electron transfer mechanism. In a
single experiment in the present investigation it appeared that the autoxida-
tion of 2a in DMSO-f-BuOH was not catalyzed significantly by nitroben-
zene.

(15) C. Walling and S. A. Buckler, J. Amer. Chem. Soc., 77, 6032 (1955):
M. Avramoft and Y. Sprinzak, ibid., 85, 1655 (1963).

(16) E. S. Gould, "Mechanism and Structure in Organic Chemistry,”
Henry Holt, New York, N. Y., 1959, pp 493-494.
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Rabjohn and Herbert

Chart |

Experimental SectionT7

Materials.—Unless otherwise stated, reagents were obtained
from commercial sources and distilled prior to use. The potas-
sium f-butoxide was prepared according to the method of Johnson
and Schneider.8 Magnesium sulfate was employed as the drying
agent.

2-Cyano 3,3-Dialkyl Substituted Esters (2).—The compounds
listed in Table | were prepared by the addition of Grignard re-
agents to ethyl alkylidenecyanoacetates in the presence of cuprous
iodide according to a previously described procedure.3 The
needed cyanoacetates were synthesized by the method of Cope,
et as.,19 and those not described previously in the literature are
recorded below.

Ethyl 2-Cyano-3-butyl-2-nonenoate.— This compound was
obtained in 88% yield from 5-undecanone and ethyl cyanoace-
tate: bp 113-115° (0.5 mm); «*“d 1.4661.

Anal. Caled for Ci6H2ZNO2 C, 72.41; H, 10.26.
C, 72.60; H, 10.41.

Ethyl 2-Cyano-2-cyclohexylacetate.—The method of Marshall
and Carrollowas adopted. From 50 g (0.26 mol) of ethyl cyclo-
hexylidenecyanoacetate, 19 3 g (0.08 mol) of sodium borohydride,
and 120 ml of ethanol there was obtained 40.7 g (80%) of product:
bp 124-125° (3 mm); » Zd 1.4580 [lit.0o bp 112-113° (1.8 mm);
n“ D 1.4574).

2-Cyano-3-pentyl-2-octenenitrile.—The method of Cope and
Hoyle21 was followed. The condensation of 150 g (0.8 mol) of 6-
undecanone with 52.8 g (0.8 mol) of malononitrile afforded 92 g
(53%) of material: bp 112-114° (1 mm); nZD 1.4713.

Anal. Calcd for CuH2N2: C, 77.01; H, 10.16.
C, 76.87; H.9.97.

2-Cyano-3,3-dipentyloctanenitrile.—A titrated22 ether solution
of 0.12 mol of pentylmagnesium bromide was added to a mixture
of 25 g (0.115 mol) of 2-cyano-3-pentyl-2-octenenitrile and 0.57
g (0.003 mol) of cuprous iodide in 100 ml of anhydrous ether while
the temperature was maintained at 24-26°. The mixture was
allowed to stir overnight, hydrolyzed with dilute hydrochloric
acid, and worked up in the usual mannersto give 19.4 g (60%) of
product: bp 105-107° (0.1 mm); nZh 1.4550.

Anal. Calcd for CieH:N2 C, 78.56; H, 11.80.
C, 78.50; H, 11.65.

Found:

Found:

Found:

(A7) The ir spectra were recorded on a Perkin-Elmer Model 237-B spectro-
photometer and the nmr spectra were run on a Varian A-60 spectrometer
employing tetramethylsilane as an internal standard. Elemental micro-
analyses were performed by Drs. Weiler and Strauss, Oxford, England, and
Galbraith Laboratories, Inc., Knoxville, Tenn. Analytical vpc was done on a
Wilkens Aerograph A90-P3 and a Microtek 2000-R gas chromatograph. All
boiling points are uncorrected.

(18) W. S. Johnson and W. P. Schneider, “Organic Syntheses,” Coll. Vol.
IV, N. Rabjohn, Ed., Wiley, New' York, N. Y., 1963 p 132.

(19) A. C. Cope, C. M. Hofmann, C. Wyckoff, and E. Hardenbergh, ./,
Amer. Chem. Soc., 63, 3452 (1941).

(20) J. A. Marshall and R. D. Carroll, J. Org. Chem., 30, 2751 (1965).

(21) A. C. Cope and K. E. Hoyle, J. Amer. Chem. Soc., 63, 733 (1941).

(22) H. Gilman, P. D. Wilkinson, W. P. Fishel, and C. H, Meyers, ibid.,
45, 150 (1923).

_CN-
[¢]

R,RR,C—C—COZEt

)SCNO-3
o
—EtCOj" !
.......... -RiRIRjCC—CN
8

Autoxidation of the Grignard Complex, 1, R3= R2= Rj =
CsHn, from the Reaction of Pentylmagnesium Bromide with
Ethyl 2-Cyano-3-pentyl-2-octenoate. A. Prolonged Exposure
to Air.—A titrated= ether solution of 0.32 mol of pentylmagne-
sium bromide was added to a mixture of 70 g (0.26 mol) of ethyl
2-cyano-3-pentyl-2-octenoate1 and 1.32 g (0.007 mol) of cuprous
iodide in 250 ml of dry ether while the temperature was main-
tained at 24-26°. The drying tube was removed from the con-
denser and the mixture was allowed to stir for 1000 hr at room
temperature. The orange reaction mixture was hydrolyzed with
dilute hydrochloric acid and worked up to give 89 g of a red oil
whose ir spectrum (neat) showred absorptions at 2035 (ketenimine,
m),s 1655 (C==C, m), and 1750 and 1715 cm" 1 (C=0, s). The
vpc chromatogram (silicone rubber on Chromosorb W, 45-60)
had only two major peaks corresponding to cyano ester 2a
(35%) and an unknown (60%) of shorter retention time. A 24-g
portion of the crude product was distilled through a spinning-band
column to give 7.9 g (33%) of a compound, identified as ethyl
3,3-dipentvl-2-oxooc.tanoate, 3a, bp 94-96° (0.15 mm), nZd
1.4442; 4 g of cyano ester 2a; and 8 g of a tarry residue.
An ir spectrum (neat) of the low-boiling ester had peaks at 1745
and 1715 (C=0, s) and 1270 cm"1 (CO=R, s) and the nmr spec-
trum (neat) had absorptions at s4.22 (q, 2, OCH2CH3 and 0.7—
19 (m, 36, CH2 CH3.

Anal. Caled for CoHz03 C, 73.57; H, 11.73.
C, 73.66; H, 11.84.

B. Reaction with Oxygen.—A titrated ether solution of 0.08
mol of pentylmagnesium bromide was added dropwise to a mix-
ture of 17.2 g (0.065 mol) of ethyl 2-cyano-3-pentyl-2-octenoate
and 0.33 g (0.002 mol) of cuprous iodide in 65 ml of dry ether.
The reaction mixture was allowed to stir at room temperature for
2 hr and the flask was fitted with a Dry Ice condenser and a gas-
dispersion tube. Oxygen was admitted for 20 hr and the mixture
was hydrolyzed with dilute hydrochloric acid and worked up.
The resulting black oil was distilled through a spinning-band
column to give 3.8 g (18%) of 3a, bp 96-98° (0.25 mm), wZAd
1.4450, and a tarry residue.

Autoxidation of Ethyl 2-Cyano 3,3-Disubstituted Alkanoates
(2).—The following procedure is a modification of the method of
Russell and coworkerss and is representative of the method used
to obtain the 2-keto esters, 3, recorded in Table II. In a 200-ml
three-necked flask equipped with a magnetic stirrer, gas-disper-
sion tube, and reflux condenser, protected with a drying tube,
were placed 16.8 g (0.05 mol) of ethyl 2-eyano-3,3-dipentyloc-
tanoate, 2a, 11.2 g (0.1 mol) of potassium i-butoxide, and 150 ml
of anhydrous DMF. Oxygen was passed through the solution
for 19 hr at room temperature, and then it was quenched with
water (100 ml) and extracted with five 50-ml portions of ether.
The combined extracts were washed, dried, and concentrated to
give an oil which was distilled through a spinning-band column.
There was obtained 13.1 g (80%) of 3a: bp 103-108° (0.5 mm);
rexsr>1.4444.

The autoxidation was repeated several times, both at room
temperature and 50°; only 7-9 hr was required at the latter tem-
perature. The yields were comparable at both temperatures
and varied from 51 to 80%. Similar autoxidations in DMSO-f-

Found:
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BuOH (80:20 v/v) afforded 3ain 71% yield and in 51-66% yield
when carried out at 50 + 2°, with the balance of the product
being a lower boiling ketone.

Autoxidation of Ethyl 2-Cyano-3,3-dipentyloctanoate. De-
termination of Cyanide and Cyanate lons.1t—The determination
was carried out several times and the following procedure is repre-
sentative. Oxygen was passed into a solution of 3.37 g (0.01
mol) of 2a and 2.24 g (0.02 mol) of potassium f-butoxide in 60 ml
of DMSO-f-BuOH (80:20 v/v) for 7 hr at 50 + 3°. The
mixture was quenched with 50 ml of distilled water and extracted
with three small portions of ether and the aqueous portion was
adjusted to pH 5-7 with dilute nitric acid. A solution of 2 g
(0.012 mol) of silver nitrate in 20 ml of distilled water was added
and the white precipitate was collected on a tarred, sintered-glass
funnel. It was washed with two small portions of water and
treated with five 15-ml portions of dilute (1:5) nitric acid. The
remaining silver cyanide was washed with distilled water and
dried. The solid weighed 0.33 g (0.0025 mol) which corresponds
to 25% cyanide ion; the cyanate ion was taken as the difference
from 100%.
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The results varied from 25 to 27% cyanide ion in DMSO-t-
BuOH (80:20 v/v) to 14-18% cyanide ion in DMF. These
values represent an approximate product ratio of 80:20 cyanate to
cyanide ion on the basis of the determinations with standard solu-
tions. The latter contained 20% cyanide and 80% cyanate ions,
in the appropriate solvents, and were subjected to the conditions
of the autoxidation and work-up procedure prior to precipitation
of the silver salts. The average values for cyanide and cyanate
were found to bs 23 and 77% in DMSO-i-BuOH and 15 and 85%
inDMF.

Registry No.—Table I—a, 25593-95-7; b, 25593-
96-8; ¢, 25593-97-9; d, 25593-98-0; e, 25593-99-1;
f, 25594-00-7; Table Il—g, 13275-31-5; h, 25594-02-9;
i, 25565-11-1, j, 25565-12-2; k, 25594-03-0; 1, 25594-
04-1; m, 25565-13-3; ethyl 2-cyano-3-butyl-2-non-
enoate, 25594-05-2; 2-cyano-3-pentyl-2-octenenitrile,
13017-59-9; 2-cyano-3,.3-dipentyloctanenitrile, 25594-
07-4.

Additions to Bicyclic Olefins. V.
The Facile Reduction of Labile Epoxides of Bicyclic Olefins by
Lithium in Ethylenediamine
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The reduction of many hindered and unstable bicyclic epoxides with lithium aluminum hydride is very slow

and is often accompanied by rearrangement.

solution of such epoxides at 50° reduces such epoxides rapidly, without rearrangement.
oxide is readily reduced to essentially pure ezo-norbornanol in 87% yield.

In contrast, the addition of lithium metal to an ethylenediamine

In this way, norbornene
Similarly, badly hindered and labile

epoxides, such as 2~methylene-7,7-dimethylnorbornane oxide and exo- and endo-7,7-dimethylnorbornene oxides,
were readily reduced to the corresponding tertiary and secondary alcohols, respectively.

We were interested in studying the stereochemistry
of the epoxidation of norbornene, 7,7-dimethylnor-
bornene, and related olefins.4 |f the resulting epoxides
could be reduced quantitatively to the corresponding
known bicyclic alcohols, the stereochemistry of epoxida-
tion could be conveniently established by vapor phase
chromatography.

Unfortunately, the usual reduction of epoxides by
lithium aluminum hydride is very slow for many of
these bicyclic epoxides. Moreover, such reductions are
often accompanied by rearrangements. For example,
in order to achieve a reasonable rate, Kwart and
Takeshita6found it necessary to treat norbornene oxide
with lithium aluminum hydride in boiling N-ethyl-
morpholine. They obtained 16% of the rearranged
7-norbornanol in addition to 84% of the expected
2-norbornanol (eq 1). The 7-norbornanol presumably

16% 84%

resulted from electrophilic ring opening of the epoxide
ring by lithium aluminum hydride.

(1) Author to whom correspondence should be addressed.

(2) Postdoctorate research associate on a grant (GP 6492 X) supported by
the National Science Foundation.

(3) Graduate research assistant on grants (G 19878 and GP 6492 X) sup-
ported by the National Science Foundation.

(4) H. C. Brown, J. H. Kawakami, and S. Ikegami, J. Amer. Chem. Soc.,
in press.

(5) H.Kwart and T. Takeshita, J. Org. Chem., 28, 670 (1963).

Data reported by Hallsworth and Henbest67 in-
dicated that some steroidal epoxides, which were quite
unreactive to lithium aluminum hydride, were easily
reduced with a large excess of lithium in ethylamine.
However, they obtained some olefin in the reduction of
labile steroidal epoxides.

Consequently, a study was begun to determine
whether the various norbornyl epoxides would be
reduced quantitatively with lithium-ethylamine to the
corresponding alcohols without rearrangements or
eliminations occurring to complicate the interpretation
of the results.

Results and Discussion

We found ethylenediamine (bp 116°) a more con-
venient medium to use than the much lower boiling
ethylamine (bp 16°) for routine laboratory reduction of
hindered epoxides.8 After some exploratory experi-
ments an exceedingly simple procedure was developed
and proved highly satisfactory. This procedure in-
volves dissolving 10 mmol of norbornene oxide in 10 mi
of ethylenediamine, adding 30 mg-atoms of lithium wire
in 2-mm pieces, and heating at 50° with stirring until a

(6) A. S. Hallsworth and H. B. Henbest, J. Chem. Soc., 3571 (1960).

(7) A. S. Hallsworth and H. B. Henbest, ibid., 4604 (1957).

(8) (a) The lithium reduction in ethylenediamine is much less vigorous
than in ethylamine. We have encountered side reactions in ethylamine when
the reaction conditions were not controlled (see Discussion), (b) Isolation
of the alcohol from the epoxide reduction in ethylenediamine is simple be-
cause the base is very soluble in water where it exists as the hydrate, and is
only slightly soluble in ether, whereas ethylamine is miscible both in water
and in ether.
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blue color persists. This usually takes approximately 1
hr. The norbornanol was then isolated in 87% yield
by the addition of 10 ml of water, followed by extrac-
tion with 20 ml of ether or tetrahydrofuran. Analysis
by glpc indicated no olefin or epoxide, 99.3% 2-nor-
bornanol, 0.2% 7-norbornanol, and 0.5% nortricyclanol
(eq 2). Even the more hindered endo-epoxide from

7.7- dimethylnorbornene was readily reduced in 1 hr to
7.7- dimethylnorbornanol in 87% vyield (eq 3). In

contrast, the reduction of this epoxide with lithium
aluminum hydride in diglyme at 100° for 24 hr yielded
19% unreacted epoxide, 47% 7,7-dimethylnorbornanol,
and 44% rearranged alcohols.9 D

The very labile 2-methylene-7,7-dimethylnorbornane
oxide underwent isomerization in all of our attempts at
a glpc analysis. Its lability is also indicated by the
report that the room temperature reduction with
lithium aluminum hydride gives chiefly primary
alcohol.1 Presumably, the labile epoxide undergoes
an electrophilic ring opening prior to reduction by
hydride. However, this labile oxide readily underwent
reduction by lithium-ethylenediamine to give the
tertiary alcohol in 89% vyield (eq 4).

This reduction with lithium-ethylenediamine was
extended to all of the bicyclic epoxides of interest, as
well as to several representative alicyclic and aliphatic
epoxides. In all cases the reduction proceeded cleanly
and the alcohols were obtained in high yields. The
results are summarized in Table I.

Similar results could be obtained using ethylamine,
provided that the reaction conditions were rigorously
controlled. However, the lithium metal reduction in
ethylamine is very vigorous, even at —20°, and is not

(9) This epoxide is stable to our glpc conditions. However, very labile
epoxides, such as 2-methylene-7,7-dimethylnorbornane oxide, rearrange on
the glpc column.

(10) The reduction of earo-norbornene oxide with lithium aluminum hy-
dride yielded various amounts of endo-norbornanol depending upon the re-
action conditions (see Experimental Section).

(11) W. Hiickel and D. Volkmann, Justus Liebigs Ann. Chem., 664, 31
(1963).

Brown, lkegami, and Kawakami

Table |

Lithium-E thylenediamine Reduction of Epoxides

Yield of
alcohols,
Epoxides of olefins %" Alcohols®
Norbornene 87 2-Norbornanol

7,7-Dimethyl-2-norbornanol
60% I-methyl-2-norbornanol
40% 4-methyl-2-norbornanol
71% 2-methyl-2-norbornanol
29% 3-methyl-2-norbornanol
51% I,7,7-trimethyl-2-nor-
bornanol
49% 1,7,7-trimethyl-3-nor-
bornanol
2-Methyl-2-norbornanol

7,7-Dimethylnorbornene 87
I-Methyl-2-nobornene 88

2-Methyl-2-norbornene 100
1,7,7-Trimethylnorbor- 80

nene

2-Methylenenorbornane 85

2-Methylene-7,7-di- 88 2,7,7-Trimethyl-2-norbornanol
methylnorbornane

1-Methylcyclohexene 93 1-Methylcyclohexanol

1-Butene 82 2-Butanol

2-Methyl-2-butene 82 90% 3-methyl-2-butanol

10% 2-methyl-2-butanol

“Yield by glpc analysis. b Since the epoxides were often mix-
tures of exo and endo, the corresponding alcohols were also mix-
tures of stereoisomers. The stereochemistry of the alcohols al-
ways conformed to the stereochemistry of the epoxides, as es-
tablished by pmr and glpc analysis.

always easy to control. For instance, a drastic change
in reaction products is observed if norbornene oxide is
added to a mixture of ethylamine and lithium. If the
epoxide was added 5 min after a blue color appeared,
there was obtained an 87% yield of recovered epoxide,
10% norbornanol, and 3% tricyclanol. If the epoxide
was added 1 min after the appearance of the blue
color, there was obtained 1% norbornene oxide, 64%
norborneol, and 35% nortricyclanol (eq 5). Nortri-

cyclanol probably results from base attack on nor-
bornene oxide, as reported previously by Crandall.2

Thus, it appears that the use of ethylenediamine in
lithium metal reduction of hindered and labile epoxides
has a number of significan' advantages over that of
ethylamine. In addition, this simple and convenient
procedure may also find application in the reduction of
many simple aliphatic and alicyclic epoxides. Although
the lithium-ethylenediamine reduction is not always
selective, it appears that it is widely applicable to
bicyclic epoxides and may be very helpful in other
instances where the reduction by complex hydrides
fails.

Experimental Section

Materials.—Anhydrous ethylenediamine from Fisher Scien-
tific Co. was used without further treatment.

(12) J. K. Crandall, J. Org. Chem., 29, 2830 (1964).
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Gas Chromatography.— The analyses were carried out on the
Perkin-Elmer 226 fitted with a 150 ft X 0.01 in. Golay column.
Authentic samples were utilized to identify the products.18

Epoxidation of Olefins.—The olefins were epoxidized with
m-chloroperbenzoic acid in methylene chloride.4

Typical Procedure for the Lithium-Ethylenediamine Reduc-
tion of Epoxides.—To a 100-ml three-necked flask fitted with a
septum outlet, thermometer, and magnetic stirring bar under
nitrogen was added 10 mmol of norbornene oxide and 10 ml
of anhydrous ethylenediamine. Then 0.21 g (30 mg-atoms) of
lithium wire cut into 2-mm pieces and washed with pentane
was added at room temperature with vigorous stirring. The
reduction is exothermic above room temperature, but a water
bath was necessary to keep the temperature at 50° for 1 hr.
Many colors are observed during the reduction, but the reduction
is complete when a blue-purple color persists. The reaction
mixture was cooled and 10 ml of water was added to destroy
excess reagent. Extraction with 20 ml of tetrahydrofuran,
drying (MgSO04), addition of a calibrated internal standard, and
analysis by glpc indicated an 87% yield of 99.3% 2-norbornanol,
0.2% 7-norbornanol, and 0.5% nortricyclanol (Ucon LB
550X at 100°) in order of increasing retention time. No 2-
norbornanone, norbornene oxide, or norbornene were detected.

Reduction of Norbornene Oxide with LiAIH4—To a flame-
dried 50-ml round-bottomed flask was added 5 ml of a 1 m
LiAIHt solution in diglyme, 15 ml of dry and peroxide-free di-
glyme, and 0.55 g (5 mmol) of norbornene oxide under nitrogen.
After 67 hr at 100° there was obtained a 77% yield of 98.1%
exo- and 1.9% ercdo-norbornanol, and a trace of 7-norbornanol.
If the same reduction was run in the presence of air, the amount
of endo-norbornanol increased to 7% in 24 hr.® Although no
7-norbornanol was detected, there was obtained 9% an un-
known with a shorter retention time than exo-norbornanol
(Ucon LB 550X at 100°).

Reduction of 7,7-Dimethylnorbornene Oxide with LiAIH4—

(13) H. C. Brown and J. H. Kawakami, J. Amer. Chem. Soc., 92, 1990
(1970).

(14) S. V. Vittand N. S. Martinkova, Izv. Akad. Nauk. SSSR, Ser. Khim.,
524 (1964); Chem. Abstr., 60, 15696 (1964). These authors observed that
when benzhydrol-I-d and its potassium salt are heated under nitrogen in
diglyme and lithium aluminum hydride, benzhydrol loses some deuterium.
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The crude oxide was reduced at 100° in 24 hr with LiAIH4in
diglyme in the presence of dry air. There was obtained 19%
recovered oxide, 18% an unknown (alcohol), 6% 5,5-di-
methyl-exo-2-norbornanol  (?), 2.5% 7,7-dimethyl-2-exo-nor-
bornanol, 1% 6,6-dimethyl-2-norbornanol, 47.2% 7,7-dimethyl-
2-endo-norbornanol, and seven other minor peaks.

Reduction of Norbornene Oxide with Li in Ethylamine.—
To a 50-ml flask fitted with a magnetic stirring bar, Dry Ice
condenser, and a nitrogen inlet was added 1.1 g (10 mmol) of
norbornene oxide and 20 ml of ethylamine via a syringe cooled
with Dry Ice. The mixture was cooled to —20° and 0.21 g
(30 mg-atoms) of Li wire cut in 2-mm pieces was added. The
reduction was vigorous. In 5 min a persistent blue color ap-
peared. The Dry Ice condenser was removed and the ethyl-
amine swept out with nitrogen. Water (20 ml) was added;
extraction with 20 ml of ether gave on evaporation an 89% yield
of 2-norbornanol with only traces of other isomers.

Side Reactions in Reductions with Li in Ethylamine.—After a
mixture of 10 ml of ethylamine and 0.21 g (30 mg-atoms) of Li
at —20° remained blue for 5 min, a solution of 1.1 g (10 mmol)
of norbornene oxide in 30 ml of petroleum ether (35-37°) was
added. The blue color dissipated after only 1 mmol of the
epoxide solution was added. After stirring the mixture for
15 min at —20°, the work-up indicated an 87% yield of un-
reacted epoxide, 10% 2-exo-norbornanol, and 3% nortricyclanol.
In contrast, if the epoxide was added 1 min after the appearance
of the blue color, 1% norbornene oxide, 64% 2-norbornanol,
and 35% nortricyclanol were obtained:

Reduction of Nonhindered Epoxides.—The lithium-ethylene-
diamine reductions of nonhindered epoxides such as 1-butene
oxide are quite exothermic. The reduction can be controlled
with ice cooling.

Registry No.'—Norbornene, 498-66-8; 7,7-dimethyl-
norbornene, 6541-60-2; I|-methyl-2-norbornene, 822-
73-1; 2-methyl-2-norbornene, 694-92-8; 1,7,7-trimethyl-
norbornene, 464-17-5; 2-methylenenorbornene, 497-
35-8; 2-methylene-7,7-dimethylnorbornane, 471-84-1;
1- methylcyclohexene, 591-49-1; 1-butene, 106-98-9;
2- methyl-2-butene, 513-35-9.

Synthesis and Properties of Cobalticinium Salts.
I. Synthesis of Monosubstituted Cobalticinium Saltsl
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Procedures for synthesis of methyl (2, 3), carboxy (4, 5), chlorocarbonyl (6), carbalkoxy (7), amino (9), and

nitro (10) cobalticinium salts are given.

The amino derivative shows extremely low basicity (pXb = 15.6 +

0.1) but, in marked contrast to the ferrocene analog, can be diazotized and coupled with phenol to form an azo

dye 10, pXa = 7.05 + 0.03.

The substituted cobalticinium salts show greater resistance toward oxidation

than the corresponding ferrocene analogs and are not degraded by concentrated mineral acids or aqueous base.
Hydroxy-2,3,4,5-tetraphenylcobalticinium ion, 15, exists in proteolytic equilibrium with the stable x-cyclopenta-

dienyltetraphenylcyclopentadienonecobalt complex, 14, pAa = 23 + 0.1 in 50% ethanol.

Procedure for

synthesis of salts of 15 and the acetoxy derivative 16 from 14 are given.

Cobalticinium salts, in contrast to the isoelectronic
ferrocene analogs, show strong resistance to oxidation,
even by strong oxidizing agents such as fuming nitric
acid, potassium permanganate, and ozone.3} Gill and
Mann4 have found that ferrocene derivatives act as
potent haptens, greatly enhancing the ability of syn-
thetic peptides to induce formation of antibodies, but
these compounds are degraded by enzymes of the host

(1) Part Il: J. E. Sheats, C. E. Whitten, and W. M. Minihane, paper

in preparation.

(2) National Science Foundation Science Faculty Fellow, 1969. Chemis-
try Department, Rider College, Trenton, N. J. 08602.

(3) E. O. Fischer and G. E. Herberich, Chem. Ber., 94, 1517 (1961).

(4) T. J.Gill, Ill, and L. T. Mann, Jr., J. Immunology, 96, 906 (1966).

organism. They proposed the use of the more stable
cobalticinium salts as haptens, as tracers in biological
systems, as electron dense markers in electron micros-
copy and X-ray crystallography, and as carriers of
Co®in radiotherapy. We have therefore undertaken a
systematic study of the synthesis and chemical proper-
ties of cobalticinium salts and their rhodium and iridium
analogs.

Results and Discussion

Since electrophilic substitution on the cobalticinium
nucleus is yet to be accomplished, substituted deriva-
tives must be prepared directly from substituted cy-
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Methylcyclopentadiene, readily avail-
able commercially, was chosen as the starting-
material for the syntheses. A mixture of 1, 2, and 3
was prepared in 20-30% vyield from equimolar amounts
of cyclopentadiene, methylcyclopentadiene, and cobalt
bromide by a modification of the amine method for
preparing metallocenes.6 Pyrrolidine, which is a
stronger base and a better solvent for cobalt bromide,
was used instead of diethylamine as the solvent for the
reaction. Hexafluorophosphate was employed as the
counterion in most of the subsequent syntheses, since
the resulting salts crystallized readily, were not hy-
groscopic, and showed moderate solubility (1-10 g/1.) in
both water and polar organic solvents. Elemental
analyses of these compounds, however, usually showed a
low phosphorus content, possibly because of partial
degradation of the hexafluorophosphate ion. When
analytical samples were required, the compounds were
converted to the tetraphenylborates, which could be
purified more readily.

clopentadienes.

X
LX =H;Y=H 7,X = COTH3 Y = H
2,X = CH3)Y = H 8 X = CON3 Y = H

4 3,X = CH3Y = CH3 9, X = NH2Y = H

4X = COsH;Y = H 10X = NO2Y = H
5, X = COH:Y = C02 11, X =-N=N-p-C6H40H;
6,X = COCLY = H Y = H

Y

Attempts to separate the hexafluorophosphates of 1,
2, and 3 by fractional crystallization or column chro-
matography were unsuccessful. The methyl groups
were therefore oxidized to carboxyls by treatment with
basic aqueous potassium permanganate.3 Addition of
excess sodium hexafluorophosphate to the basic solution
precipitated 1 quantitatively. After acidification, a
mixture of the mono- and dicarboxvlic acid derivatives,
4 and 5, precipitated as hexafluorophosphate salts.
Compound 4 dissolved readily in acetone, whereas 5
was virtually insoluble. The acyl chloride 6 was pre-
pared from 4 and converted to the methyl ester 7 and
the acyl azide 8. Rearrangement of 8 in concentrated
sulfuric acid at 130° produced a 60% vyield of the amino
derivative 9 and a 20% vyield of 4. No sulfonic acid
derivatives of either 4 or 9 were obtained.

Aminocobalticinium ion 9, pAb = 15.6 = 0.1, exhibits
the very low basicity expected for a highly deactivated
aromatic amine bearing a positive charge. It is less
basic than benzene-aminocyclopentadienyl iron(ll)
fluoroborate,6 12, pKb = 14.6, which also bears a
positive charge and the neutral molecules aminocyclo-
pentadienylmanganesetricarbonyl,7 13, pKh = 11.79,
and aminoferrocene,8 pAb = 10.35. In contrast to
aminoferrocene, which is destroyed rapidly by atmo-
spheric oxygen, nitrous acid or other oxidizing agents, 9
can be oxidized by hydrogen peroxide to the nitro
derivative 10 and can be diazotized in hydrochloric acid.
Compounds 12 and 13, although less stable toward
oxidation than 9, can also be diazotized.67 Coupling of

(5) Norman Rabjohn, Ed., "Organic Syntheses,”” Coll. Vol. IV, Wiley,
New York, N. Y., 1963, p 476.

(6) A. N. Nesmeyanov, N. A. Vol'kenau, and L. S. Isaeva, Dokl. Akad.
Nauk SSSR, 183, 606 (1968).

(7) M. Cais and N. Narkis, J. Organometal. Chem., 3, 188, 269 (1965).

(8) A. N. Nesmeyanov, V. |I. Romanenko, and V. A. Sazanova, lIsv.
Akad. Nauk SSSR, Ser. Khirn., 357 (1966).

Sheats and Rausch

the diazonium salt formed from 9 with phenol in basic
solution produced a brilliantly colored azo dye 11.
Compound 11 changes color from yellow in aqueous acid
to red in aqueous base, pKa = 7.05 + 0.03, and is blue
in basic alcohol solutions. The structural changes
accompanying the color changes are currently under
investigation.

Hydroxycobalticinium salts have been prepared
previously,9 and exist in proteolytic equilibrium with
stable ¥#-cyclopentadienyl-ir-cyclopentadienone-cobalt-
(I) complexes.1011 Because of the strong electron-
withdrawing effect of the tripositive cobalt and the net
positive charge, hydroxycobalticinium salts should be
much stronger acids than phenol. We wished to
determine the acidity constant of a hydroxycobalticin-
ium salt and compare its ir and uv spectra with those of
the other substituted cobalticinium salts. The bro-
mide, perchlorate, and fluoroborate salts of 15 were
prepared by shaking a chloroform solution of 14 with a
concentrated aqueous solution of the appropriate acid.

14,R= Cé15 15 R=CH5X=H

16, R = C8H5 X = COCH3

The C=0 peak in the ir spectrum shifted from 1585
cm-1lin 14 to 1430 cm-1 in 15, indicating a substantial
decrease in bond order, and a broad O—H stretch
appeared at 3200-3500 cm-'. The 7r-cyclopentadienyl
peak in the nmr spectrum shifted from s 4.90 in 14 to s
5.64 in 15 which is comparable to the value s 5.53 for the
unsubstituted ring of the amino derivative 9 (Table 1).
Thus, spectral evidence indicates that 15 is a hydroxy-
cobalticinium ion, rather than the hydrogen-bonded
complex previously postulated for solutions of the tetra-
methyl analog of 14 (14, R = CH3 in aqueous per-
chloric acid.l1 The dissociation constant of 15 (chloride
salt), pKa= 2.28 + 0.1 in 50% ethanol, was determined
spectrophotometrically. Thus 15 is approximately 107
times as acidic as phenol.

When 14 was heated with acetyl chloride, the acetoxy
derivative 16 was obtained, which was isolated as the
tetraphenylborate salt. Hydrolysis of 16 to regenerate
14 occurred rapidly in aqueous solution. An attempt
to displace the acetoxy group with sodium iodide in
acetone also regenerated 14. Hopefully, with a more
powerful leaving group attached to the oxygen, nucleo-
philic substitution on the ring can be accomplished.

Spectra of Cobalticinium Salts.—Monosubstituted
cobalticinium salts show a sharp peak at 3120 cm-1 for
the C-H stretch and a peak of medium intensity at 1412
cm -1 for the unsubstituted ring, but lack the sharp
peaks at 1110 and 1000 cm-1 commonly observed in
monosubstituted ferrocene derivatives. The spectra of

(9) R. E. Benson and R. V. Lindsey, Jr., J. Amer. Chem. Soc., 79, 5471

(10) R. Markby, H. W. Sternberg, and I. Wender, Chem. Ind. {London),
1381 (1959).
(11) G. N. Schrauzer and G. Kratel, J. Organometal. Chem., 2, 336 (1964).
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Tabte |
N mr Spectra of Cobalticinium Hexafluorophosphates and Ferrocene Analogs
——————— Cobalticinium, 5 ppm----=--=-=---=----—-=- @ . Ferrocene,c'} S, ppM-----=-=--===---—
U nsubstituted Unsubstituted
Substituent ring Ha «0 Other ring Ha H# Other
H 6.25« 4.05
ch3 6.13* 6.10 6.10 2.42/ 3.99* 3.94 3.94 1.96
coh 6.04« 6.33 6.09
COC1 6.00* 6.41 6.10
COZXH3 6.006 6.33 6.07 3.97/ 4.12 4.27 4.09
kh?2 5.53« 5.50 5.38 5.69% 3.95 3.80 3.70
no?2 6.23« 6.80 6.17 4.26 5.13 4.37
N=N-p-CeH4H 5.60" 6.19 5.67 6.96, 7.11*
7.80, 7.96
OH, 2,3,4,5-(Ca154 5.64« 6.9-7.5*
OAc, 2,3,4,5-(C@r,)4 5.97« 2.25/ 6.7-6.9-
7.2-7.5
0-, 2,3,4,5-(C,Ht)4 4.90« 7.1-7.3, 7.5-7.81
Spectra in acetone. b Spectra in acetone-dé «Spectra in CCL. dSpectra in CFE&0H. «Spectra in CDCI3. > CH3 group.

« NH2group. hPhenol ring AB pattern. *C6H5groups.
Y. N. Sheinker, bokl. Akad. Nauk SSsR., 160, 1075 (1965).
1Registry no., 12427-61-1. m Registry no., 12427-57-5.

* G. G. Dvoryantseva, S. L. Portnova, K. I. Grandberg, S. P. Gubin, and
*Y. Nagai, J. Hooz, R. A. Benkeser, Bull. Soc. Chem. Jap., 37, 53 (1964).

Tabte Il

UV Spectra of Cobalticinium Salts

Substituent — Xmax. m/i (c)

H* 264 (33,400) 300 sh (1200) 409 (200)

L.I'-Di-CHa* 267 (34,000) 308 sh (1200) 416 (255)

coh« 235 (4000) 272 (26,500) 315 (1700) 414 (246)

1,1-Di-COjH* 222 (7300) 271 (23,200) 323 sh (1400) 416 (263)

NH/ 275 (19,000) 355 (3450) 410 (980)

NH 3+ «* 268 (28,000) 305 sh (1200) 405 (230)

N=N-p-CaH40H" 210 (23,000) 268 (15,000) 358 sh (580C) 416 (7290)
395 (9600)/

N=N-p-CHD-«.> 211 (52,500) 265 (13,130) 296 sh (6260) 410 (6720) 575 (18,700)
395 (4500) 530 (13,700)«

0-, 2,3,4,5-:CaHYy/ Strong end absorption 334 (15,000) 400 sh (2100) 510 sh (508)

OH, 2,3,4,5-(CeHY/ Strong end absorption 334 (19,000) 400 sh (2000) 510 sh (10)

OAc, 2,3,4,5-(CaHH4 230 (43,500) 335 (13,700) 395 sh (2700) 510 sh (70)

Spectrum in 95% ethanol.
1 Spectrum in 0.100 m HC1.

b Spectrum in HD.
« Spectrum in 0.100 v NaOH.

the 1,1' disubstituted derivatives lack the peak at 1412
cm-1 but are otherwise very similar to those of the
monosubstituted derivatives.

The nmr spectrum of a monosubstituted cobalticin-
ium salt (Table 1) consists of a sharp singlet for the
unsubstituted ring and an A B2pattern of two triplets
with peak separation of ~2 Hz for the substituted ring.
The triplets are located upheld from the singlet in
compounds with electron-releasing substituents and
downheld in compounds with electron-withdrawing
substituents. A tentative assignment of the downheld
triplet to the hydrogens a to the substituent can be
made by comparison with the ferrocene analogs.1213
Because of the strong electron-withdrawing effect of the
tripositive cobalt, the peaks for the cobalticinium salts
are shifted 1.5-2.0 ppm downheld from the peaks for the
corresponding ferrocene derivatives.

The uv spectra of cobalticinium salts (Table I1)
show strong end absorption, a peak at 260-275 mp, a
shoulder at 300-325 mp, and a peak at 400-415 mp.
Both electron-donating and electron-withdrawing sub-
stituents diminish the absorbance at 260-275 mu. The

(12) D. W. Slocum, T. R. Englemann, R. Lewis, and R. J. Kurland,
J. Chem. Eng. Data, 13, 378 (1968).

(13) D. W. Slocum, P. S. Shenkin, and T. R. Engelmann, "Proceedings
of the Fourth International Conference on Organometallic Chemistry,”
Bristol, U. K., July 27-Aug 1, 1969, p G-5.

« Spectrum in 10.8 m HC1.
* Registry no., 12427-44-0.

“ Spectrum in 50% ethanol. « Spectrum in CHZXN.
* Registry no.. 12427-52-0.

corresponding ferrocene derivatives4 show similar
peaks with weaker absorbance at 20-30-mp longer
wavelengths.

Experimental Section

All chemicals were reagent grade unless otherwise specified.
Melting points and boiling points are uncorrected. Ir spectra
were measured on a Beckman IR-10 spectrophotometer; uv spec-
tra on a Perkin-Elir.er 202 spectrophotometer; nmr spectra on a
Varian A-60 spectrometer. The extinction coefficients used for
the determination of values of piCaand pkb were measured on a
Zeiss PM Q-1 spectrophotometer. Elemental analyses were per-
formed by C. F. Meade of the Microanalytical Laboratory of
the University of Massachusetts.b

Synthesis of Cobalticinium (1), Methylcobalticinium (2), and
I,I'-Dimethylcobalticinium (3) Salts.—Methylcyclopentadiene
and cyclopentadiene were prepared from the dimers by the
procedure of Reynolds and Wilkinson.® Pyrrolidine (technical
grade) was dried (CaS04 and distilled, bp 86-87°. Anhydrous
cobalt(ll) bromide, 83 g (0.4 mol), was added in small portions
with continuous stirring to a solution of 80 g (1.0 mol) methyl-
cyclopentadiene and 65 g (1.0 mol) cyclopentadiene in 360 ml
of pyrrolidine at 0° in a nitrogen atmosphere. The solution was

(14) K. I. Grandberg, S. P. Gubin, and E. G. Perevalova, Isv. Akad.
Nauk SSSR, Ser. Khim., 549 (1966).

(15) Oxygen analyses were performed by the procedure of C. F. Meade,
D. A. Keyworth, v. ?. Brand, and J. R. Deering, Anal. Chem., 39, 512
(1967). The procedure for degradation of cobalticinium salts for cobalt
analysis will be described by C. F. Meade in a future publication.

(16) L. T. Reynolds and G. Wilkinson, J. Inorg. Nucl. Chem., 9, 86 (1959).



3248 J. Org. Chem., Vol. 85, No. 10, 1970

allowed to warm to room temperature and the stirring continued
for 12 hr. The solvent was evaporated on a rotary evaporator
and the purple residue dissolved in 1-2 1 of hot water. A green
residue containing cobalt(ll) oxide remained. The aqueous
solution was extracted with ether to remove unreacted cyclo-
pentadiene and clarified with charcoal. The mixture of 1, 2, and
3 was precipitated as the hexafluorophosphate salts by dropwise
addition of a solution of 40-50 g of sodium hexafluorophosphate
in 150 ml of water: yield 34 g (25%); ir (KBr) 3120, 2920, 2860,
1478, 1465, 1415, 1385, 900-800 (vs) (PF6~), 550 and 440 cm“1
The nmr spectrum in trifluoroacetic acid showed sharp singlets
for 1at s 6.23; 2 at 6.13 (5), 6.10 (4), and 2.42 (3); and 3 at
5.98 (8), and 2.39 (6). The assignments were confirmed by
addition of authentic samples of 1and 3 to the mixture. Integra-
tion of the spectrum showed a composition of 5% 1, 65% 2,
and 30% 3. Proportions of the three components varied when
the synthesis was repeated, but the yield of 2 was usually at
least 50%. An attempt to prepare 1, 2 and 3 from a mixture of
sodium cyclopentadienide and sodium methylcyclopentadienide
in THF produced a 30% yield of 1with only traces of 2 and 3 and
large amounts of tarry byproducts.

Preparation of Carboxycobalticinium (4) and I,I'-Dicarboxy-
cobalticinium (5) Salts.—A solution of 26 g (0.17 mol) of potas-
sium permanganate, 3.6 g (0.09 mol) of sodium hydroxide, and
18 g (~0.05 mol) of the mixture of 1, 2, and 3 in 400 ml of water
was heated at 95° for 3 hr. The hot solution was filtered through
asbestos to remove the manganese dioxide. Sodium hexafluoro-
phosphate, 10 g, was added and the solution chilled. Approxi-
mately 1 g of 1, identified by its nmr spectrum, was obtained.
Dropwise addition of 6 » HC1 produced a curdy yellow pre-
cipitate of the carboxylic acids 4 and 5, yield 14 g (70%). The
nmr spectrum in 96% sulfuric acid gave clearly resolved signals
for 4 at S6.28 (t, 2,3 = 2Hz), 593 H, 2,/ = 2Hz), 586 (s, 5),
and 5at6.36 (t, 4,/ = 2Hz), 6.10 (t, 4,3 = 2Hz), correspond-
ing to a mixture of 75% 4 and 25% 5.

The precipitate was washed repeatedly with hot acetone.
Compound 4 dissolved readily (solubility 10 g/1.), whereas 5
was virtually insoluble (<0.1 g/1.). The acetone solution was
evaporated and 10 g of 4 obtained as yellow flakes: ir (KBr)
3120, 3000-2500 (O-H stretch), 1710 (s), 1490, 1410, 1395, 1295,
1170, 1030 (s), 820 (s), 552, 490 (w), 468 and 440 (w) cm-1

A 378-mg (1 mmol) sample of 4 was dissolved in 100 ml of
water and precipitated by dropwise addition of a solution of 342
mg of sodium tetraphenylborate in 50 ml of water. The pre-
cipitate was crystallized twice from acetone-chloroform and dried
overnight at 80° in vacuo, mp 2347235° dec.

Anal. Calcd for cHhHIBCc002: 0,76.11; H, 5.47; 0,5.79;
Co, 10.67. Found: C, 75.90; H, 5.42; 0,5.80; Co, 10.73.

Chlorocarbonylcobalticinium Hexafluorophosphate (6).—A
10-g sample of 4 (hexafluorophosphate salt) was refluxed in 500
ml of thionyl chloride for 24748 hr. As the reaction progressed,
the peaks in the ir (KBr) at 1710, 1490, 1395, and 1295 cm-1
disappeared and the carbonyl chloride doublet at 1770 and
1740 cm-1 appeared. When the reaction was complete, the
solution was concentrated to 150 ml, chilled, and filtered. Ap-
proximately 8 g of 6 (probably a mixture of chloride and PF6~
salts) was obtained as yellow crystals: ir (KBr) 3120, 1770 (s),
1740 (s), 1445, 1420, 1404, 1373, 1240 (s), 1048, 945, 830 (s),
560, and 460 cm-1 Compound 6 hydrolyzed rapidly in a moist
atmosphere but could be stored almost indefinitely in a desiccator.

Carbomethoxycobalticinium Salts (7).—A 367-mg sample of 6
was refluxed 30 min in 40 ml of absolute methanol. The ester
was precipitated by dropwise addition of 5 ml of a saturated
solution of sodium hexafluorophosphate in methanol: yield 192
mg (50%); ir (KBr) 3120, 1725 (s), 1472, 1435, 1418, 1398,
1370, 1285 (s), 1205, 1160 (s), 1030, 965, 830 (s), 560 (s), 510,
475, and 278 cm-1 The tetraphenylborate of 7, precipitated by
the same procedure, was recrystallized twice from acetone-
chloroform, mp 215° dec.

Anal. Calcd for C3H2BCo02 C, 76.34; H, 5.69; O, 5.65;
Co, 10.41. Found: C, 76.24; H, 5.80; 0,5.64; Co, 10.40.

Carbonylazidocobalticinium Salts. (8).—An 8.5-g sample of 6
was stirred with 100 ml of 30% aqueous sodium azide at 0° for
30-60 min until the carbonyl chloride peaks in the ir at 1780 and
1745 cm* 1 disappeared and a carbonyl peak appeared at 1704
cm“l No hydrolysis to the carboxylic acid, which would also
absorb at 1490, 1395, and 1295 cm-1 was observed. When the
reaction was complete, the yellow precipitate was collected and
dried by suction filtration: yield 7 g (probably a mixture of
azide and hexafluorophosphate salts); ir (KBr) 3120, 2230,

Sheats and R ausch

2190, 2140 (s) (N3 group), 1690 (s), 1460, 1418, 1400, 1375,
1270 (s), 1180 (s), 1060 (w), 1045 (w), 1000 (w), 950, 830 (s),
560, 500, 450, and 275 cm“1

Aminocobalticinium Salts (9).—The crude azide 9 (7 g) was
dissolved in a solution of 34 ml of 96% sulfuric acid and 7 ml of
fuming sulfuric acid. Sodium azide, 19, was added and the solu-
tion heated on a steam bath for 1hr, then on a hot plate at 110-
130° for an additional 1 hr. Gas evolution was initially rapid
but gradually subsided. The solution was poured over 100 g of
ice, neutralized by addition of 200 ml of 6 m sodium hydroxide
in small portions, and diluted with 800 ml of 95% ethanol. A
semisolid mass of sodium sulfate precipitated. The alcohol
layer was decanted and the solid washed repeatedly with ethanol.
The ethanol solutions were combined and concentrated to 50-100
ml on a rotary evaporator. (If the solution were evaporated to
dryness, a black residue formed and the yield was reduced.)
After treatment with charcoal, the amino derivative 9 was
precipitated as the hexafluorophosphate salt, yield 3.6 g (57%).
Acidification of the mother liquor produced 1.7 g of 4 (24%).
Since the mother liquor was only faintly colored, sulfonation of
either 8 or 9 must be only a minor side reaction. The crude amine
was recrystallized from acetone-chloroform: mp 324-325° dec;
ir (KBr) 3500, 3400, 3240, 3120, 1630 (s), 1530 (s), 1410, 1380,
1050 (w), 1030 (w), 1010 (w), 830 (s), 560 and 440 cm“1 The
extinction coefficients of the amine 9 in water [uv max 275 m”
(«19,000), 355 (3450), 410 (980)]; the protonated amine in 10.8 m
HC1 [uv max 267 m”" (e 28,000), 305 (1200), 405 (230)]; and a
mixture of the two in 6.08 m HC1 were measured over the
300—410-mju region on a Zeiss PM Q-1 spectrophotometer. The
amine was calculated to be 77% protonated in 6.08 m HC1.
Substituting an effective pH of —2.12 for 6.0 m» HCL1 given by
the Hammett acidity funtion7 into the Henderson-Hasselbalch
equation gave pKa= —1.60 = 0.1 for the protonated amine.

The tetraphenylborate of 9 was also prepared and recrystallized
from acetone-chloroform, mp 241-243° dec.

Anal. Calcd for C3H3BCoN: C, 78.03; H, 5.97; N, 2.68;
Co, 11.26. Found: C.77.80; H, 6.04; N, 2.82; Co. 11.00.

Preparation of Nitrocobalticinium Salts (10).—A 200-mg
sample of 9 (0.6 mmol) was added to a solution of 5 ml of 30%
hydrogen peroxide and 5 ml of trifluoroacetic acid. The solution
was heated at 50-70° for 30 min and allowed to cool, and 10
precipitated as the hexafluorophosphate salt. The crude material
was recrystallized from hot water: yield 84 mg (40%); ir (KBr)
3140, 1550 (s), 1420, 1375 (s), 1345, 1020 (w), 830 (s), 720, 555,
495, 472, and 275 cm-1. A portion of 10 was precipitated as the
tetraphenylborate, and recrystallized from acetone-chloroform,
mp 199-202° dec.

Anal. Calcd for C3HZBCoNO2 C, 73.80; H, 5.28; N, 2.53;
O, 5.78. Found; C, 74.00; H, 5.50; N, 2.29; O, 5.48.

Diazotization of Aminocobalticinium Salts.— Aminocobal-
ticinium hexafluorophosphate, 0.700 g (2 mmol), was diazotized
in 50 ml of 6 m hydrochloric acid at 0° by dropwise addition of
138 mg (2 mmol) of sodium nitrite in 2 ml of water. The solu-
tion was stirred for 5 min and then poured into a solution of 1.0
g of phenol (fivefold excess) and 12.5 g of sodium hydroxide (5%
excess) in 100 ml of water. A deep purple color formed im-
mediately. After 10 min, the solution was acidified with 3 m
HC1, extracted repeatedly with ether to remove unreacted
phenol, and heated briefly with 1 g of charcoal. The azo dye 11
was precipitated by dropwise addition of 686 mg (2 mmol) of
sodium tetraphenylborate in 10 ml of water. After 10% of the
solution had been added, the mixture was allowed to stand for 10
min and filtered. The brownish residue was discarded. The
rest of the solution was added and the curdy orange precipitate
collected, yield 700 mg (40%). A 200-mg portion of the crude
material was dissolved in 25 ml of acetone; 10 ml of chloroform
and 15 ml of ether were added and the solution chilled at —20°
overnight. The dye was obtained as dark orange crystals:
mp 175-176° ir (KBr) 3100 (cyclopentadienyl C-H), 3050
(aromatic C-H), 1585 (s), 1500, 1475, 1412 (s), 1395, 1268, 1220,
1180, 1135 (s), 1060 (w), 1035 (w), 1000 (w), 940, 835, 730 (s),
700 (s), 610, 500, and 450 cm*“1

Anal. Calcd for C,H3BCoND: C, 76.45; H, 5.45; N,
4.46; Co, 9.38. Found: 76.01; H, 5.89; N, 4.55; Co, 9.00.

A 12 X 10~8m solution of 11 in ethanol was prepared and
diluted 1:25 with 0.100 m HC1, pH 7 standard buffer (Beckman®

a7) A review of the Hammett and other acidity functions for concen-
trated acid solutions is given in M. A. Paul and F. A. Long, Chem. Rev.,
57, 1 957).
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Instrument Co.), pH 10 standard buffer (Fisher Chemical
Co.), and 0.1co m NaOH. From the spectra of the dye in
acidic, neutral, and basic solutions [uv max (0.100 m» HC1) 395
mu (c 9600) and 530 (400); uv max (pH 7 buffer) 530 Mu (e
6850); uv max (0.100 m NaOH) 395 m/j (e 4500) and 530
(13,700)], the dye was calculated to be 53% protonated at pH
7.00. The pk ais therefore 7.05 + 0.03.

x-Cyclopentadienyltetraphenylcyclopentadienone Cobalt (14).8
—x-Cyclopentadienyleobaltdicarbonyl (6.0 g, 0.35 mol), tetra-
cyclone (13.6 g, 0.35 mol), and 50 ml of xylene were refluxed
overnight in a nitrogen atmosphere. The solution was cooled
to room temperature and 15.4 g of purple crystals collected. The
solid was chromatographed in 3-g portions on a 10 cm X 30 cm
column of alumina. A purple band of tetracyclone was eluted
with xylene and an orange band of 14 with chloroform. The
crude 14 was recrystallized from chloroform-ligroin: yield 11.0
g (62%); mp 325-326° (lit.10327-329°).

Hydroxy-2,3,4,5-tetraphenylcobalticinium Bromide (15).—A
254-mg sample of 14 (0.5 mmol) was suspended in 30 ml of 48%
hydrobromic acid and heated for 30 min at 80-100°, with con-
stant stirring. A gummy oil formed which solidified to a yellow
powder. The solution was diluted with 50 ml water and the
precipitate collected, yield 244 mg (83%). The crude material
was recrystallized from acetone-ether: mp 289-290° dec;
ir max (KBr) 3060, 2900-2400 (broad peak possibly due to H-Br
bonding), 1600 (w), 1578 (w), 1470, 1430 (C-O stretch), 1410,
1400, 1240, 1170 (s), 1110, 1082, 1030, 1008, 850, 800, 753 (s),
697 (s), 640, 620, 582, 558, 500, 420 cm“1

Anal. Calcd for C3HZBrCoO: C, 69.28; H, 4.45; Br, 13.56;
Co, 10.00; O, 2.71. Found: C, 69.00; Il, 4.70; Br, 14.00;
Co, 9.98; O, 2.70.

Hydroxy-2,3,4,5-tetraphenylcobalticmium  Fluoroborate and
Perchlorate.—A 508-mg sample of 14 (1 mmol) was dissolved in
25 ml of chloroform and shaken with 10 ml of 37% fluoroboric
acid. The chloroform layer was dried over calcium sulfate.
Dropwise addition of ligroin precipitated the product as a fine
yellow powder, yield 517 mg (87%). The crude product was
recrystallized from acetone-ether, mp 245-250° dec. The ir
spectrum of the fluoroborate corresponded to the ir of the bromide
except that the broad peak at 2900-2400 cm-1 was shifted to
3500-3200 cm "1, and a broad peak for the BF4' anion appeared
at 1130-950 cm"1

(18) R. A. Genetti, Ph.D. Thesis, University of Massachusetts, Jan 1969,
pp 9-10.
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Anal. Calcd for C3HZBCoF4: C, 68.48; H, 4.40; Co,
9.88; O, 2.68. Found: C, 68.72; H, 4.65; Co, 9.80; O, 2.70.

The perchlorate salt, mp 253-255° dec, was prepared from 60%
perchloric acid by the same procedure.

Anal. Calcd for C3HBCICo05 C, 67.06; H, 4.30; 0, 13.14.
Found: C, 67.C2; H, 4.45; 0, 13.10.

Acetoxy-2,3,4.5-tetraphenylcobalticinium Salts (16).—A 152-
mg portion of 14 (0.3 mmol) was dissolved in 10 ml of acetyl
chloride. The acetyl chloride was evaporated and the residue
was dissolved in 30 ml of water and filtered. The acetoxy deriva-
tive 16 was precipitated as the hexafluorophosphate salt: ir
(KBr) 3120 (ccbalticinium C-H), 3060 (phenyl C-H), 2920,
2860, 1785 (s), 1312 (w), 1275 (w), 1600 (w), 1580 (w), 1500
(w), 1450, 1418 (s), 1400, 1370, 1170 (s), 1100, 1085, 1010, 830
(s), 755 (s), 699 (s), 580 (w), 560 (s), 510, 415, and 278 cm"1
The tetraphenylborate was also prepared and recrystallized
twice from acetcne-ether, mp 235°.

Anal. Calcd for C@&H4BCo0O2 C, 82.75; H, 5.56; O, 3.68;
Co, 6.77. Found: C, 82.80; H, 5.60; O, 3.68; Co, 6.76.

Registry No.—1, 12427-42-8; 2, 12427-4S-4; 3,
12427-51-9; 4, 12427-47-3; 5, 12427-49-5; 6, 12427-45-
1; 7, 12427-50-8; 8, 12427-46-2; 9, 12427-43-9; 9
(tetraphenylborate), 12427-55-3; 9 (diazo derivative),
12427-56-4; 10,12427-41-7; 11,12427-53-1; 15,12427-
59-7. 16, 12427-63-3; 15 (tetraphenylborate), 12427-
62-2; 10 (tetraphenylborate), 12427-54-2; hydroxy-
2,3,4,5-tetraphenylcobalticinum (BF4, 12427-58-6; hy-
droxy-2, 3,4,5-cetraphenylcobalticinium (perchlorate),
12427-60-0.
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The addition of alkyl- and arylnitriles to methanol, with or without CC14dilution, prolongs the residence time

for exchange of the -OH proton.

The inhibition of -OH exchange is sufficient to allow detection of Jhcon-

Studies of binary and ternary (CC14 mixtures of acetonitrile and methanol showed a marked variability in the

-OH resonance position with increasing CH3N concentration.

The observed spectral changes support prior

postulations of a strong-CN—H O- hydrogen-bonding interaction, and appear to indicate changes in the equilib-
rium concentration of CH3H-CH3XN associates over a broad range of binary and ternary (CCh) solution con-

centrations.

Studies of intermolecular -CN—HO- hydrogen
bonding have been centered primarily on the elucidation
of infrared hydroxyl frequency shifts (Aron) for binary
and ternary (CC14 mixtures of nitriles with alcohols
and phenols.1 The Aron’s observed for methanol or
phenol interacting with a wide variety of nitriles cor-
related well with Taft a* parameters,2 however, even
under carefully controlled experimental conditions it is
evident that the magnitude of Aidh is not necessarily

(1) (a) S. S. Mitra, J. Chem. Phys., 36, 3286 (1962). (b) A. Allerhand

and P. von R. Schleyer, J. Amer. Chem. Soc., 85, 371 (1963).
(2) A. Allerhand and P. von R. Schleyer, ibid., 85, 866 (1963).

a measure of hydrogen-bonding acceptor strength.23
Consequently, no definite conclusions could be reached
regarding the acceptor strengths of nitriles relative to
other known hydrogen-bonding bases.

Recently, we have been concerned with solvent-
solute interactions traceable through changes in the
-OH and -CH 3resonances of methanol,4e.g., suppres-
sion of -OH exchange and the concentration dependence
of the -OH resonance for both binary and ternary

(3) A. Allerhand ar.d P. von R. Schleyer, ibid., 85, 1715 (1963).
(4) N. F. Hepfinger and P. A. Clarke, J. Org. Chem., 34, 2572 (1969).
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Figure 1.—-Effect of CHIN on ArCHOH Negative values cor-
respond to shifts of the -OH proton upfield of the -c H 3 reson-
ance of methanol.

(CCl4) mixtures of proton donor and acceptor species.
A cursory examination of the CH30OH-CH3CN system
revealed -OH shift and exchange retardation effects
similar to those previously cited in support of hydrogen
bonding interactions between alcohols and other proton
acceptor species, e.g., acetone,86 DMS0,6 CH3NO0 24
These preliminary observations prompted the more
extensive dilution studies reported here for CH3OH-
CHXN mixtures. In broad agreement with prior
infrared and nmr investigations,127 the present nmr
study provides additional support for a strong -CN—
HO- hydrogen-bonding interaction.

Experimental Section

Instrumentation.— Nmr spectra were obtained at 32 + 1o
using a Varian A-60 spectrometer equipped with a variable tem-
perature probe. Chemical shifts were measured using the CH3
resonance of methanol and/or 1-5% tetramethylsilane (TMS) as
internal references; side-band techniques were used as a check.
Calibration of the instrument was accomplished with an audio
signal generator (Hewlett-Packard 205AG) monitored by a fre-
quency counter (Hewlett-Packard 5244L) operated in the period
mode. After warm-up, the drift and instability of the instru-
ment were better than one part in 105. Spectrometer drift during
1 hr approached +0.2 cps.

(5) W. Drinkard and D. Kivelaon, J, Phys. Chem., 62, 1494 (1958).

(6) P. L. Corio, R. L. Rutledge and J. R. Zimmerman, J. Mol. Spectrosc.,
S, 592 (1959).

(7) A. Loewenstein and Y. Margalit, J. Phys. Chem., 69, 4152 (1965).

Clarke and Hepfinger

Figure 2—The relationship between the limiting observed 60-
MHz values, AjcSioh-chicn-ccu, and the acetonitrile concentra-
tion; considering only concentrations of active species in plotting
the abscissa.

Sample Preparation.—Samples preparation and accuracy are
as noted previously.4 Purification of acetonitrile was according
to literature procedures,8other nitriles were ‘‘shelf variety” dried
over CaS04. Methanol (Fisher) was purified as previously
noted;4 “Spectral Grade” CC14 (Fisher) was stored over CaS04
No detectable impurities were noted in the high gain nmr spectra
of the materials used. Temperatures were measured using a
sealed sample of purified methanol. Duplicate -OH shift deter-
minations on the same sample, or duplicate determinations on
duplicate samples (random selection at ten concentrations for
points indicated in Figures 1 and 2 showed a maximum variation
of +0.5 Hz. The filled circles in Figures 1 and 2 represent +1.0
Hz.

Bulk samples of neat methanol exhibiting splitting in the nmr
spectrum sufficient to allow the determination of /7 hcon at probe
temperature (32°) have been repeatedly prepared in this labora-
tory. However, methanol exhibiting broadened -OH and -CH3
singlets neat or on dilution to 0.05 v with CCl4was used for the
present study. As a consequence, the observation of induced
splitting of the -OH and -C H 3resonances of methanol serves as a
diagnostic test for retardation of -OH exchange. Purified meth-
anol exhibiting either type of spectrum showed no significant dif-
ferences in chemical shifts [i.e., greater than 1.0 Hz at 60 MHz)
for the -OH and -C H 3resonances.

Results and Discussion

Minimal concentrations of acetonitrile in methanol
produced an nmr spectrum exhibiting three broadened
singlets at r 2.03, 3.38 and 4.67 ppm. The major peaks

(8) J. F. O'Donnell, J. T. Ayres, and C. K. Mann, Anal. Chem.t 7, 1161
(1965).
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(relative intensities 1:3) assignable to the -OH and
-CH3 resonances showed no discernable fine structure
as the acetonitrile concentration was increased to
[CHXN]/[CHXN] + [CH3OH] = 0.7 (ca.). Here,
the methanol resonances merged to a singlet due to
“accidental” equivalence of the -OH and -CH 3protons.
Higher acetonitrile concentrations shifted the -OH
resonance upheld of the -CH3 resonance, spin-spin
coupling (Jhcoh = 5.2 Hz)9became apparent and was
detected in the spectra of all remaining binary CH30H-
CHXN mixtures studied (Table 1). The modifica-

Table |

Observed and Extrapolated Shifts (Hertz)" of
the -OH Resonance for CHOH-CHXN Mixtures

[CH>CN]/ Av ~Mim cbab A cd

[CHaCN] + (CHaOH- (CHaOH- (CH.CH-
[CHaOH] CHaCN) CHaCN-CCL) CHsCN-CCl.)
0.019 —95.0"
0.039 + 77.4 + 14.9 -15.5
0.079 + 67.0 + 11.4 - 21.0
0.161 + 71.0 0.0 -34.3
0.204 +65.6 -3.9 -31.0
0.249 + 66.7 -19.4 -58.0
0.293 + 62.0 -23.4 -50.0
0.339 + 53.5 -29.3 -62.5
0.386 + 50.5 -36.1 -74.5
0.436 +47.7 -37.3 - 66.0
0.486 +36.8 -53.8 -89.5
0.536 + 35.3 -57.7 -95.0
0.588 + 19.0 -65.2 -101.5
0.643 +7.8 -78.0 -119.0
0.698 0.0 -90.2 -135.0
0.753 -18.0 - 100.8 -142.0
0.814 -26.5 -108.6 -137.5
0.373 -37.0 -121.4 -152.0
0.938 -52.5 -127.2 -150.0
0.968 -193.0“

“ The internal shift of the -OH resonance was measured relative
to the methyl resonance of methanol. No appreciable shift (ca.
>1.0 Hz) of the methanol CH3resonance relative to TMS was
observed. 6Limiting observed values are based on the dilution
of 0.05 ml of the corresponding binary mixture with 0.95 ml of
CCU. The [CHXN]/[CHXN] + [CH3OH] ratio is maintained
although the concentration of CHsOH varies from 1.2 to 0.06
M. eExtrapolation values were obtained from a series of six
dilutions in CCU for each CH3OH-CHXN mixture indicated.
The total variation in the CCU concentration was from O to ca.
95 mol %. dIt should be noted that this abbreviation does not
signify a constant, but depends upon the relative concentrations
of active species. * Determined using 100-MHz instrumentation
and are included in Figure 3 only.

tions in the appearance of the nmr spectrum of meth-
anol, observed under conditions of “slow” exchange of
the hydroxyl proton, are expected owing to changes in
the J/Av ratio as the -OH resonance is shifted upheld.
Corresponding changes have been noted in the spectra
of methanol69 and other alcohols3 for interactions with
strong hydrogen bonding acceptor species, e.g., acetone,
DMSO, and, more recently, CHINO024 To our knowl-
edge, this constitutes the first report of nitrile induced
suppression of proton exchange in methanol attributable

(9) D. Kivelson and M. G. Kivelson, J. Mol. Spectrosc., 2, 518 (1958)
also reported Jhcoh = B2Hz and a complete interpretation of the spectral
changes encountered in the acetone—methanol system; W. B. Moniz, C. F.
Poranski, Jr., and T. N. Hall, J. Amer. Chem. Soc., 88, 190 (1966) have re-
ported the solvent dependency of this parameter for various alcohols.

(10) For example see P. Laszlo in “Progress in Nuclear Magnetic Reso-
nance Spectroscopy,” Vol. Ill, J. W. Emsley, J. Feeney, and L. H. Suttcliffe,
Ed., Pergamon Press, London, 1967.
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to the -CN—HO- interaction. Other nitriles, e.g.,
propionitrile, benzylcyanide, /3-chloropropionitrile,
o-tolunitrile and p-tolunitrile, were also tested over
limited concentrations in methanol. Each nitrile at
concentrations approaching a molar excess induced
splitting of the methanol -CH3and -OH resonances;1L
coalescence of the -OH and -CH3 peaks was also
observed at higher nitrile concentrations. Thus, the
observed phenomenon which is indicative of a strong
hydrogen bonding interaction, appears to be general
for nitrile-alcohol interactions.

A preliminary indication of the apparent stability of
the -CN—HO- interaction was obtained by diluting
the CHOH-CH3XN mixtures exhibiting fine structure
in the CH3H portion of the spectrum with CCl4.2
Additional changes in spectral patterns due to displace-
ment of the -OH resonance were observed, however,
*hcoh could still be determined at total methanol
concentrations less than 0.06 M. Since portions of
the purified methanol sample at much lower concentra-
tions in CCh did not exhibit multiplet structure, 13 the
observed retardation in -OH exchange for the dilute
ternary mixtures is clearly induced by the added nitrile
and supports prior evidence for a strong -CN—HO-
interaction. Evidence supporting the latter conclusion
was also apparent from the general shape of the
binary dilution curve (Figure 1).

For the total range of binary CH3OH-CH3N mix-
tures studied (Figure 1), AVChloh-ch,cni' reflected the
expected upfield displacement of the -OH resonance to
give an extrapolated shift (Afchsoh-chZn) of 165 Hz,
i.e., 72 Hz upfield of the methanol -CH 3 resonance.
The direction and magnitude of ArcHaOH-cmcN are
consistent with variations in the -OH resonance of
alcohols previously reported for the addition of hydro-
gen bonding acceptor species, e.g., DMSO,5 acetone.66
Some attempts have been made to relate shifts observed
for binary systems to the relative strengths of hydrogen
bonds formed between various donor-acceptor pairs.86
However, owing to the observed variability in the -OH
resonance displacement (Figure 1), any comparison in
hydrogen bond strengths for this relative to other
reported systems appeared premature. Especially in
view of the fact that prior observations of maxima in
binary curves for alcohols interacting with proton
acceptor species, e.g., acetone,56 DMSO,6 nitrometh-
ane,4 have been cited as evidence for complex forma-
tion. Spectral and freezing point data have also been
reported which specifically indicate the complexation of
acetonitrile with various proton donors, e.g., phenol,lb
pyrrole,la CHC13® and ¢-butyl alcohol.I7 If, as the
present data appear to indicate, a consistent (albeit
qualitative) explanation for the variability in the

(11) Observation of fine structure in the ambient temperature spectrum
of a specially purified neat sample of methanol has been reported by E.
Krakower and L. W. Reeves [Trans. Faraday Soc., 69, 2528 (1963)]. No
significance can be attached to the apparent concentration dependence of the
effect observed here.

(12) For a discussion of the major limitations to the use of carbon tetra-
chloride as an inert diluent see ref 10.

(13) See Experimental Section.

(14) Throughout this communication, AvcH30H-CH3CN and Avch30h- ccu
signify the extrapolated or infinite dilution shifts (hertz at 60 MHz) for the
-OH proton of methanol in the indicated solvent. AVCH3OH-CH3CN and
A"cH30H -ccu refer to observed shifts.

(15) C. P. Rader, J. Amer. Chem. Soc., 91, 3248 (1969).

(16) T. Matsuto and Y. Kudera, J. Phys. Chem., 70, 4087 (1966).

(17) C. Lussan, J. Chim. Phys., 60, 1100 (1963).
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Figure 3.=—The relationship between AW,joh-chicn-ccu and
the acetonitrile concentration. The CC14 concentration was
assumed to be constant; only the concentrations of active species
were considered in plotting the abscissa.

concentration dependence of the -OH shifts (Figure 1)
can be based on changes in the equilibrium concentra-
tion of a series CHOH-CH3N associates, the com-
plicated nature of binary curves may effectively mask
any reliable measure of the bonding interaction.
Furthermore, any conclusions regarding relative hydro-
gen bond strengths based upon data for binary solu-
tions, whether for the interaction of a specific acceptor,
e.g., DMSO,Bwith alcohols showing varying degrees of
association or to compare various acceptor species
with a single alcohol {e.g., methanol)6 may be unten-
able.

In an attempt to clarify the mode of complex forma-
tion for the present system, more comprehensive dilu-
tion studies of the CH3OH-CH3XN system were carried
out. The limiting observed shifts (Atchioh-chln-cci9
and AjhiOnh-cilcn-ccli for each mixture (diluted with
CC14 as previously noted) plotted vs. [CHXN]/
[CHXN] + [CHH] appear as Figures 2 and 3,
respectively. Both the low and high acceptor ends of
Figure 3 are obtained by extrapolation. Extrapolation
of the high acceptor end of this curve using Varian A-60
data was not feasible; however, data obtained from 100-
MHz instrumentation allowed an extrapolation at this
end of the curve of 200 Hz upheld of the -CH 3reso-
nance of methanol.18

Clarke and Hepfinger

Theoverallupheld displacementsof A jchsS h-chsCn-ccii
and ArcHsOH-CHsCN-ccn relative to ArCHsOH-CHEN
show the expected disruption of the *“residual”-
OH—O0 - bonded structure of the alcohol. However, in
that ArcH,OH-CH,CN-ccii for each mixture does not
approach Aich.oh-ccu as a limiting, value, i.e., 200 Hz
upheld of the -CH 3resonance of methanol, one further
indication of -CN—HO- hydrogen bonding is ob-
tained.®

Perhaps the more interesting and important feature of
the ternary curves (Figures 2 and 3) is the repeated
occurrence of maxima in the -OH displacement with
increasing acceptor concentration, i.e., at average
values® of [CHXN]/[CHXN] + [CH3OH] = 0.05,
0.15, 0.25, 0.4, 0.55, 0.7, and 0.85 (ca.).2L The retention
of these maxima in the latter curves under conditions
expected to minimize alcohol autoassociation cannot be
easily explained without invoking the formation of
CHO®H-CHXN aggregates, i.e., consistent with pre-
liminary indications of complexation derived from
Figure 1. Accepting the maxima, or for that matter
minima, in these curves as indicative of stoichiometric
CH®H-CHXN aggregates having dehned geometries
presents many intriguing questions. A particular case
in point is the initial reversal in ArcmaH-CHiICN-ccL and
ArciLOH-cHIiCN-ccuat [CHXN]/[CHXN] + [CH3OH]
= 0.05 (ca.); the latter cannot be expected to correspond
to a specihc complex having the corresponding 20;1
molar ratio of CH3OH-CHXN. Consequently, it has
been necessary to use a more reasonable working model
for hydrogen bonding in this system based, in part, upon
suppressed dissociation of methanol aggregates, i.e.,
that in undergoing a hydrogen-bonded interaction with
CHXN, the -OH—O- bonded structure of the alcohol
is stabilized and does not exhibit the “expected” -OH
displacement on dilution with an inert solvent, e.g.,
CCl4.2 Past the initial maximum, the general upheld
shift of the -OH resonance with increasing relative
concentration of the nitrile can then be ascribed to a
decrease in the average number of methanol units
possibly associated with an acetonitrile unit.88 It is
also evident, however, that even the simplest explana-
tion for the “sawtooth” curves presented here (Figure
2 or 3) must be modified to include complex formation;
otherwise, a gradual diminishment in the CH3H/
CHXN ratio, even if these species are interacting, might
not be expected to exhibit any obvious maxima in the
-OH displacement.3 The present data do not allow
any firm conclusions as to which of the observed

(18) Preliminary studies using 100-MHz instrumentation for the study of
this and other proton donor-acceptor systems, e.g., CHNOZ show that ex-
trapolations of the 60-MHz data reported herein are reliable indications of
trends but do not provide limiting values of use for critical comparisons of
hydrogen bonding interactions. Additional studies are in progress based
on the use of more sensitive 100-MHz instrumentation.

(19) In the absence of hydrogen bonding one would expect
Afch30H-ch3N~ccu to approach the extrapolated shift for the cHH-ccl4
system.

(20) A complete definition of the maxima would require many more points
than have been determined in this study.

(21) These maxima appear not only in the binary and ternary curves shown
here, but also in the entire family of ternary curves resulting from approxi-
mately six incremental dilutions for each binary mixture indicated in Table 1.

(22) We have previously observed the occurrence of similar maxima in
ternary curves for the CH:bH-CH:NOZsystem. Comparative studies for
these two systems are in progress.

(23) The autoassociation curve for methanol shows only a “smooth”
displacement of the -OH resonance without any marked deviations; for
further discussion see ref 10.
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curvature deviations (Figures 1, 2, 3) may be attributed
to either acetonitrile induced association of CHSOH
units, or to specific CH3H-CHIXN complexes.
More definitive studies of hydrogen bonding in this and
other donor-acceptor systems, e.g.,, CH3N 02 DMSO, are
in progress in an attempt to resolve this point.

In conclusion, it should be noted that most recent
spectral and other studies in this area have been based
on the assumed formation of a 1:1 donor-acceptor
complex.24 Our studies reported to date have been
limited in scope and cover only the CH®DH-CHXN
and CH®H-CH3N 02 systems; however, it is clearly

(24) (@) E. M. Arnett, T. S. S. R. Murty, P. von R. Schleyer, and
Joris, J. Amer. Ckem. Soc., 89, 5955 (1967). (b) D. Gurka, R. W Taft,
L. Joris, and P. von R. Schleyer, ibid., 89, 5957 (1967). (c) D. Gurka and

R. W. Taft, ibid., 91, 4794 (1969). (d) R. W. Taft, D. Gurka, L. Joris, P.
von R. Schleyer, and J. W. Rakshys, ibid., 91, 4801 (1969).
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evident that the above assumption is not consistent
with presently available data for these systems.

Registry No.'—Methanol, 67-56-1;

75-05-8.

acetonitrile,
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Silazanes, aminosilanes, alkoxysilanes, and chlorosilanes have been found to dehydrate amides to form nitriles

at elevated temperatures.

The preparation of nitriles by the dehydration of
amides is well known. Reagents used for these de-
hydrations are either strongly acidic, as, for example,
thionyl chloride,12 phosphorus pentoxide,8 phosphorus
oxychloride,2 zinc chloride-a,a,a-trichlorotoluene,%6or
strongly basic, for example, sodium borohydride6 and
lithium aluminum hydride.3 The isolation of the
products from these reactions is often difficult because
of the nature of the by-products.

The reaction of amides with dihalosilanes in the
presence of an acid acceptor has been reported to give
2,4-disila-1,3,5-oxadiazine derivatives.6 Klebe6 stated
that at elevated temperatures nitriles and disiloxanes
formed. We wished to determine the utility of this
type of dehydration for the preparation of nitriles.

Results and Discussion

The reaction of hexamethylcyclotrisilazane (1) with
benzamide or acetamide at 180-200° gave benzonitrile
or acetonitrile in 95 and 85% yields, respectively.

(0]

3R*nH2+ (HNSiMed3— » 3RCfeN + 3NH3+ (OSiMe,)*
1
R = Me, Ph

Compound 1 (1 equiv) with benzamide gave a
siloxane polymer with a molecular weight,Mm wof i20,000.
The number-average molecular weight M n was 6800.

J. C. Thurman, Chem. Ind. (London), 752 (1964).
) B. Rickborn and F. R. Jensen, J. Org. Chem., 27, 4609 (1962).
) L, G. Humber and M. A. Davis, Can. 3. Chem., 44, 2113 (1966).
) C. J. Vervanic, U. S. Patent 3,274,229 (1966).
S. E. Ellzey, C. H. Mock, and W. J. Connick, 3. Org. Chem., 82, 946

The reaction of 1 with sj/n-benzaldoxime also formed
benzonitrile in good yield. An analogy between the

3PhCH=NOH + (HNSiMe23—h»
3PhC=N + 3NH3+ (OSiMe2h

reaction of benzaldoxime and benzamide can be seen if
benzamide is written in another tautomeric form.

(0] N N

PhCNH2— > PhCOH cf. PhC

\
H

Octamethylcyclotetrasilazane also dehydrated benz-
amide to form benzonitrile in good yield. In order to

(0]

I A
4PhCNH2+ (HNSiMe24— >
4PhC=N + 4NH3+ (OSiMe,)*

extend the scope and determine the limitations of the
dehydration of amides by 1, some N-substituted amides
were examined.

A-Methylbenzamide with 1 gave benzonitrile in 43%
yield. iV-Methylacetanilide gave a 27% yield of
acetonitrile. These yields should not be considered the
maximum obtainable, because the reactions were not
allowed to go to completion. These A-methylamides
required prolonged heating above 200° for reaction.

o
1IH
3PhCNMe + (HNSiMe23— >m
3PhC=N + (OSiMe2z + 3MeNH2

(e}
IIMe
3MeCNPh + (HNSiMe23— >
3MeC=N + (OSiMe2x + 3PhNMeH
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A plausible route for the formation of nitriles from
A-methylamides is as follows.

o)
I H
Ph— C— NMe + (HNSiMe23 —>=
Me.,
.SA
cr —H
I H \ -MeNH,
Ph— C— NMe  SiMe,
| /
HNA ANH
Me,
Me,
.S\
0" '‘NH
\ Me,Si"° SiMe-,
Ph—C SiMe, I + PhC~=N
/ HNAANH
Nv . -NH Me,
Me,

The reaction of benzamide with A,fV-dimethylamino-
hexyldimethylsilane formed benzonitrile and sym-di-
hexyltetramethyldisiloxane after prolonged heating
above 200°. N -(p-Methylphenyl)diphenylacetamide
with 1 gave diphenylacetonitrile rapidly and in good
yield, 73%.

o

1IH
3PhTHCN(C@Hi)Me-p + (HNSiMe23— >
3PhLTHC=N + (OSiMe2h + 3-p-Me(CEHANH 2

Benzamide with phenylmethyldichlorosilane or phe-
nyltrichlorosilane gave benzonitrile with the liberation of
hydrogen chloride. Phenylmethyldimethoxysilane and
benzamide gave benzonitrile, si/m-diphenyldimethyldi-
methoxydisiloxane, and a small amount of methyl
benzoate. Tetra-n-butoxysilane with benzamide gave
a 33% yield of benzonitrile and a 67% yield of

(0]

I A
(n-BuO)&Si + PhCNH2— A

0

PhC=N + n-BuOCPh + [(<-Bu0)3i]D
33% 67%

n-butyl benzoate. The products obtained in this
reaction can be explained as due to the dehydration of 1
mol of benzamide to form 1 mol of water and 1 mol of
benzonitrile. Each mole of water then reacted with 2
mol of tetrabutoxysilane to yield 1 mol of hexa-n-
butoxydisiloxane and 2 mol of n-butyl alcohol. Each
mol of n-butyl alcohol then formed 1 mol of n-butyl
benzoate.

The use of silicon functionality for the dehydration of
amides offers several advantages over conventional
dehydrating agents. The choice of silazanes, alkoxy-
silanes, and chlorosilanes allows the reaction to be run
under mildly basic, neutral, or acidic conditions. The
nitriles if volatile can be distilled from the siloxane
polymer and if solid they can be removed by filtration.
If silazanes or chlorosilanes are used the reaction may be
followed by the ammonia or hydrogen chloride that
is liberated. The use of hexamethylcyclotrisilazane
offers an advantage of a low equivalent weight there-
fore providing good volume efficiency.

D ennis

Experimental Section

Reagents and Analyses.—Ar-(p-Methylphenyl)diphenylaceta-
mide, mp 176-177°, was prepared from p-toluidine and diphenyl-
acetyl chloride using a published procedure.7

Benzaldehyde, p-toluidine, A-methylacetanilide, and di-
phenylacetic acid were obtained from Eastman Organic Chemicals
and were used without further purification. Benzoyl chloride
and hydroxylamine hydrochloride were Baker Analyzed Reagent
grade and were used without purification.

Hexamethylcyclotrisilazane, bp 149° (200 mm), » “d 1.4472
[lit.8 bp 188° (756 mm), nwD 1.448], and octamethylcyclotri-
silazane, bp 174° (60 mm) [lit.8 bp 225° (756 m m)], were pre-
pared from dimethyldichlorosilane and ammonia. n-Butyl
silicate, bp 134r-136° (5 mm), nZ&d 1.4106 (lit.9nwD 1.4128), was
prepared from ethyl silicate. All other silanes were available
from Dow Corning Corporation and were >95% pure by glc
analysis and were used without further purification. Benzonitrile,
n-butyl alcohol, n-butyl benzoate, benzoic acid, and 1,3,5-tri-
phenyltriazine were identified by comparison of their ir spectra
with standards. In addition, their boiling points and melting
points gave the correct values.

The ir spectra were obtained on a Perkin-Elmer Model 137
spectrophotometer. The 'H nmr spectra were obtained on a
Varian Associates Model A-60 using CCl4as a solvent. The glc
analyses were obtained on an 8 ft X 0.125 in. stainless steel
column packed with 26% Dow Corning SGM-11 on Chromosorb
W, 80-100 mesh, using an F & M Scientific Model 5750 research
chromatograph.

Acetonitrile from Acetamide and Hexamethylcyclotrisilazane
(1).— A mixture of 30 g (0.5 mol) of acetamide (Fisher Scientific
Co.) and 100 g (0.46 mol, 1.37 equiv) of 1w*as heated to 120-130°
for 64 hr and to 170° for an additional 24 hr. Acetonitrile dis-
tilled from the mixture: 17.4 g, (85%); bp 80° 7izD 1.3434
(lit. D nMd 1.3441). Residue from the distillation, 96 g, had a
neutral equivalent of 130. The theoretical value was 110.
The difference was probably due to external moisture which
caused some loss of NH 3.

Benzonitrile from Benzamide and 1.— A mixture of 60 g (0.5
mol) of benzamide (mp 130-132°) and 100 g (0.46 mol) of 1was
heated at 84r-110° for 30 hr and 130° for 18 hr. Distillation then
gave 51 g, bp 70-73° (10 mm), which was 85% benzonitrile by
glc area per cent. The remainder of the peaks seen by glc analy-
sis corresponded to several siloxane moieties. The yield based
on 48.5 g is 94%.

A mixture of 12.1 g (0.1 mol) of benzamide and 7.5 g (0.034
mol, 0.102 equiv) of 1was heated at 220° for 20 hr. At the end of
this time the rate of evolution of ammonia was very slow. The
product was distilled to give 9.6 g, 91%, bp 70° (~10 mm), of
benzonitrile which was pure by glc analyses. The residue was
taken up in hexane and filtered to remove 350 mg, 3.3%, of
1,3,5-triphenyltriazine, mp 234-236°. The siloxane polymer
contained no peaks by glc analysis corresponding to cyclic di-
methylsiloxanes and the neutral equivalent was 4120. The
calculated neutral equivalent for the excess silazane used is 2740.
The difference in neutral equivalent corresponds to 17 mg of
water.

Benzonitrile from Benzamide and Octamethylcyclotetra-
silazane.— A mixture of 12.1 g (0.1 mol) of benzamide and 14.0 g
(0.048 mol, 0.19 equiv) of octamethylcyclotetrasilazane was
heated at 220° for 4.5 hr. The mixture was distilled to give 9.1 g,
bp 87-88° (27 mm), which was 83% benzonitrile by glc area
per cent with the remainder of the material appearing as several
siloxane peaks, yield 71%.

Benzonitrile from Benzaldoxime and 1.—A mixture of 13.0 g
(0.11 mol) of spre-benzaldoxime (mp 27-33°) and 10 g (0.046 mol,
0.137 equiv) of 1was heated at 210° for 6 hr. The mixture was
distilled to give 9.4 g of material, bp 59-63° (8 mm), which in
addition to siloxanes contained 85% benzonitrile; the yield is
72%.

Benzonitrile from Phenyltrichlorosilane and Benzamide.—A
mixture of 10.5 g (0.05 mol) of phenyltrichlorosilane and 6.0 g
(0.05 mol) of benzamide was heated to 240-260° for 40 hr. The

(7) C. L. stevens and J. C. French, J. Amer. Chem. Soc., 75, 657 (1953).

(8) S. D. Brewer and C. P. Haber, ibid., 70, 3888 (1948).

(9) B. A. Arbuzon and T. G. Shavsha, Dokl. Akad. Nauk SSSR, 68, 859
(1949).

(10) R. R. Drieabach and R. A. Martin, Ind. Eng. Chem., 41, 2877
(1949).
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mixture was then distilled to give 2.5 g, 47.6%, of pure benzo-
intrile. A toluene solution of the residue when analyzed by glc
contained benzonitrile and nothing else except solvent. Hydrogen
chloride was detected during the reaction.

Benzonitrile from iV,AT-dimethylaminodimethylhexylsilane and
Benzamide.— A mixture of 18.7 g (0.1 mol) of IV.fV-dimethyl-
aminodimethylhexylsilane and 6.05 g (0.05 mol) of benzamide
was heated to 235°. At the melting point of benzamide, di-
methylamine was liberated rapidly. After 4 hr at 235° an ir
spectrum of the mixture indicated some benzonitrile by a small
absorption at 4.5 p. There was also a broad absorption at 1060
cm-1 corresponding to the SiOSi structure of sj/m-dihexyltetra-
methyldisiloxane. Ammonium sulfate, 0.5 g, was added and
benzonitrile was slowly distilled from the mixture. A total of 5.4
g of distillate was obtained which was 95% benzonitrile by glc
area per cent. The yield based on 5.1 g is 96%. Coinjection of
this residue with an authentic sample indicated by glc most of
the residue was sj/m-dihexyltetramethyldisiloxane.

Reaction of A'-(p-Methy!phenyl)diphenylacetamide with Hexa-
methylcyclotrisilazane.—A mixture of 16 g (0.05 mol) of N-(p-
methylphenyl)diphenylacetamide, mp 176-177°, and 11.0 ¢
(0.05 mol) of 1 was heated at 240° for 4 hr. The evolution of
ammonia was noticed at the melting point of the amide and after
4 hr at 240° the rate of ammonia evolution had greatly decreased.
The product was triturated with benzene and hexane to give 3.0
g, 18.7%, of starting material, mp 167-174°. Benzene and
hexane were removed from the solution in vacuo and after filtra-
tion 7.1 g of solid, mp 69-70°, corresponding to a 73% yield of
diphenylacetonitrile was obtained. A portion of this material
was recrystallized (ether-pentane): mp 74-75°; ir (CC14) 2250
cm“1(C=N); nmr 5.10 (s, 1.0, C—H), 2.75 (s, 10.0, Ar—H).
The filtrate did not contain a significant amount of hexamethyl-
eyclotrisilazane or p-toluidine by glc analysis but did contain
at least 13 broad peaks. The filtrate was taken up in ether and
washed with cold dilute hydrochloric acid. The acidic agueous
extract was neutralized with potassium hydroxide and p-toluidine
was extracted with ether. The ethereal solution was dried over
sodium sulfate and after removing the volatiles in vacuo 2.75 g,
52%, of p-toluidine, mp 37-40°, mixture melting point un-
depressed, was obtained.

Reaction of iV-Methylbenzamide with 1.— A mixture of 6.75 g
(0.05 mol) of IV-methylbenzamide and 11.0 g (0.05 mol) of 1
was heated at 220-240° for 48 hr and slowly distilled over 16 hr
to give 3.0 g of distillate which was 70% benzonitrile by glc
analysis. Other peaks corresponded to several siloxane com-
pounds. The yield based on 2.1 g is 42%.

Reaction of A'-Methylacetanilide with 1.—A mixture of 14.9 g
(0.1 mol) of N-methylacetanilide and 7.5 g (0.03 mol) of 1 was
heated to 240-260° for 64 hr. The mixture became dark over
this period and a basic gas was detected by pH paper. After 64
hr, the product was distilled over a 3-hr period to give 2.2 g of
material which was 50% acetonitrile by glc area per cent. The
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distillate contained several higher boiling components and had an
amine odor.

Reaction of re-Butyl Silicate with Benzamide.— A stirred mixture
of 13.2 g (0.05 mol) of n-butyl silicate and 6.05 g (0.05 mol) of
benzamide was refluxed at 200° for 44 hr during which time there
was no reaction. Three drops of (2-phenylpropyl)methyldichloro-
silane was added. The mixture was refluxed an additional 48 hr
when glc analysis indicated the presence of n-butyl alcohol, benz-
onitrile, re-butyl benzoate, re-butyl silicate, and hexa-n-butoxy-
disiloxane. Distillation at 10 mm gave the following fractions:
400 mg, bp 70-73°, benzonitrile; 4.6 g, bp 73-120°, 30%benzo-
nitrile-70% re-butyl benzoate; 2.8 g, bp 120-128°, 90% re-
butyl benzoate-10% re-butyl silicate; 1.0 g, bp 128-141°, 50%
w-butyl benzoate-50% re-butyl silicate. The residue, 8.0 g, was
50% re-butyl silicate and 50% higher boiling product, pre-
sumably hexa-re-butoxydisiloxane. The yield of re-butyl benzoate
based on 6.05 g is 65%), of benzonitrile based on 1.78 g is 34%.

Reaction of Methylphenyldichlorosilane with Benzamide.—A
mixture of 1.2 g (10 mmol) of benzamide and 2 ml (12.3 mmol) of
methylphenyldichlorosilane was heated at 160-180° for 16 hr.
The reaction was two phases and after 16 hr at 160-180° the
temperature was increased to 220°. The evolution of hydrogen
chloride was observed at this temperature and the mixture was
held at this temperature for 28 hr. Analysis by glc contained a
peak corresponding to benzonitrile. Estimated conversion based
on the ratio of glc area per cents of the peaks corresponding to
benzonitrile and starting phenylmethyldichlorosilane was 70%.
An ir spectrum of this mixture had an absorption at 4.5 p indica-
tive of C=N.

Reaction of Methylphenyldimethoxysilane with Benzamide.—
A solution of 1.2 g (10 mmol) of benzamide in 5 ml (27.5 mmol)
of methylphenyldimethoxysilane was refluxed for 120 hr. At
this time, a glc analysis showed the presence of benzonitrile and
a small peak corresponding to methylbenzoate eluting near
phenylmethyldimethoxysilane. There was an absorption at 4.4
p in the ir spectrum for C=N. In addition there was a small
absorption at 5.75 p (C =0) corresponding to methylbenzoate.
The final mixture was neutral. Distillation gave 900 mg of
material which was 50% benzonitrile, 40% methylphenyldi-
methoxysilane, and 10% methyl benzoate by glc area per cent.

Registry No.—1, 1009-93-4; acetamide, 60-35-5;
benzamide, 55-21-0; octamethylcyclotetrasilazane,
1020-84-4; benzaldoxime, 932-90-1; phenyltrichloro-
silane, 98-13-5; NjN-dimethylaminodimethylhexylsil-
ane, 25913-89-7; N-(p-methylphenyl)diphenylacet-
amide, 4107-01-1; N-methylbenzamide, 613-93-4; n -
methylacetanilide, 579-10-2; n-butyl silicate, 4766-57-
8; methylphenyldichlorosilane, 149-74-6; methylphe-
nyldimethoxysilane, 3027-21-2.
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Thianaphthene 1,1-dioxide (1) forms two isomeric cyclobutane dimers, 2 and 3, on uv irradiation.

Reduction

and Raney nickel desulfurization of 2 and 3 afforded products which allowed structural assignment of the dimers

as anti head to head (2) and anti head to tail (3).
infrared spectroscopy.

The photodimerization of thianaphthene 1,1-dioxide
(1) has been observed by Davies and James2a and

Mustafa.2 The structure and stereochemistry of the
product(s),3however, were not elucidated. We would
like to report the isolation and structure elucidation of
the two isomeric photodimers of thianaphthene 1,1-di-
oxide (1).

The photodimerization of indene4and 1,1-dimethyl-
indene,6analogs of 1, have been studied. In both cases,
photodimerization could be effected only in the presence
of triplet sensitizers benzophenone (e x = 69 kcal)4and
acetophenone (e t = 73.6 kcal).6 In contrast, thia-
naphthene 1,1-dioxide (1) does not require the presence
of a triplet sensitizer for photodimerization.

In a typical run, a benzene solution of 1 (4.0 g/1.),
previously flushed with dry nitrogen, was irradiated
with a type L 450-W Hanovia mercury vapor lamp
(filtered by Pyrex) for 20 hr at room temperature. A
white precipitate crystallized on the walls of the reac-
tion flask. Examination of the solid as well as the
residue from the benzene solution by tic and glpc
revealed that two photoproducts had formed, one being
a major constituent of the insoluble material (2) and
the other being a major constituent of the benzene
solution (3). The total yield of the two photoproducts
was 75% (21% of starting material was recovered).
The ratio of compound 2 to compound 3 was 2.7 (73:27,
glpc).

Elementary analysis and exact mass measurement of
the molecular ion of both 2 (332.0192) and 3 (332.0179)
agreed with the formula C16H 15204 (m/e, M + required
332.0177). This indicates the formation of two
isomeric dimers. The ir6and nmr spectra (AA'BB")
for nonaromatic protons are in agreement with any one
of the following structures (Chart I).

Structures E, F, G, and H, are highly strained and
would be expected to epimerize readily on treatment
with base.7 When 2 and 3 were refluxed with sodium

(1) NRCC Bursary holder 1968-1970.

(2) (a) W. Davies and F. C. James, J. Chem. Soc., 314 (1955); (b) A.

Mustafa, Nature, 175, 992 (1955); A. Mustafa, J. Amer. Chem. Soc., 78,
6174 (1956).

(3) Only one product was reported by Davies and James2aand Mustafa.2b

(4) (&) G. O. Schenck, W. Hartmann, S.-P. Mannsfeld, and C. H.
Krauch, Ber., 95, 1642 (1962). (b) A. G. Anastassiou and G. W. Griffin,
J. Org, Chem., 33, 3441 (1968).

(5) J. J. McCullough, Can. J. Chem., 46, 43 (1968).

(6) The infrared spectra of 2 and 3 showed marked differences in the 850-
and 450-cm~1regions.

(7) E. J. Corey, J. D. Bass, R. LeMahier, and R. B. Mitra, J. Amer.
Chem. Soc., 86, 5570 (1964).

The assignment of dimer 3 was confirmed by Raman and

Chart |

methoxide in methanol, no change in the dimers was
observed thus ruling out E-H as structures for 2 and 3.

Evidence for the structures of 2 and 3 has been ob-
tained (Schemes | and 11) by converting the sulfone to

Scheme |

the corresponding sulfide followed by Raney nickel
desulfurization to various diphenylcyclobutane deriva-
tives.8

Compounds 2 and 3 were reduced by LiAIH4 in
n-butyl ether to give sulfides 4 and 5 respectively.
These compounds (4 and 5) were oxidized (35% H22
HOAC) in over 90% yield 10 compounds 2 and 3, respec-

(8) A -> trons-l,2-diphenylcyclobutane; B ->*m-1,2-diphenylcyclobutane;
C — irems-l,3-diphenylcyclobutane; D —»cis-1,3-diphenylcyclobutane.
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Scheme |1

Raney Ni—CgHg

tively (ir and mixture melting point were identical with
those of the original photodimers). Hence, no re-
arrangement occurred during reduction of the photo-
dimers with LiAIH4

Compound 4 was treated with Raney Ni W2 and
afforded a mixture of d1- and meso-2,3-diphenylbutane9
(8) (27%), 1,4-diphenylbutane (6) (11%), and trans-1,2-
diphenylcyclobutane (7) (62%). The identity of this
mixture was verified with three different glpc columns
(see Experimental Section). In addition, trans-I,2-di-
phenylcyclobutane (7) was collected and the nmr
spectrum was found to be identical with that of an
authentic sample.4 In order to exclude the possibility
of isomerization of cis- to trans-\,2-diphenylcyclobutane
during desulfurization, the cis isomerMwas refluxed in
benzene under the same conditions as that of compound
4. Only a small amount of 1,4-diphenylbutane (6) was
produced [no d1- or meso-2,3-diphenylbutane (8) jand no
isomerization to trans-1,2-diphenylcyclobutane (7) was
observed. Further, it was shown that no intercon-
version between d1 and meso 8 occurred under the
conditions of the desulfurization. Based upon the
above results, we assign structure A to compound 2
(head to head, anti).

Similarly, compound 5 when treated with Raney Ni
W2 gave 1,3-diphenylbutane (9) (38%) and trans-1,3-
diphenylcyclobutane (10) (62%). trans-I,3-diphenyl-

(9) The formation of meso 8 was unexpected. If the photodimer 2 has
head to head, syn stereochemistry (structure B), then not only meso 8 but
cis-1,2-diphenylcycobutane would be expected from Raney nickel treatment.
Since there is ample evidencel that racemization or cis—trans interconver-
sions of centers a to sulfur are not observed, dl and meso 8 must arise from
fragmentation processes on the catalyst surface.1l At least two explanations
for dI and meso 8 formation are possible and have literature precedent.
Simultaneous removal of two sulfur atoms from 4 after a C-C bond reduc-
tion would give a 1,4 diradicall2which would give 2,3-dipheny1-1-butene on
disproportionation.10”913 Reduction of this molecule would provide dl and
meso 8. Also, cleavage of the C-C bond a to each sulfur atom would give a
different 1,4 diradical which on disproportionation,10"13 desulfurization, and
reduction would give dl and meso 8.

(10) (a) S. F. Birch and R. A. Dean, aAnn., 585, 234 (1954); (b) S. F.
Birch, R. A. Dean and E. V. Whitehead, J. Org. Chem., 19, 1449 (1954); (c)
A. F. Hussey, H. P. Liao, and R. H. Baker, J. Amer. Chem. Soc., 75, 4727
(1953); (d) G. Stork, E. E. van Tamelen, L. J. Fredman and A. W. Burg-
stahler, ibid., 75, 384 (1953); (e) J. F. Ford, R. C. P. Kethly,
and V. O. Young, Tetrahedron, 4, 325 (1958); (f) for an authoritative review
on Raney nickel desulfurizations, see W. A. Bonner and R. A. Grimm,
in “Organic Sulfur Compounds,’’ Vol. IlI, N. Kharasch and C. Y. Meyers,
Ed., Fergamon Press, N. Y. and London, pp 35-71, 1966, pp 35-71.

(11) H. R. Snyder and G. W. Cannon, J. Amer. Chem. Soc., 66, 155
(1944).

(12) (a) W. Baker, A. S. EI-Nawawy, and W. D. Ollis, J. Chem. Soc.,
3163 (1952); (b) C. Djerassi, M. Shamma, and T. Y. Kan. J. Amer. Chem.
Soc., 80, 4723 (1958).

(13) A. W. Weitkamp, ibid., 81, 3434 (1959).

(14) R. M. Dodson and A. G. Zielske, J. Org. Chem., 32, 23 (1967).
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cyclobutane (10) was isolated by preparative glpc.
The nmr spectrum® of 10 (aromatic, t 2.82, 10 H, s;
methine, r 6.56, 2H, p, J = 8.0 Hz; methylene, t 7.60,
4 H,t J =8.0 Hz) in CDC13is indicative of trans
stereochemistry. Changing the solvents to acetone-d6
or benzene-d6did not change the multiplicity or sym-
metry of the nmr signals. In the trans isomer the
methylene protons would be symmetrically equivalent
hence, a triplet methylene for this trans-1,3-disubsti-
tuted cyclobutane would be expected. The methylene
protons in the cis isomer are not equivalent; thus a more
complex pattern would likely occur.

Similar arguments have been used in assigning the
stereochemistry of trans- and cis-\,3-dihalocyclo-
butane, trans- and m-Il,3-dihalo-I,3-dimethylcyclo-
butane,7Btrans- and cfs-2,4-diphenylthietane,1 trans-
and cfs-2,4-dimethylthietane,® and trans-l,3-dimethyl-
cyclobutane. I7

Further evidence as to the structure of 5 was ob-
tained by Raman spectroscopy. It has been established
that molecules possessing a symmetry center give fewer
coincident vibrational bands (Raman vs. infrared
spectrum) than do noncentrosymmetric molecules (Cj
symmetry).2L This concept has been utilized to define
a number of centrosymmetric photodimers.2L

Raman and infrared comparisons were made for
compounds 4 and 5 scanning from 250 to 3200 cm"1
(Tables I and Il). Transitions within 10 cm-1 for
these comparisons were considered coincidences2
(Table Il). The observation of 14 fewer coincident
bands (25-39, Table Il1) for 5 vs. 4 strongly indicate
that 5 is centrosymmetric.

Based on the above considerations, we assign struc-
ture C to compound 2.

Experimental Section

Materials and apparatus:— Benzene (Fisher Certified reagent)
was used as photodimerization solvent. Melting points were
taken on a Gallenkamp apparatus and are not corrected. The
glpc data were obtained on a Hewlett-Packard F & M series
5670 research chromatograph using three columns (A, B, C).
Column A was a Vs in. X 6ft 20% Apiezon L on Chromosorb W,
AW, DMCS (acid-washed, dimethyldichlorosilane treated); col-
umn B was a Vs in. X 6 ft 10% UC-W98 (silicone gum rubber)
on Diatoport S; and column C was aVsin. X 6ft 10% LAC-728
on Chromosorb W, AW, DMCS treated. Infrared spectra were
measured on Perkin-Elmer 225 spectrometer, nmr spectra were
obtained from Yarian Associates A-60 and T-60 spectrometers,
mass spectra were recorded on an AEI MS 902 spectrometer,
and Raman spectra were recorded as solid samples (several milli-
grams) on a Jarrel-Ash 25-300 Raman spectrometer.

Thianaphthene 1,1-Dioxide (1).— Sulfone 1 was obtained by
the oxidation of thianaphthene with H22in glacial acetic acid
according to the method of Davies and James.2 This sulfone was
further purified by recrys'allization from ethanol-activated
charcoal (mp 142.5-143; lit.2mp 142°) yield 76%.

The Photodimerization of Thianaphthene 1,1-Dioxide.—Two
liters of a benzene solution of 1 (8.0 g, 2.4 X 10-2 M ), previously

(15) Chemicals 3hifts for nmr given in parts per million with tetramethyl-
silane as r 10; m = multiplet; s = singlet; t = triplet; p = pentuplet.

(16) K. B. Wiberg and G. M. Lampman, J. Amer. Chem. Soc., 88, 4429
(1966).

(17) W. von E. Doering and J. F. Coburn, Tetrahedron Lett., 999, (1965).

(18) K. Griesbaum, W. Naegle, and G. G. Wanless, J. Amer. Chem.
Soc., 87, 3151 (1965).

(19) R. M. Dodson and G. Klose, Chem. Ind. (London), 540 (1963).

(20) B. M. Tro3t, W. L. Schinski, and I. B. Mantz, J. Amer. Chem. Soc.,
91, 4320 (1969).

(21) H. Ziffer and I. W. Levin, J. Org. Chem., 34, 4056 (1969).

(22) This is 5 cm-1 outside the range utilized by previous workers (ref 21)
and should easily allow for crystal perturbations.



3258 J. Org. Chem., Vol. 86, No. 10,1970

Table |
Comparison of the Raman Displacements
and Infrared Frequencies for the

Benzothiophene 1,1-Dioxide Photodimers™

........ ST — 4
Head to tail Head to head
Infrared,,cm 1 Raman, cm-1 Infrared, cm*“1 Raman, cm 1
252 1100 252 979 232
292 1122 1115 252 992 252 992
330 1130 265 1020
363 1148 275 1025* 1028
1150 410 1155 282 1055* 288
430“ 1160 1060 340 1060
432 1181 368 1070 370 1070
445 1190 440 1190 415 415 1035
481 1205 475 430 1048
488 1230 448 1152 450 1155
528 528 1248 470 1188* 478 1188
605 1260 605 495 1190 495 1190
692 690 1270 510 1198* 1198
711 1282 710 1280 525 1240 520 1240
745 740 1310 535 1248 540
750 1440 575 1262 1260
768 1458 760 1460 620 1275 621 1282
1568 785 1565 694 1360 694
1580 841 1580 718 1320 720 1320
863 860 2925 728 1400
871 2950 2950 745 1420 743
902 2989 2980 753 1460 753
3010 928 3010 770" 1462 770
938 942 3020 800 1570 1570
960 3050 3050 833 1579 832
971 3060 970 855 1582 1582
990 990 3130 862 2932 2930
1022 1020 3160 2960" 2955
1055 1055 904 2980 904 2975
935 3000 930
970 3040 3038
3060 3060

“ sh denotes shoulder.

Table Il
Comparison of the Raman and Infrared
Frequency Coincidences"

-Head-to-tail photodimer----—- . .--—--- Head-to-head photodimer---—- .

ir R c Conpd ir R c
2 39 256 60 42 Key
5 4
42 30 1 60 42 29

“ir, R, and C denote infrared peaks, Raman peaks, and co-
incidences respectively. bCoincidences within 10 cm-1. cCo-
incidences within 5 cm-1.

purged with dry nitrogen for 45 min, was irradiated with a
type L 450-W Hanovia mercury vapor lamp in the usual quartz
water-cooled immersion apparatus with Pyrex filter for 20 hr at
room temperature. A white precipitate (3.0 g) crystallized on the
walls of the reaction flask; in addition, 4.7 g of material was
recovered from the benzene solution. Examination, by tic
(silica gel eluted with CHC13:acetone, 85:15) and glpc on column
A, of the precipitate and the benzene solution revealed the pres-
ence of two compounds, compounds 2 being a major constituent
of the insoluble material and compound 3.being a major constit-
uent of the benzene solution. In a typical run the residue from
the benzene solution was combined with the precipitate and the
total mixture analyzed with glpc on columnA. The ratioof2to 3
was found to be 73:27. The total yield of the dimers was 6.0 g
(75% yield). Recrystallization of the fraction precipitating from
benzene with DMSO gave 2.6 g of 2 (mp 329-330° dec): ir
1320 cm-1 and 1160 cm-1 (S02 stretching); nmr r 1.83-2.15
(8 H m), 5.20-5.80 (4 H AA'BB").

Anal. Calcd for Ci,H8D4 C, 57.83; H, 3.62; S, 19.27;
exact mass of molecular ion, 332.0177. Found: C, 57.80; H,
3.70; S, 19.18; exact mass of molecular ion, 332.0192.

Harpp and Heitner

The residue was obtained by evaporation of the benzene and
was extracted with boiling water until 1 no longer crystallized
from the water (1.7 g, 21%, of 1was recovered). The resulting
mixture was recrystallized twice from DMSO (crystallizing
mixture allowed to stand overnight), resulting in 1.1 g of 3
(mp 334-335° dec): ir 1320 and 1160 cm-1 (SO2stretching);
nmr r 1.85-2.15<8 H m), 4.90-5.80 (4 H AA'BB").

Anal. Calcd for CiH&D<: C, 57.83; H, 3.62; S, 19.27;
exact mass measurement of molecular ion, 332.0177. Found:
C, 58.22; H, 3.92; S, 19.06; exact mass measurement of mo-
lecular ion, 332.0179.

Reduction of Photodimers 2 and 3.— Compound 2 (4.0 g,
0.012 mol) was refluxed with LiAlIL (2.8 g, 0.073 mol) in 200 ml
of n-butyl either (previously dried over sodium) for 5 hr. The
excess LiAll14 was decomposed by carefully adding 3 ml of
water, 3 ml of 15% NaOH, and 6 ml of water in succession.
After filtration and evaporation of the solvent, the crude product
was chromatographed over 50 g of neutral alumina with petroleum
ether (bp 30-60°) and hexane to give 2.1 g of white crystals of 4,
mp 217-218° (66% yield). Infrared analysis showed the absence
of the two SO2stretching absorptions.

Anal. Calcd for CieH82 C, 71.64;
Found: C, 71.55; H, 4.61; S, 23.89.

Compound 3 was treated similarly except that the product 5
was purified by recrystallization from CHCL-ethanol; 1.8 g
(56%) mp 180-180.5° was obtained. Infrared analysis showed
the absence of the SO02stretching bands.

Anal. Calcd for C,H82 C, 71.64;
Found: C, 71.69; H, 4.16; S, 23.89.

Oxidation of Bis Sulfides 4 and 5.— After compound 4 (80 mg,
0.03 mmol) was dissolved in 10 ml of glacial acetic acid, 10 ml of
35% H2 2was added and the resulting mixture heated on a steam
bath for 1 hr. The solution was cooled and poured into 50 ml of
cold water. The suspension was filtered and dried under vacuum.
Compound 2 (75 mg, 73%, mp 329-330° dec) resulted. A mix-
ture melting point with photoproduct 2 was not depressed. In
addition, the ir spectrum \yas identical with that of photoproduct
2.

Similarly, 100 mg of 5 was oxidized to 80 mg (63% yield) of 3
(mp 334-335° dec). A mixture melting point with photoproduct
3 was not depressed and the ir spectrum was identical with that
of photoproduct 3. The mixture melting point of 2 and 3 was
285-290°.

meso- and DL-2,3-Diphenylbutane.— These compounds were
prepared from 37 g (0.2 mol) of 1-phenylethyl bromide according
to the method of Conant and Blatt.2 Recrystallization of the
mixture in ethanol gave 10 g of meso-2,3-diphenylbutane (mp
126-128° lit.Bmp 124-126°; 25% yield). The mother liquor
was evaporated and the residue distilled under vacuum to give
5 g of DL-2,3-diphenylbutane: bp 100-102° (1 mm); lit.24bp
103-104° (1 mm); nD= 1.5552; lit.2An2D 1.55516; 13% yield.

H, 4.47; S, 23.84.

H, 4.47; S, 23.84.

1.2- Dibenzoylethane.— 1,2-Dibenzoylethane was prepared in

95% yield by the method of Schaefer.5

Bis(ethylene dithioketal) of Dibenzoylethane.— This material
was prepared by mixing 2.6 g (0.011 mol) of dibenzoylethane with
12 ml of ethylenedithiol and 2 ml of boron trifluoride etherate
at room temperature for 1 hr. After recrystallization from diox-
ane, 3.6 g (85% yield) of white crystals, mp 197-198°, resulted.

Anal. Calcd for CdH2S<: C, 61.28; H, 5.64. Found: C,
61.45; H, 5.65.

1,4-Diphenylbutane (6).—The above bis(ethylene dithioketal)
(3 g, 0.0079 mol) was refluxed in ethanol with about 3 g of Raney
nickel W2 for 15 hr, affording 1.5 g (89% yield) of 1,4-diphenyl-
butane (mp 48-49°, lit.4mp 50.5-51.5°).

1.2- Diphenylcyclobutene.— This compound was prepared
40% yield as previously reported.}4

Ci's-1,2-Diphenylcyclobutane.— This material was prepared by
hydrogenation of 1,2-diphenylcyclobutene over a Pt catalyst in
95% yield:¥ nmrB(CDC13 r 3.05 (10 H s), 5.88-6.20 (2 H m),
and 7.45-7.55 (4 H m).

trans-1,2-Diphenylcyclobutane (7).—The cis isomer (0.2 g,
0.96 mmol) was mixed with 0.2 g of potassium i-butoxide in
anhydrous DMSO at 70° for 22 hr. The solution was added
to water, extracted with benzene, and chromatographed over
silica gel with petroleum ether. The trans isomer (7) (0.18 g.8

(23) J. B. Conant and A. H. Blatt, J. Amer. Chem. Soc., 50, 555 (1928)-

(24) "Dictionary of Organic Compounds,” Vol. Il Eyre & Spottiswoode
Ltd., London, 1965, p 1274.

(25) J. P. Schaefer, J. Org. Chem., 25, 2027 (1960).
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90% vyield) was isolated: nmrl¥6 (CDC13 r 2.81 (10 H s), 6.27-
6.61 (2 H m) and 7.52-8.05 (4 H m).

Desulfurization of Compound 4.— Compound 4 (1.7 g, 0.0063
mol) was refluxed with about 4 g of Raney Ni W2 slurry in ben-
zene for 4 hr. After filtration and evaporation of the benzene,
1.1 g of an oil was isolated. Analysis by glpc on columns A, B
and C, using internal standards, showed that the mixture con-
tained ¢r<ms-l,2-diphenylcyclobutane (7), di1- and meso-2,3-
diphenylbutane, and 1,4-diphenylbutane (6) in 62%, 27%, and
11% vyield respectively. Using column C, frans-l,2-diphenyl-
cyclofcutane (7) was collected and the nmr spectrum obtained was
identical with that of authentic material.

1,3-Diphenyl-3-butanol.— This compound was prepared by
adding 12 g (0.10 mol) of acetophenone to an ether solution of
Grignard reagent made from 27.7 g (0.15 mol) of /3-phenylylthyl
bromide and 5 g of magnesium. The reaction mixture was
refluxed for 2 hr and worked up in the usual way. The crude
alcohol was distilled at 136° (0.25 mm), giving on cooling an
amorphous solid (12 g). The infrared spectrum showed the
presenceof an OH group and the absence of a carbonyl and bromide
groups. This material was used without further purification.

1,3-Diphenylbutane (9).—I1,3-Diphenyl-3-butanol (7.6 g,
0.034 mol) in 150 ml of glacial acetic acid was mixed with 0.1 g
of 10% Pd-C at 45 psi of hydrogen for 15 hr. After filtration and
evaporation of the acetic acid the mixture was chromatographed
over silica gel with petroleum ether-CCh (1:1) graduated slowly
to CCU, affording 1,3-diphenylbutane (9) (3.5 g, 50% vyield).
The material was found to be glpc pure (column A, B, and C):
nd 1.5520; lit.24 nav 1.5525); nmrB r 2.80-2.91 (10 H, m),
7.18-7.69 (3 H, m), 7.98-8.40 (2 H, m), and 8.80 (3 H, d).

Desulfurization of Compound 5.— Compound 5 (1.0 g) was
refluxed with ~3 g of Raney nickel W2 in benzene for 15 hr.
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Filtration and evaporation gave 0.5 g (65%) of an oil and 0.3 g
of 5. Analysis by glpc showed two compounds were present.
The first fraction was identified as 1,3-diphenylbutane by com-
paring the retention times with an authentic sample on column
A, B, and C. About 50 mg of the second fraction was collected
from glpc column A and was identified as frons-1,3-diphenylcyclo-
butane: mass spectra (molecular ion) m/e 208; nmr r 2.82
(10 H, s), 6.56 2 H, p,J = 80Hz), 760 (4 H, t, / = 8.0 Hz).

Anal. Calcd for CigHié: C, 92.26; H, 7.74; exact mass
measurement of molecular ion, 208.1245. Found: C,92.14; H,
7.55; exact mass measurement of molecular ion, 208.1252.

Attempted Epimimerization of Dimers 2 and 3.— Compounds
2 and 3 (150 mg) were each refluxed 12 hr with 1.2 g of sodium
methoxide in 25 ml of methanol. Dimers 2 and 3 were recovered
unchanged (glpc, column A; melting point and mixture melting
point).

Registry No.—1, 825-44-5; 2, 25558-18-3; 3,
25558-19-4; 4,25558-20-7; 5,25558-21-8; 7,7694-31-7;
9 (trans), 25558-23-0; bis(ethylene dithioketal) of di-
benzoylethane, 25557-76-0.
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A variety of 1,2-dithiolanes undergo facile desulfurization with tris(diethylamino)phosphine (2) to give thietanes

in good yield.
2-valeric acid (3).
formed the dimeric sulfide (19).
the steroidal phosphine 25.

By this method, the tetrahydropyranyl ester of a-lipoie acid afforded (after hydrolysis) thietane-
3H-I,2-Benzodithiole (17) did not give benzo[6]thiete (18) on desulfurization, but rather
The tricyclic steroid 22 underwent rearrangement on desulfurization to afford
The use of iodine-triethylamine in a new, modified procedure for the oxidation of

propane-1,3-dithiols was found to be an excellent method for the preparation of 1,2-dithiolanes in high yield.

As part of our study on the selective desulfurization3
of disulfides and related compounds, it occurred to us

R—S—S—R'+ PR3— >R—S—R' + S=PR3

that the use of aminophosphines for the desulfurization
of 5-membered disulfide rings (dithiolanes) could pro-
vide a new synthetic approach to thietanes.4 Accord-
ingly, the desulfurization of several dithiolanes was
attempted and the results are summarized in Table I.
While the dithiolane, a-lipoic acid (1), a coenzyme in
the biological oxidation of pyruvic acid, is readily avail-
able from natural sources, the corresponding thietane
derivative, thietane-2-valeric acid (3), has only re-
cently been prepared via a multistep synthesis.6 How-
ever, attempts to obtain this derivative by the desul-

(1) Organic Sulfur Chemistry. 1l1l. For part |Il, see D. N. Harpp and
J. G. Gleason, Tetrahedron Lett., 1447 (1969).

(2) Holder of an NRCC Studentship 1968-1969.

(3) D. N. Harpp, J. G. Gleason, and J. P. Snyder, J. Amer. Chem. Soc.,
90, 4181 (1968).

(4) Although other methods for the synthesis of thietanes are available,
the formation of polymer in these reactions is often competitive; see M.
Sander, Chem. Rev., 66, 341 (1966); S. Ogawa, M. Morita, K. Donome,
and K. Fujisawa, Japanese Patent 23937 (1967) [Chem. Abstr., 69, 35919
(1968)1.

furization of a-lipoic acid were unsuccessful. When
a-lipoic acid (1) was treated with tris(diethylamino)-
phosphine (2), no thietane derivative (3) was obtained.
The main product, isolated in 78% yield, was the di-

OH + (EtN)P

(5) (a) M. W. Bullock, U. S. Patent 2,788,355 (1957); Chem. Abstr.,
51, 13909 (1957). (b) Sh. Yurugi, H. Yonemoto, and T. Fushimi, Yakugahu
Zasshi, 8®, 169b (1960); Chem. Abstr., 55, 12288 (1961). (c) Sh. Yurugi and
T. Fushimi, Japanese Patent 6532 (1962); Chem. Abstr., 58, 13916 (1963).
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Tabte |

+
]
Disulfice R R' R"
n H H H
12 cth 5 H H
16 =0 H
5 H H (CH24ONHCE16
7 H H (CHShCOOTHP«

“In benzene solvent at room temperature, unless otherwise noted.
eTHP

lated as mercuric chloride adduct.
time is probably unnecessary.

In refluxing benzene.

ethylamide of a-lipoic acid (4). The formation of
amides from the reaction of carboxylic acids with alkyl-
aminophosphines has been reported.6 This reaction
presumably involves displacement of the dialkylamine
moiety by the carboxylic acid; subsequent rearrange-
ment (Scheme 1) affords the amide. When the car-

SCHEME |

4

boxylic acid was masked by suitable protecting groups
such as amides or esters, desulfurization proceeded
unhindered. The anilide derivative of 1 was prepared;
after 1 hr of stirring with the aminophosphine 2, the
yellow color of the disulfide was completely discharged
and the absorption maxima at 332 mp (characteristic
of 1,2-dithiolanes)7disappeared. A new compound, 6,
mp 56-58°, was obtained in 68% yield (Table I).

While the nmr and ir spectra of 6 were very similar to
those of 5, the mass spectrum exhibited a parent ion at
m/e 249.1180 (calcd for Ci4HINOS: 249.1198) and
a fragmentation pattern consistent with the assigned
thietane structure.

(6) R. Burgada, Ann. Chim. (Paris), 347 (1963).
(7) G. Bergson, G. Claeson, and L. Schotte, Acta Chem. Scand., 16, 1159
(1962).

+  (EtN)P =S

Reaction Concentration of I, Yield of
tine,” hr nmol. 1-1 I1," %
432 0.11 82c
id 0.22 87
0.1 0.2 Polymer
1 0.4 64
241« 0.8 80

4Yields reported are of crystallized or distilled thietane.
= tetrahydropyran. 1In ethyl acetate.

clso-
" This long reaction

Similarly, the tetrahydropyranyl ester 7 was desul-
furized to afford, after hydrolysis, thietane (3) in 82%

yield. This desulfurization may proceed via an internal
phosphonium salt of the type 8, although other inter-
mediates may be present (vide infra).

In order to examine the generality of this novel ring
contraction, we required a convenient method of pre-
paring 1,2-dithiolanes. Examination of the literature
revealed that, except for a few alkyl-substituted dithio-
lanes, oxidation of bisthiols leads to extensive polymeri-
zation.8 We have found that the use of triethylamine
to maintain neutral conditions during iodometric oxida-
tion of bisthiols greatly reduces polymerization. Thus,
slow addition of a solution of triethylamine and bisthiol
to an iodine solution provides both neutrality and high
dilution, the latter being desirable for intramolecular
cyclization of bisthiols. This procedure has permitted
us to prepare a wide variety of cyclic disulfides in high
yield.9 This method is rapid and appears to be general.

Thus, the oxidation of 1,3-propanedithiol (9) with
iodine in the presence of triethylamine followed by ex-
traction with benzene afforded a solution of 1,2-dithio-
lane (11), free of polymer. Desulfurization ofa 0.1 M

(8) For a general review on the preparation of 1,2-dithiolanes, see D. S.
Breslow and H. Skolnik, “The Chemistry of Heterocyclic Compounds,”
Part I, Interscience, New York, N. Y., 1966, pp 313-345.

(9) Using this technique, five- to eight-membered cyclic disulfides, as well
as a wide variety of acyclic disulfides, have been prepared in high yields.
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solution of 11 provided thietane 13, isolated as its mer-
curic chloride adduct, in 82% yield. Similarly, the

H~R H
X. BN
-u
5

\ / OHOF

SH SH
9,R=H 11,R=H 13,R=H
10,R = G815 12, R=CGg15 14, R= CaL

dimer of dimercaptoacetonel (15) was oxidized to the
corresponding disulfide 16. Addition of phosphine,

15
o]
A. 1,-EtjN.
polymer
\ / CHOH*
HS SH 3 -S
16
however, effected immediate polymerization of this

material and no characterizable compounds were iso-
lated.

In addition, 4-phenyl-l,2-dithiolane (12) and 3H-
1,2-benzodithiole (17) were readily prepared by the
above method. Desulfurization of disulfide 12 gave
3-phenylthietane (14) in 85% yield. We had hoped
that desulfurization of 17 would provide a simple syn-
thesis of the unknown heterocycle, 2H-benzo [bJthiete
(18). However, the only isolable product was the di-

mer of benzothiete, 6H,12H-dibenzo[5,/][l,5]dithioocin
(19). This material could arise from either dimeriza-
tion of benzothiete 18 or the phosphonium salt 20.

We have suggested3 (Scheme 11) that these desul-
furization reactions proceed via an internal phospho-

Scheme |1
S—P(NEt23

<N+ 2
S-S S S S’

- |

+P(NEt23

21
<G> + S=P(NEt23

(10) L. Schotte, Ark. Kemi, 5, 533 (1952).
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nium salt such as 21. Of considerable interest is the
desulfurization of the novel steroidal disulfide 221112
as rotation and subsequent Sn213decomposition are not

possible. Treatment of this disulfide with aminophos-
phine 2 did not provide either 23 or 24 but rather a new
compound, 25, CZHHBN2D2PS (exact mass calcd for
CZMHEN2OPS, 492.2939;  found, 492.2960), mp
200-201°. The presence of the A(4-5)-androstane-
1,17-dione ring system was indicated by the infrared
spectrum (1740 and 1670 cm-1) and ultraviolet spec-
trum (Xmee® H 228 mft, e 650) and the presence of only
one olefinic proton at . 4.2 in the nmr spectrum. The
loss of a bis(dimethylamino)phosphine sulfide moiety
26 upon electron impact permitted the assignment of
structure 25 for this compound.

(11) The synthesis of 22 has been reported;12 however the presence of a
1,5 disulfide bridge was not rigorously demonstrated. A 100-MHz nmr
double resonance experiment was used to show that the methine proton a to
the disulfide (a quartet at r 6.15) is part of an ABX spectrum where the AB
portion is centered at r 7.1. The chemical shift of the methylene (AB)
portion of the ABX system rules out the possibiity of a 2,5 disulfide (22a)
or 2,4 disulfide (22b) bridge.

(12) R. C. Tweit and R. M. Dodson, J. Amer. Chem. Soc., 81, 4409
(1959).

(13) E. S. Gould, “Mechanism and Structure in Organic Chemistry/'
Holt, Rinehart and Winston, New York, N. Y., 1959, pp 294-296.
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A mechanistic rationalization for the formation of 25
is depicted in Scheme Ill. The phosphonium salt 23

Scheme |11

initially formed may undergo an elimination reaction to
afford the thiol 27. This thiol would then reactX4with
the aminophosphine to provide 25.

This interesting rearrangement might well be useful
in preparing a variety of l-a-androstane derivatives.

Experimental Section16

Tris(diethylamino)phosphine (2).— The procedure used was a
modification of the method of Mark.’6 Thus, a solution of 43.0 g
(3.4 mmol) of phosphorus trichloride in 3 1L of anhydrous ethe*
was flushed with nitrogen and cooled to 10°; 150 g (2.06 mol) of
diethylamine was added dropwise with vigorous stirring over
2 hr. The resulting suspension was stirred overnight, then re-
fluxed for 0.5 hr. After cooling, the mixture was filtered and the
filtrate evaporated to dryness. The residue was dissolved in 200
ml of hexane and treated with ac tivated charcoal, and the hexane
removed under vacuum. The resulting oil was fractionated in
vacuum to afford 50.2 g of 2 (65%), bp 80-84° (0.5 mm), ndXd
1.4695 (lit. 734 1.465).

I,2-Dithiolane-3-valeric Acid Diethylamide (4).— A solution of
0.412 g (2.0 mmol) of 1 and 0.55 g (2.2 mmol) of tris(diethyl-
amino) phosphine (2) in 2.5 ml of dry benzene was stirred for 4
hr. An oil which formed immediately upon addition of the
phosphine slowly redissolved on stirring and a solid precipitated.
The solvent was removed under vacuum and the residue was
chromatographed over silica gel. Elution with methylene chlo-
ride afforded the diethylamide as a yellow oil, 0.42 g (80%),
homogeneous on thin layer and gas chromatography: ir (film)
1640 cm-1 (tertiary amide); nmr (CCh) « 6.70 (quartet, J = 7
Hz), 8.90 (triplet, 3 — 7 Hz), both observable above a broad
envelope; mass spectrum parent ion m/e 261, fragments of 58,
115, 72 (EtjN+), 100, 128, 189, 228.

dZz-I-2-Dithiolane-3-valeric Acid Anilide (5).—«-Lipoic acid (1)
was converted to its amlide (5) (aniline dicyclohexylcarbodiimide)
in 75% yield: mp 69-71° (lit..8mp 72-73°); X®° 242 mM (e
30,200), 332 (363); ir (KBr) 3290 (NH), 1660 (amide 1), 1540
(amide I1), 690 cm*“1 (aromatic); nmr (CDC13 r 1.93 (broad
singlet, 1 H, NH), 2.7 (complex multiplet, 5 H, aromatic), 6.48
(multiplet, 1 H, methine), 6.9 (multiplet, 2 H, -CH2-5S),
broad multiplets centered at r 7.8 and 8.5 accounting for re-
maining aliphatic protons; mass spectrum (150°), molecular
ion at m/e 281.0919 (calcd for Ci.HiNOS2 281.0908), frag-
ments of m/e 93, 135, 41, 55, 56, 148, 155.

Thietane-2-valeric Acid Anilide (6).—A solution of 1.129 g
(4 mmol) of the anilide 5 and 1.10 g (4.4 mmol) of tris(diethyl-
amino)phosphine (2) in 10 ml of benzene was stirred for 1 hr
during which time the yellow color was discharged and the uv
maximum at 332 nvx disappeared. The reaction mixture was
allowed to stand overnight, the solvent removed under vacuum,
and the residue chromatographed over Florisil. The phosphine
sulfide was eluted with 1:1 methylene chloride-petroleum ether
(bp 60-80°). Elution with methylene chloride afforded 0.634 g

(14) C. Stuebe and H. P. Lankelma, J. Amer. Chem. Soc.. 78, 976 (1956).

(15) Melting points were determined on a Gallenkamp block and are
corrected. Mass spectra were obtained on an AEI-MS-901B mass spectrom-
eter at 70 eV and are reported in order of decreasing intensity.

(16) V. Mark, Org. Syn., 46, 42 (1966).

(17) D. Houalli, M. Sanchez, and R. Wolf, Bull. Soc. Chim. Fr.. 2368
(1965).

(18) L. J. Reed, M. Koike, M. E. Levitch, and F. R. Leach, J. Biol.
Chem., 232, 143 (1958).

Harpp and Gleason

(64%) of colorless crystals, mp 51-54°, which after two crystal-
lizations from cyclohexane afforded an analytical sample: mp
55-57°; ir (KBr) 3290 (NH), 1960 (0=0), 1540 (amide I1I),
760 and 690 cm-1 (aromatic); 242 mjx (€24,900); nmr (CCU)
broad multiplet at r 2.7 (6 H, aromatic + NH) and aliphatic
protons from 6.5-9.0; mass spectrum (150°), molecular ion at
m/e 249.1180, (Calcd for CIH INOS: 249.1198), fragments
of m/e 93, 135, 41, 129.

Anal. Calcd for CuH,,NOS: C, 67.44; H, 7.68; N, 5.62;
S, 12.86. Found: C, 67.47; H, 7.64; N, 5.47; S, 12.85.

Thietane-2-valeric Acid (3).—A solution of 4.04 g (20 mmol) of
1in 20 ml of dihydropyran was refluxed 3 hr. The solvent was
removed under vacuum and the residue dissolved in 25 ml of ethyl
acetate containing 5.5 g (22 mmol) of tris(diethylamino)phos-
phine (2). After stirring at room temperature for 24 hr, the
solvent was removed under vacuum; 25 ml of dioxane and 25 m| of
concentrated HC1 were added; the solution was stirred for 18 hr.
The solution was diluted with 200 ml of water and extracted with
ether; the ethereal layer was extracted with 100 ml of a 5%
sodium bicarbonate solution; the bicarbonate solution was
carefully acidified and extracted with ether. After drying over
anhydrous sodium sulfate, the ethereal solution was evaporated
to dryness under vacuum to yield 2.82 g (80%) of 3 as a viscous
yellow oil: bp 143° (0.1 mm); n2D 1.5155; ir (film) 3020 (broad,
OH), 1708 cm“1 (COOH); nmr (CCU) r -1.63 (singlet, 1 H,
COOH), multiplet at 6.0-9.2 accounting for 13 protons; mass
spectrum (50°), parent ion at m/e 174, fragments of m/e 87, 41,
45, 55, 73, 80. The acid 3 was characterized as its anilide 6
(aniline, dicyclohexylcarbodiimide), mp 55-57°. This material
was identical in all respects with the sample prepared by direct
desulfurization of 5.

1.2-
dimercaptoaeetonel0 (as its dimer) and 2.10 g (20 mmol) of tri-
ethylamine in 25 ml of methanol was added dropwise to a solution
of 2.66 g (10.5 mmol) of iodine in 50 ml of methanol. The re-
action mixture was filtered to remove 200 mg of polymer and the
filtrate was diluted with 200 ml of benzene. After decolorization
with a 10% solution of sodium thiosulfate and several washings
with water, the solution was dried over magnesium sulfate and
concentrated under vacuum to 50 ml to afford a golden yellow
solution19 of I,2-dithiolan-4-one in benzene: nmr (benzene) r
7.15 (singlet); 340 mM (sh) (* 50), 325 (65), 312 (74), 300
(80).

Desulfurization of I,2-Dithiolan-4-one (16).— To 50 ml of the
above solution of 16 was added 2.50 g (10 mmol) of tris(diethyl-
amino)phosphine (2). Immediately upon addition of the phos-
phine, the color changed from yellow to dark brown and a dark
brown tar separated out of the solution. This tar was insoluble
in all organic solvents tried.

1.2- Dithiolane (11).— A solution of 1.06 g (10 mmol) of
propanedithiol and 2.10 g (20 mmol) of triethylamine in 10 ml of
methanol was added dropwise over 15 min to a solution of 2.66
g (10.5 mmol) of iodine in 25 ml of methanol. The resulting
solution was diluted with 250 ml of benzene, decolorized with a
10% solution of sodium thiosulfate, washed with water, dried
over magnesium sulfate, and concentrated undervacuum at30-35°
to less than a 50-ml volume, and the solution was transferred to
a 50-ml volumetric flask and filled to volume with dry benzene.
From the absorption at 330 m;x in the uv spectrum [lit.20 Xm
330 mju (e 147)] the concentration of this solution was found to
be 0.112 M corresponding to a yield of 56%: nmr (benzene) r
7.70 (triplet, 2 H, J = 6 Hz), 8.65 (multiplet, 4 H).

Thiethane (13).— To 50 ml of a 0.112 M solution of 11 in ben-
zene was added 2.50 g (10 mmol) of tris(diethylamino)phosphine
(2). After standing in the dark for 18 days, the clear solution was
added to 25 ml of a 20% solution of mercuric chloride in ethanol.
After standing overnight, 1.6 g (82%) of a crystalline solid was
obtained, mp 94-99° dec (lit.2Lmp 93-95° dec).

Desulfurization of 3H-1,2-Benzodithiole (17).—To a solu-
tion of 0.9 g (6.35 mmol) of 3H-1,2-benzodithiole2 in 15 ml

(19) Complete removal of solvent causes polymerization of the disulfide.
For this reason, no further attempts were made to characterize this com-
pound.

(20) J. A. Barltrop, P. M. Hayes, and M. Calvin, J. Amer. Chem. Soc.,
76, 4348 (1954).

(21) H. S. Gutowsky, R. L. Ritedge, M. Tamnes, and S. Searles, ibid.,
76, 4242 (1954).

(22) The disulfide was prepared by the oxidation of 2,a-toluenedithiol23
by iodine-triethylamine-methanol or FeCls-methanol.

(23) A. Ltittringhaus and E. Hagele, Angew. Chem., 67, 304 (1955).

Dithiolan-4-one (16).— A solution of 1.22 g (10 mmol) of

1,3-
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of benzene was added slowly 1.88 g (7.6 mmol) of tris(diethyl-
amino(phosphine (2). After 10 min, the benzene was removed
under vacuum and the residue chromatographed over silica gel.
Elution with 10% chloroform in hexane afforded 50 mg (7%) of
6H,12H-dibenzo[6,/] [1,5]dithioocin as colorless crystals, mp 172-
178°, which after crystallization from ethanol afforded colorless
needles, mp 173-175° (lit.2dmp 174-176°).

2- Phenyl-1,3-propanedithiol (10).—A solution of 4.6 g
mmol) of 2-phenyl-1,3-propanediol ditosylates and 10 g (130
mmol) of thiourea in 50 ml of ethanol was refluxed for 4 hr;
the ethanol was removed under vacuum and the residue refluxed
under nitrogen with 10 g of sodium hydroxide in 50 ml of water
for 12 hr. After careful acidification, the mixture was extracted
with chloroform and the extract washed well with water, dried,
and evaporated to dryness. The crude oil was fractionally distilled
under vacuum to afford 1.0g (55%) of a pale yellow oil: bp 76-78°
(0.005 mm); nmr (CDC13 . 2.70 (mulitplet, 5 H, aromatic),
6.0-7.4 (multiplet, 5 H), 8.7 (multiplet, 3 H, S-1i). This crude
dithiol was used without further purification.

4-Phenyl-l,2-dithiolane (12).— A solution of 1.4g (7.6 mmol) of
the dithiol 10 and 1.8 g (1.8 mmol) of triethylamine in 20 ml of
methanol was added dropwise with stirring in a nitrogen at-
mosphere to a solution of 1.95 g (8 mmol) of iodine in 50 ml of
methanol. The resulting solution was rapidly filtered and the
filtrate cooled in dry ice until crystals formed. The crystals were
filtered and washed well with cold methanol to afford 1.0 g (73%)
of yellow crystals, mp 77-83°. Sublimation at 75° and 25-p
pressure afforded 488 mg of yellow crystals: mp 82-84°; ir
(KBr) 1600, 1490, 1460, 775, and 705 cm"1 (aromatic); x'“""e
335 m>i (e 143); nmr (CDC13 r 2.66 (multiplet, 5 H, aromatic),
6.5 (multiplet, 5 H).

Anal. Calcd for CHI®B2 C, 59.29;
Found: C, 59.09; H, 5.50; S, 34.83.

H, 5.53; S, 35.18.

3- Phenylthietane (14).— A solution of 400 mg (2.2 mmol) of 12

and 600 mg (2.4 mmol) of tris(diethylamino(phosphine (2) in 10
ml of benzene was refluxed 4 hr during which time the yellow
color was discharged. The reaction mixture was evaporated to
dryness and the residue chromatographed over silica gel. Elution
with 1:1 hexane-chloroform afforded 280 mg (87%) of a colorless
oil, homogeneous on thin layer and gas chromatography (LAC

(24) G. W. Stacy, F. W. Villaescusa, and T. E. Wollner, J. Org. Chem.,
30, 4074 (1965).
(25) C. Beard and A. Burger, ibid., 27, 1649 (1962).

Aralkyl Hydrodisulfides.1 XI.
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column at 190°): n2ZD 1.5895; ir (film) 1610, 1500, 1465, 760,
705 cm-1 (aromatic); nmr (CCl.) £ 2.78 (5 H), 5.50 (multiplet,
1 H), 6.62 (multiplet, 4 H).

This material was characterized as its sulfone (HD 2 AcOH):
mp 101-101.5°; ir (KBr) 1320, 1140 cm-4(S02.

Anal. Calcd for CH,802 C, 59.29; H, 5.53;
Found: C, 59.67; H, 5.60; S, 17.84.

I«,5«-Epidithicandrostane-3,17-dione (22).— The method used
was a modification of the procedure of Tweit and DodsonRin that
triphenylphosphine was used to remove occluded sulfur from the
crude product. This material was crystallized from acetone (33%
yield): mp 210-214° (lit.2 mp 210-214°); ir (KBr) 1730
(Cn C=0), 1710 cm“1(C3C=0); X‘¢€H 364 mM U 51), 280
sh (650), 262 (730); nmrll (CDC13 (100 MHz) r 6.15 (quartet,
1H, Tax + Jbx = 7 Hz, fax — Jbx = 1 Hz), 9.10 (singlet,
3 H), 8.59 (singlet, 3 H), and a multiplet centered at about r
7.5-6.9.

S-Bis (diethylamino (phosphino- l«-thioandrostan-4-ene-3,17-
dione (25).— A suspension of 348 mg (1 mmol) of lor,5a:-epidithio-
androstan-3,17-dione (22) in £ ml of dry benzene containing 1.0
g (4 mmol) of trig(diethylamino)phosphine (2) was stirred over-
night. The solvent was removed under vacuum and the residue
chromatographed over silica gel. After elution of tris(diethyl-
amino(phosphine sulfide with 95:5 dichloroethane-acetone, the
product was eluted with 85:15 dichloroethane-acetone. Crys-
tallization from hexane afforded 100 mg (20% ) colorless crystals:
mp 201-202°; ir (KBr) 1740 (C17C=0), 1670 cm"1(C=C—C =
0); X -0H 228 rr.fi (e 6450), 280 (1470); mass spectrum, parent
ion at m/e 492.2960 (Calcd for CZHEGN D PS: 492.2939) with
a fragment ion at m/e 284.1785 [P+ — (EtN)ZSH] (calcd
for CiH20 2 284.1776).

Anal. Calcd for C2ZHAN D 2PS: C, 65.81; H, 9.21; N, 5.69.
Found: C, 65.75; H, 9.02; N, 5.61.

S, 17.59.

Registry No.—3, 25636-58-2; 4, 25636-59-3; 5,
1027-31-2; 6, 25636-60-6; 10, 25636-61-7; 12, 6133-
92-2; 14, 25636-63-9; 14 (sulfone), 25636-64-0; 16,
25636-65-1; 22,25632-08-0; 25,25631-60-1.
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Aralkyl hydrodisulfides were allowed to react with several amines at room temperature.

The amines (mor-

pholine, mono-, di-, and tri-n-butylamine, and piperidine) having pKavalues greater than 8.36 behave as bases.
The products from 10 mmol of hydrodisulfide consisted of nearly 5 mmol of each hydrogen sulfide and diaralkyl
disulfide, and 5 mg-atoms of sulfur, or, alternatively, nearly 5 mmol of hydrogen sulfide and fluctuating amounts
of sulfur, diaralkyl disulfide, and polysulfides, the last of which were formed at the expense of the disulfide and

sulfur.

These results are satisfactorily explained by the basic mechanism reported previously and modified

here. The amines (aniline, N,N-dimethylaniline, and pyridine) having pKa values less than 5.17 behave as
nucleophiles and gave hydrogen sulfide, arylalkanethiol, diaralkyl polysulfides, and disulfide, the last of which

was formed at the expense of the thiol.

These results are explained by the nucleophilic mechanism. 2,4-

Lutidine having pKavalue of 6.79 seems to behave as a nucleophile.

It has been well known that amines behave as nucleo-
philes4 toward octatomic sulfur or organic sulfur com-

pounds. However, amines could behave as bases
(1) Part X: S. Kawamura, Y. Abe, and J. Tsurugi, J. Org. Chem., 34,
3633 (1969).

(2) Department of Applied Chemistry, University of Osaka Prefecture,
Sakai, Osaka, Japan.

(3) University of Osaka Prefecture, undergraduate, 1959-1963.

(4) (a) A. J. Parker and N. Kharasch, Chem. Rev., 59, 583 (1959); (b)
R. E. Davis and N. F. Nakshbendi, J. Amer. Chem. Soc., 84, 2085 (1962);
(c) J. Tsurugi, Rubber Chem. Technol., 31, 773 (1958); (d) E. Ciuffarin and
G. Guaraldi, J. Amer. Chem. Soc., 85, 543 (1963).

rather than nucleophiles in the presence of aralkyl hy-
drodisulfides which are weakly acidic. Our previous
works have shown that nucleophiles such as phos-
phines,86phosphites7and arsines8attack aralkyl hydro-

(5) J. Tsurugi, T Nakabayashi, and T. Ishihara, J. Org. Chem., 30, 2707
(1965).

(6) T. Nakabayashi, S. Kawamura, T. Kitao, and J. Tsurugi, ibid., 31,
861 (1966).

(7) T. Nakabayashi, J. Tsurugi, S. Kawamura, T. Kitao, M. Ui, and
M. Nose, ibid., 31, 4174 (1966).

(8) J. Tsurugi, T. Horii, T. Nakabayashi, and S. Kawamura, ibid., 33,
4133 (1968).
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Table |
Products (mmol) of Aralkyl Hydrodisulfides (10 mmol)

with Amines under Nitrogen Atmosphere at Room T emperature

-Products (mmol or mg-atoms)

Molar — RSxR--—-
ratio of Mean
R in amine/ value

Run RSSH Amine pKa RSSH Procedure*  HiS RSH x =2 x = 3,45 of X S

| CeHe&H2 Aniline 4.58 10 A 4.4 0 1.3 3.6 3.1 0

2 chxh2 N,N-Dimethylaniline 5.06 10 A 2.4 4.7 0.2 2.5 3.4 0

3 cthxh2 Pyridine 5.17 10 A 4.1 0 1.1 3.9 3.0 0

4 CeHEBH2 n-Butylamine 10.43 10 B 4.6 (6] 3.7 1.1 2.4 3.0

5 CeHsCH; Di-n-butylamine 11.25 10 A 4.7 0 3.0 2.3 2.8 1.0

6 CEHBH2 Piperidine 11.25 10 B 4.8 [¢] 3.4 1.6 2.6 2.0

7 (CaHeXH Aniline 4.58 10 A 3.4 2.6 0 3.5 3.8 0

8 (CeHHXH N,N-Dimethylaniline 5.06 10 A 2.3 3.3 0.1 2.9 3.9 0

9 (CeHHZXH Pyridine 5.17 3 C 3.6 1.5 0 4.4 3.2 0
10 (CeHHXH 2,4-Lutidine 6.79 10 A 4.2 0 1.1 3.7 3.1 0
11 (CaHgZH Morphorine 8.36 10 A 4.0 0 5.0 0 4.8
12 (CeHHCH n-Butylamine 10.43 10 B 4.8 0 4.6 0 5.0
13 (CeHHZXH Tri-n-butylamine 10.89 10 A 3.0 0 3.9 1.0 2.4 3.0
14 (CeHHxcH Di-n-butylamine 11.25 10 A 4.0 [¢] 5.0 6] 5.1
15 (CeHHZH Piperidine 11.25 6 B 4.3 0 5.0 0 5.6
16 (CaHHLT Aniline 4.58 10 A 2.8 4.1 b b b b

| See the Experimental Section. bNot determined.

disulfides both on sulfhydryl and sulfenyl sulfur atoms,
and that hydroxide ion9abstracts proton from hydro-
disulfides, allowing the resulted aralkyl disulfide ions
(RSS-) to react further with hydrodisulfides. Now it
seems interesting to examine whether amines behave as
bases or as nucleophiles toward hydrodisulfides.

Results and Discussion

The pK&values of amines used in this work range
from 4.58 to 11.25 including primary, secondary, and
tertiary amines and both aromatic and aliphatic ones.
The aralkyl hydrodisulfide (benzyl, benzhydryl, or tri-
phenylmethyl hydrodisulfide) in benzene was added
dropwise to an excess amine in a stream of nitrogen at
room temperature. The results are shown in Table I.
Comparatively good material balance is observed for
each run, in spite of the different molar ratios of amine/
hydrodisulfide and different procedures. Product dis-
tributions in Table | indicate distinctive feature de-
pending on pKa values of amines used. Our results
show that amines of stronger basicity (pK &values >
8.36) give a different product distribution from that of
amines of weaker basicity (pK &alues < 5.17).

Basic Attack of Amines.—Table | indicates that the
reaction products of 10 mmol of benzhydryl hydrodisul-
fide with amines of stronger basicity are nearly 5 mmol
of each hydrogen sulfide and benzhydryl disulfide, and
5 mg-atoms of elemental sulfur for runs 11, 12, 14, and
15. This product distribution reminds us of our pre-
vious work9 on the reaction of hydrodisulfides with
concentrated potassium hydroxide. The reaction se-
quence is cited again here in eq 1-3. Eq 3 shows that

RSSH + OH- — > RSS- + HD 1)
RSSIl + RSS- — > RSSR + HS2- (2)
HS2 H>S + i S8 (3)

(9) S. Kawamura, T. Kitao, T, Nakabayashi, T. Horii, and J. Tsurugi,
J. Org. Chem., 33, 1179 (1968).

hydrogen sulfide evolves and sulfur precipitates after
the neutralization. In the present work, sulfur pre-
cipitated after addition of hydrochloric acid. Hy-
drogen sulfide evolved during the reaction at room
temperature in the case of runs 11 (with morpholine),
13 (with tri-n-butylamine) and 14 (with di-n-butyl-
amine). In the case of runs 12 (with n-butylamine)
and 15 (with piperidine) hydrogen sulfide evolved only-
after addition of hydrochloric acid. This difference
may come from different stabilities of amine-hydrogen
sulfide salts, which depend on basicity and steric hin-
drance of amines.

A supplementary nmr experiment indicated that di-
benzhydryl trisulfide was formed besides the disulfide
at an earlier stage of the reaction with piperidine. The
trisulfide was found by nmr analysis to be desulfurated
with piperidine during the reaction. As shown in run
15, Table |, it disappeared at the end of the reaction.
Therefore, eq 5 may be considered to compete with eq

RSSH + R'& — > RSS* + [R'AH]+ (4)

RSS- + RSSH — RSSSR + SH-

(5)

2. As to the reaction sequence9 with concentrated
alkali, the similar situation (competition of eq 5 with
2) is conceivable. A nmr reexamination revealed that
benzhydryl hydrodisulfide in dioxane-ds reacted with a
concentrated sodium deuteroxide in deuterated water,
giving a 4:1 ratio of disulfide-trisulfide. After neu-
tralization followed by extraction, the disulfide alone
was detected. This suggests that the reaction sequence
with alkali is not so simple as indicated in eq 1-3.
Regarding the basic attack of amines, we propose
that anion RSS* formed in eq 4 reacts with hydrodi-
sulfide by eq 2 or 5. The cation [R'NH]+ from eq 4
combines with anion HS“ from eq 5 or HS2' from
eq 2, as indicated in eq 6, where a is 1 or 2. The

[R'&H]+ 4 HS*~ - » [R'NH]+HS*" (6)



Aralkyl Hydrodisulfides

succeeding steps, eq 7-8, may explain the results of
runs 11, 12, 14, and 15. Eq 8, desulfuration step with

[3/NH]+HS*- + HC1 — > [R'jNHI+Cl- + HS*H

[R'NH]+HS*- — >aR',N + HS*H
-1 (7)
HSxH — > H®B + | S8
RS.R + R'sN— > RSSR + R'aN+SA"j- (8}

amines, is quite analogous to the desulfuration with
trivalent phosphorus compounds.810 The resulted
amine sulfide RAN+Sj,- is quite analogous to the prod-
uct from the reaction of amine with octatomic sulfur.4d
The constitution of this product and recovery of octa-
tomic sulfur from the product have been discussed4in
detail. The amine sulfide resulted from eq 8 must be
less stable than phosphine sulfide which can make use
of d orbitals of both sulfur and phosphorus atoms to
form a strong bond.11 The amine sulfide may de-
compose in contact with acid as shown in eq 9. The

R'aN+S,- -- HC1 — > [R'SNH] +C1" + § S8 (9)

formation of dibenzhydryl polysulfides in run 13 (with
tri-n-butylamine) can be explained by assuming that
desulfuration (eq 8) is not complete under the reaction
conditions, because of steric hindrance of tri-n-butyl-
amine. The product distribution of the reaction of
benzyl hydrodisulfide (runs 4, 5, and 6) resembles that
of run 13. This result may be explained by the in-
complete desulfuration of benzyl polysulfides. Sup-
plementary nmr experiments under similar conditions
indicated that dibenzyl tetrasulfide and trisulfide were
desulfurated with piperidine more slowly than the cor-
responding dibenzhydryl compounds.

Nucleophilic Attack of Amines.—The products of
runs 7, 8, and 9 are hydrogen sulfide, diphenylmethane-
thiol and dibenzhydryl polysulfides, and resemble those
with nucleophiles (phosphines,66 phosphites,7 and ar-
sines§. If we apply the mechanisms of both the sul-
fenyl and sulfhydryl sulfur attacks by nucleophiles8to
the present study, we can explain the product formation
for runs 7-9. From the analogy to the mechanism of
sulfhydryl sulfur attack, we may write the following

equation. The amine sulfides produced in eq 10 are
RSSH + R'sN m ®mRS-rSH
LnR3

RSH + R'?N+S- (10)

considered less stable than the ones from amines of
stronger basicity and to react further as indicated in eq
11, in contrast to eq 9. The mechanism of hydrogen

R'aN+S- + 2 RSSH — s-RSSSSR + R'N + HZXS

jf (ID
[R'NH]+SH-

sulfide formation could be different depending on the
basicity of amines (c/. eq 7).

(10) C. G. Moore, and B. R. Treggo, J. Appi. Polymer Sci., 5, 299 (1961);
8, 1957 (1964).

(11) R. F. Hudson, “Structure and Mechanism in Organophosphorus
Chemistry,” Academic Press, London, 1965, p 67.
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For sulfenyl sulfur attack, we propose the following

steps by analogy with other nucleophiles. The for-
rtboTl -j- Jti 3IS » (12)
NR
SH- + RSSH BRSS- + H3B (13)
+ RSS- RSSSR + R'&N (14)

mation of polysulfides in runs 7-9 was satisfactorily ex-
plained by eq 11 and 14, if the desulfuration of poly-
sulfides does not proceed under these conditions by
amines of weaker basicity.

The results from benzyl hydrodisulfide with amines
of weaker basicity (runs 1and 3) make a clear contrast
in the point that dibenzyl disulfide is formed at the
expense of thiol as compared with the corresponding
results from benzhydryl hydrodisulfide. Benzyl hy-
drodisulfide, which suffers less steric hindrance than
benzhydryl compound,5-8 is considered to be attacked
predominantly on sulfenyl sulfur, and hence reacts
predominantly via eq 12, 13, and 14. The thiol pro-
duced as a minor product via eq 10 must have reacted
with SH- produced in eq 12, just as the hydrodisulfide
reacts with SH- as indicated in eq 13. The resulted
RS- anion also must have reacted with [RSNR'3+
quite similarly to eq 14. Thus the formation of di-
benzyl disulfide for runs 1 and 3 are explained by eq 15

and 16. On the other hand, the almost quantitative
RSH + SH- RS-+ HX (15)
"RS 1+ + RS"— RSSR + NR', (16)

_ NR"J

yield of the thiol and the negligible amount of the di-
sulfide for run 2 with N,N-dimethylaniline can be in-
terpreted by overwhelming sulfhydryl sulfur attack,
because of the steric hindrance of the nucleophile,
N,N-dimethylaniline. The persistence of the thiol
cited in runs 7-9 may be explained also by the same
reason; that is, benzhydryl hydrodisulfide is sterically
more hindered than benzyl hydrodisulfide.

The product distribution of run 10 (the reaction of
benzhydryl hydrodisulfide with 2,4-lutidine) quite re-
sembles that of run 3 (benzyl hydrodisulfide with pyri-
dine). If the disulfide would arise from the desulfura-
tion of the polysulfides, elemental sulfur would be found
among the products as indicated in eq 8 and 9. The
absence of sulfur for 2,4-lutidine (pAa = 6.79) can be
attributed to the nucleophilic mechanism.

Predominance of sulfhydryl sulfur attack by steric
hindrance is visualized in run 16, where aniline was
allowed to react with triphenylmethyl hydrodisulfide.
Owing to the absence of H atom, by which a mixture of
polysulfides was conveniently analyzed by nmr, the
result of run 16 shows only the amounts of hydrogen
sulfide and the thiol. The amount of the latter clearly
indicates the predominance of sulfhydryl sulfur attack.

Consideration from Equilibrium Viewpoint.—From
the viewpoint of acid-base theory, eq 4 should be
written as a reversible step. The equilibrium constant

RSSH + R'®N RSS- + R'&ANH +
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K is calculated from definition of pKaas follows. Eq
17 suggests that amines having far less pK & than

log K = pAaanmire - pXaRSSH 17)

pAaRSS(( cannot be expected to behave as bases toward

aralkyl hydrodisulfides which are weak acids. In such
cases amines will behave as nucleophiles rather than
bases as our results indicate.

Experimental Section

Benzyl hydrodisulfide, benzhydryl hydrodisulfide, and tri-
phenylmethyl hydrodisulfide were prepared and purified by the
method reported elsewhere.1213 Amines (CP grade) were de-
hydrated over sodium hydroxide and distilled before use. Ben-
zene (CP grade) was used without further purification. General
features of the apparatus have been described previously.9
Nmr spectra were taken on a JNM 3H-60 spectrometer, with
tetramethylsilane as an internal standard. Dibenzhydryl di-
sulfide, when isolated from other products (in runs 11 and 15),
was weighed and identified by mixture melting points. Amount
of alkanethiol and each amount of diaralkyl disulfide, trisulfide,
and tetrasulfide in mixture were determined by nmr spectra.189
r value of -SH in authentic triphenylmethanethiol (Cé463CSH
was 7.10 (7% in CCU). The amount of hydrogen sulfide was
estimated by iodometric method,6 and that of elemental sulfur
was determined iodometrically using triphenylphosphine in the
same manner as described elsewhere,6 after identification by
mixture melting points. In runs4, 5, and 6, amounts of elemental
sulfur were calculated by substracting those of nmr data (poly-
sulfidic sulfur Sx_2in RSXR) from titrating values (Sx_2 + S8.
We adopted procedures A, B, and C, taking account of behavior
of hydrogen sulfide evolution.

Reactions of Aralkyl Hydrodisulfides with Amines. Procedure
A (Run 1, 2,3, 5, 7, 8 10, 11, 13, 14, and 16).— A solution of
10 mmol of aralkyl hydrodisulfide in 20 ml of benzene and 100
mmol of amine were separately deaerated by bubbling with
nitrogen gas for 30 min. The output of nitrogen stream was
introduced into a trap (acetone-Dry Ice) for removal of benzene
and amine, and then into the absorbing bottles of hydrogen sul-
fide. The solution of aralkyl hydrodisulfide was added, with
stirring, to amine at room temperature. After 2 days, the amount
of hydrogen sulfide evolved was estimated. For analysis of the
other products, the reaction mixture was chilled on an ice-salt
bath. To this mixture was added with stirring 30 ml of 5 A
hydrochloric acid for neutralization of the amine. Then the
mixture was extracted with benzene, and each component in the
dried extract was estimated by nmr spectra (CCU) using 1,1,2,2-
tetrachloroethane as an internal standard for determination of
each amount.

Procedure B (Run 4, 6, 12, and 15).— This procedure was
adopted in such a case that hydrogen sulfide was not released
before neutralizing the reaction solution which involved amines
of large pAavalue. Thus, it was ambiguous to know from the
evolution of hydrogen sulfide only whether hydrodisulfides dis-
appeared completely. Therefore, the reaction mixture was
acidified after 3 days (1 day longer than in procedure A).
Hydrogen sulfide was evolved immediately after the addition of

(12) J. Tsurugi and T. Nakabayashi, J. Org. Chem., 24, 807 (1959).
(13) T. Nakabayashi, J. Tsurugi, and T. Yabuta, ibid., 29, 1236 (1964).

Tsurugi, Abe, Nakabayashi, Kawamura, Kitao, and Niwa

acid. The succeeding treatment of the acidified mixture was
identical with that described for procedure A.

Procedure C (Run 9).—-To a solution of 10 mmol of benz-
hydryl hydrodisulfide in 15-20 ml of benzene was added, with
stirring, 30 mmol of pyridine under nitrogen atmosphere at room
temperature. When hydrogen sulfide almost escaped out, the
reaction vessel was heated to 50° in order to sweep out hydrogen
sulfide which remained in the reaction mixture. Neutralization
was not carried out in this case. The products were extracted
with benzene, and diphenylmethanethiol was estimated iodo-
metrically using an aliquot of the dried extract. After the thiol
in the remaining extract was oxidized with an excess of alcoholic
iodine solution to the corresponding disulfide, dibenzhydryl
polysulfides were analyzed by desulfuration with potassium
cyanide.

Nmr Spectroscopic Studies. A.—The reaction mixture of
benzhydryl hydrodisulfide (5.2 mmol) with piperidine (5.6
mmol), in benzene (20 ml), was analyzed by nmr spectra, which
showed the ratio of dibenzhydryl disulfide/trisulfide to be ca. 2.
Extraction of the mixture changed the ratio to ca. 8. Finally,
according to procedure A, no dibenzhydryl trisulfide was found.

B. —The reaction of benzhydryl hydrodisulfide (0.7 mmol)
in dioxane-dg (1 ml) with sodium deut.erioxide (5 mmol) in deu-
terated water (0.5 ml) was traced for 45 min, starting from the
time when the reactants were mixed, under the same condition
as described previously.9 In this case the ratio of disulfide/tri-
sulfide was 4 and was almost unchanged as time proceeded.

C. —Preliminary experiments showed that piperidine clearly

converts dibenzhydryl trisulfide or tetrasulfide to dibenzhydryl
disulfide, since from a mixture of the former and the amine white
needles of dibenzhydryl disulfide precipitated (mp 151-152°).
Similar treatments of benzyl derivatives, however, did not af-
ford clean dibenzyl disulfide. To a solution of dibenzyl tri-
sulfide, dibenzyl tetrasulfide, dibenzhydryl trisulfide, or di-
benzhydryl tetrasulfide (252 /;mol) in benzene-de containing
dichloromethane or 1,2-dibromoethane (588 or 266 /;mol, as
internal standard) was added piperidine (1260 /;mol). The
amount of benzene-déwas adjusted so that the total weight was
1 g. Desulfuration of the trisulfide or tetrasulfide in the above
solution was traced by nmr spectroscopy. Such experiments
showed that the desulfuration is not a simple reaction and that
disproportionation occurs, viz., the tetrasulfides, for example, once
gave mixtures of polysulfides which gradually change to the di-
sulfides. Therefore, the time required for the absorption of a
starting material to diminish to one-half of its original value was
determined. For dibenzyl trisulfide and tetrasulfide, and di-
benzhydryl trisulfide and tetrasulfide, fi/s values were about
40, 10, 20, and <10 min, respectively. In the case of measure-
ments of benzhydryl compounds, rapid formation of crystalline
disulfide made the experiments difficult; hence the half times
were roughly estimated.

Registry No.—Benzyl hydrodisulfide, 3492-66-8;
benzhydryl hydrodisulfide, 3492-67-9; triphenylmethyl

hydrodisulfide, 3492-71-5; aniline, 62-53-3; N,N-

dimethylaniline, 121-69-7; pyridine, 110-86-1; 2,4-

lutidine, 108-47-4; morpholine, 110-91-8; n-butyl-

amine, 109-73-9; tri-n-butylamine, 102-82-9; di-n-

butylamine, 111-92-2; piperidine, 110-89-4.

(14) S. Kawamura, Y. Otsuji, T. Nakabayashi, T. Kitao, and J. Tsurugi,

ibid., 30, 2711 (1965).
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To provide a better basis for understanding biochemically important sulfenyl iodides (RSI), syntheses and
properties of 2-methyl-2-propanesulfenyl iodide (3) were studied. Five syntheses gave 3 inyields of 51-92% with
uv (max values in reasonable agreement, viz.: addition of silver 2-methyl-2-propanethiolate (2) to 12 and of 12to 2;
treatment of a sulfenamide with hydriodic acid; and treatment of 2-methyl-2-propanethiol with iodine chloride
or with 12 Average values for 3 were 64 and «B® 356 in methylcycbhexane (determined by estimating
excess | 2titrimetrically or spectrophotometrically) and e«475 in carbon tetrachloride (determined through nmr
measurement of 3); charge transfer complexes did not seem to be involved, e.g., of 3 with 12or iodide ion. The
values of fivtex in methylcyclohexane were approximately confirmed by photolysis of 3 to j-butyl disulfide and 12
during which 3 disappeared as |2formed. This reaction was zero order; it confirmed the structure of 3. The
structure of 3 was further confirmed by nmr (5 1.45) and by converting it to a known unsymmetrical disulfide
and sulfenamide (during which time the spectrum of 3 disappeared as that of the sulfenamide appeared). Nearly
all of 3 survived at —12° in the dark for more than 11 days, but at ambient conditions only about half survived
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for 3 days.

Survival of 3 was enhanced by dilution, was little effected by water or iodide ions, and was decreased

by thiosulfate or triiodide ions. Apparently, silver 1-butane- or 2-butanethiolate with | 2gave no sulfenyl iodide,

but triphenylmethanethiol with 12did.

Sulfenyl iodides (RSI), often postulated as inter-
mediates without having been characterized,2 seem to
be biochemically important. Tobacco mosaic virus
forms a stable sulfenyl iodide,3 and other proteins
later were found to do so as well;&Bsulfenyl iodides may
mediate protein iodination.6

Since d-lactoglobulin sulfenyl iodide reacts much more
rapidly with antithyroid agents such as thiouracil than
with more typical thiols such as 2-hydroxyethanethiol,
Cunningham suggested that antithyroid activity might
depend upon the reaction between the sulfenyl iodide
and the antithyroid agent and therefore that a protein
sulfenyl iodide may be a reactive key intermediate in
thyroidal iodine metabolism.7 Others also have specu-
lated on this possibility,88and evidence now is begin-
ning to appear that iodination of tyrosine moieties in
the thyroid gland may indeed involve sulfenyl
iodides.9D

The possibility that thyroidal iodination involves a
protein sulfenyl iodide points to the desirability of more
information regarding simple well defined sulfenyl
iodides. This paper contributes such information.

Rheinboldt and Motzkus reported 31 years ago on a
simple model, 2-methyl-2-propanesulfenyl iodide (3).

(1) (a) Paper IV: L. Field and C. H. Foster, J. Org, Chem., 35, 749
(1970). (b) This investigation was supported by Public Health Service
Research Grant No. AM 11685 from the National Institute of Arthritis and
Metabolic Diseases, (c) Taken from part of the M.S. thesis of J. L. V.,
Vanderbilt University, Jan 1970; the thesis may be consulted for greater
detail, (d) Department of Chemistry, Vanderbilt University, Nashville,
Tenn. (e) Department of Biochemistry, Vanderbilt University, Nashville,
Tenn.

(2) (@) N. Kharasch, “Organic Sulfur Compounds,” Vol. |, Pergamon
Press, New York, N. Y., 1961, p 387. (b) I. M. Kolthoff and W. E. Harris,
Anal. Chem., 21, 963 (1949). (c) J. P. Danehy, Quart. Reve Sulfur Chem.,
2, 325 (1967). (d) G. K. Helmkamp, H. N. Cassey, B. A. Olsen, and D. J.
Pettitt, J. Org. Chem., 30, 933 (1965). (e) S. N. Nabi, S. Ahmad, and S.
Ahmad, Jr., J. Chem. Soc., 2636 (1963). (f) R. N. Haszeldine and J. M.
Kidd, ibid., 3219 (1953). (g) B. Milligan and J. M. Swan, ibid., 2172 (1962).

(3) H. Fraenkel-Conrat, J. Biol. Chem., 217, 373 (1955).

(4) L. W. Cunningham and B. J. Nuenke, ibid., 234, 1447 (1959).

5) B. T. Kaufman, Proc. Nat. Acad. Sci. U. S., 56, 695 (1966).

6) D. M. Fawcett, Can. J. Biochem., 44, 1669 (1966).

7) L. W. Cunningham, Biochemistry, 3, 1629 (1964).

8) (a) N. Kharasch, J. Chem. Educ., 32, 192 (1955). (b) F. Maloof and
M. Soodak, Pharmacol. Rev., 15, 43 (1963).

(9) D. M. Fawcett, Can. J. Biochem., 46, 1433 (1968).

(10) L. Jirousek and L. W. Cunningham, Biochim. Biophys. Acta, 170,
160 (1968).
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They prepared 3 by converting the thiol 1to the silver
thiolate (2), or (usually) to the mercuric thiolate, and
adding the thiolate to 12in dry ether at 0-20° (eq I). 11

(CH3XSH (CH3XSAg (CH3ZXSI + Agl (1)
1 2 3

The reactivity of 3 precluded its isolation in a pure
state. Oxidation of 1 with I2also has been reported to
give 3, but only incidentally and with only the sub-
stantiation that the solution turned yellow, then brown,
and that the “unforgettable and unmistakable smell of
sulfenyl iodides developed.” 2 An as yet unpublished
preparation of triphenylmethanesulfenyl iodide by
Ciuffarin and Tentori also has been mentioned.13

Preparation of 3.—Since 3 is best handled in solu-
tion, knowledge of its uv extinction coefficients would
be helpful in following it. Determination of enex is
complicated by such features as the absorption of
(-butyl disulfide (4) and the possibility of extraneous
species such as charge transfer complexes. In ob-
taining values of emax therefore, we ensured reliability
by using a variety of syntheses, viz., two variations of
the Rheinboldt-Motzkus procedure (procedures A and
B, each with four subsidiary analytical determinations),
as well as three other syntheses (procedures C-E).
The results are summarized in Table I. (Beforehand,
as related later, the identity of 3 was confirmed and the
spectra were studied extensively.)

Procedure A was like that of Rheinboldt and Motz-
kus, except that an inert solvent was used to minimize
charge transfer complexes. The thiolate 2 was added
to 12 and the unconsumed |2then was determined in
two ways: titrimetrically, by adding thiosulfate and
back-titrating the excess with 12 and spectrophoto-
metrically, from the absorbance of 12 before the thio-
sulfate wash (both our experience and that of Rhein-
boldt and Motzkus show 3 to be stable to thiosulfate
under these conditions).

(11) H. Rheinboldt and E. Motzkus, Ber., 72B, 657 (1939).

(12) J. A. Barltrop, P. M. Hayes, and M. Calvin, J. Amer. Chem. Soc.,
76, 4348 1954).

(13) A. Fava, B. Reichenbach, and U. Peron, ibid., 89, 6696 (1967).
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Table |
Molar Extinction Coefficients (e) of (CH33XSI (3) at 444 and 280 nm*

Procedure for No. of Analytical technique
synthesis of 3 expts (for substance determined)
A (2 added to 12 4 Uv (12
Titration (12
Photolysis,' then uv (12
Photolysis,' then titration (12
B (12added to 2) 4 Uv (12

Titration (12

Photolysis,' then uv (12

Photolysis,' then titration (12
Average value for Qrax WM *

C (eq 3,5+ HI) 5 Nmr (3)
D (eq 4, 1 + IC1) 4 Nmr (3)
E (eq5 1+ 12 4 Nmr (3)

Average value for emaxin O

“The % values are standard deviations calculated as usual, s

r---Range'’-——S Yield,
Solvent” e [2.29) a@w 20 %d
M 64 + 2 353 + 8 4 18 53
M 68 + 1 376 £ 9 4 22 51
M 53+ 0.3 . 1.7
M 70 + 13 N 28
M 61 + 9 345 + 45 17 105 62
M 62 + 2 350 + 26 5 61 61
M 41 + 10 N 27
M 58 + 14 AN 33
64 356
C 74+ 8 b 19 92
c 72+ 6 b 15 66
c 80+ 5 b 1 90
75
Vxd*/(n - 1) (cf., for example, D. A. Skoog and D. M. West;

“ Fundamentals of Analytical Chemistry,” Holt, Rinehart, and Winston, New York, N. Y., 1963, p 47). “Titration” refers to the wash“
ing of an I2solution with excess Na~Os and back titration of the excess with aqueous 12 bM, methylcyclohexane; C, carbon tetra-

chloride (chosen for its utility in nmr determinations; lack of uv transparency precluded determination of t at 280 nm).

' The range

separating high and low values of the set. dCalculated as 100 (moles of 3 determined in the measurement of e)/(theoretical moles of 3 possi-
ble); the highestyield observed by each method is reported. ' Photolysis (eq 2) was followed by determination of 1 2from uv absorbance

at 520 nm and by titration.

values from procedures A and B were not included.

Figure 1—Uv absorption spectra of 3: in CCIl, (0.0013 M),

--------- ;in methylcyclohexane (0.0014 M ), ------- ; in methylcyclo-
hexane (0.0014 M) irradiated 5 min,---—---- (this curve is es-
sentially the summation of those for 12 and 4); irradiated 2
hr, ; andirradiated 12 hr,.......... .

Numerous preliminary experiments had established
Xmex of 3 in methylcyclohexane at 444 nm (relatively
little interference from 4 but a little from 12 and at 280
nm (considerable interference from 4). These features
are reflected in Figure 1, prepared late in the study after
such features became clear (it may help interpretation
to add that one curve of Figure 1 closely resembles
summation of those for 12 and 4; cf. legend). The
absorbance of 3 at 444 nm and 280 nm after the wash,
divided by the consumption of 12 (assuming the amount
of 3equaled this consumption and remainedunchanged),
gave @ and eXB; 4 and €8 thus could be calculated
both from €D for 12 (“Uv,” Table I) and from the
titrimetric analyses (“Titration,” Table I).

1The Xmexat 280 nm disappeared upon photolysis, but 4 interfered too greatly for a reliable determination
of e. 0A simple average of the values reported, disregarding standard deviations.

Since photolyses were complex (see text), these

Brief photolysis of 3 gave 12 as shown by eq 2

2(CH3XSI - X [(CH3XS]2+ 12 (2)
3 4

Analysis for 12both by uv and titration after photolysis
of a solution of 3 of known absorbance permitted cal-
culation of the third and fourth values shown for 3
under procedure A of Table | (“Photolysis”). These
values were reassuring but (for reasons given later)
were not included in the averages taken for e.

In procedure B, the order of addition was reversed.
There was no obvious difference in the reaction.
Although the averages for e and e® were slightly
lower than by procedure A, they are considered reliable
enough for inclusion in the average of all of the values,
i.e., e 64 and €B 356 (Table 1), which we suggest
be used for solutions of 3 in methylcyclohexane. The
lower values probably result from a favoring of the
reaction of the salt 2 with 3 to form the disulfide 4
because of addition to excess 2.

Procedure C was based on the reaction shown by eq
3a. Since eq 3 in toto provides a basis for iodometric
determination of sulfenamides,# it seemed likely that
the greater stability of 3 than of most sulfenyl iodides
might permit the reaction of 5 to be stopped in its first

phase, eq 3a. The realization of this possibility led to
(CH3XLSN(CH25+ HI — > (CH3XSlI + NH(CH25 (3a)
5 3

V* + 7d(CH3XS]2 I-+HN(CH25 (3b)
4

procedure C. As can be seen from Figure 1, use of
carbon tetrachloride as a solvent precludes observation
of @rexat 280 nm. The most convenient determination
of @Mproved to be by washing out of piperidinium and
iodide ions and evaluation of the concentration of 3 by
nmr with an internal standard (3 shows a sharp singlet

(14) W. Groebel, Chem. Be-.. 92, 2887 (1959).
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at 5 1.45, well separated from that of either the sulfen-
amide 5 at 5 1.18 or the disulfide 4 at S 1.30). Con-
centrations were varied in procedure C over a sevenfold
range in the evaluation of nu shown in Table I (similar
variations in concentration were made in the other
procedures to broaden the basis for €). Photolysis of 3
in procedure C unfortunately could not be used to
check 6 presumably because of interfering reactions
of trace contaminants. Rheinboldt and Mott used a
variation of procedure C to prepare 2-methyl-2-pro-
panesulfenyl bromide and chloride but not 3.5 By
procedure C, 3 was prepared in high yield but seldom
was the nmr spectrum of the 3 virtually free of the
disulfide 4. At first, procedure C seemed to be an
attractive path to 3 but a study as 3 decomposed
indicated otherwise. In the presence of ~10% of the
unconverted 5, and possibly of other trace impurities,
the washed solution soon showed a variety of products,
and the final yield of ¢-butyl trisulfide was as great as
that of the disulfide 4.

Procedure D was based on eq 4. A slight excess of
iodine monochloride was used to assure complete con-
version of 1 and then was destroyed with thiosulfate.
Procedure D was more difficult to control than the
others. The quantities of initial reactants and the
time of mixing were critical. Too long a reaction time
or too great an excess of IC1 carried the final products
well beyond 3. The nmr spectrum of the solution

(CH3XTSH + IC1 — > (CH3XSI + HC1 (4)
1 3

ordinarily obtained gave five sharp singlets; these are
attributed to 1,3, 4, (-butyl trisulfide, and an unknown.

Procedure E perhaps is the most satisfying prepara-
tive route for 3. It was based on eq 5, which it will be
recalled was mentioned earlier without elaboration.12
Thiol 1 in carbon tetrachloride was added to excess |12

(CH3LSH + h — > (CH3XSI + HI (5)
1 3

in the presence of water. The solution was washed
with aqueous thiosulfate and water, operations which
proved to be the key to the success of procedure E.
The thiol was converted completely to a solution of
sulfenyl iodide 3 containing some disulfide 4 (a mini-
mum of*16% by nmr). Sincelittlereactionreportedly
occurs between many thiols and iodine in nonpolar
solvents even upon heating,1336 the presence of water
presumably explains the success of procedure E. The
extinction coefficient of 3 was evaluated using nmr as in
procedures C and D (Table I; see Experimental Section).
The average of all values from procedures C, D, and E
gave 6475, the value suggested for use with 3in CC14

In procedures A-E, one must be wary of charge
transfer complexes involving combinations of 1,3,4, and
12 For example, 12and 4 show an absorption peak at
328 nmin methylcyclohexane and ashoulder at ~333 nm
in CC14 (neither are seen in the spectra of 12or 4), and
Amexfor | 2is shifted slightly low from ~520 nm; a charge
transfer band has not been reported for 12with 4 but
has been for 12with other disulfides,I7 as well as with

(IE) H. Rheinboldt and F. Mott, Ber., 72, 668 (1939).

(16) E. C. Kooyman, “Organosulfur Chemistry,” M. J. Janssen, Ed.,
Interscience, New York, N. Y., 1967, p 6.

(17) (a) M. Good, A. Major, J. Nag-Chaudhuri, and S. P. McGlynn,
J. Amer. Chem. Soc., 83, 4329 (1961). (b) H. Tsubomura and R. P. Lang,
ibid., 83, 2085 (1961). (c) B. Nelander, Acta Chem. Scand., 20, 2289 (1966).
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thiols.T7a Species such as triiodide ion,Bespecially in
procedure E (eq 5), probably also are involved in the
initial reaction mixture. The 3evidently does not form
complexes with iodide or iodine, however; thus its
solution was not changed when stirred with aqueous
potassium iodide (poor distribution of the potassium
iodide into CC14 presumably is not responsible, since
NaZXZ23 reacted readily under similar conditions; vide
infra) ; similarly, when I2was added to 3, the spectrum
simply was the sum of the two and a sodium thiosulfate
wash left only 3. The wash of aqueous thiosulfate and
then water in procedures A-E before determination of e
for 3 presumably removed any charge transfer species,
so that the .« values reported for 3 should be those of 3
and not of other species; reasonable agreement of the e
values obtained by the numerous methods of Table |
support this conclusion, as does other evidence for the
presence of 3 (vide infra).

Reactions.—As mentioned, photolysis of 3 provided
a reassuring check on the presence of 3. Beforehand,
however, we had encountered a report that trifluoro-
methanesulfenyl chloride forms from the disulfide
and chlorine upon uv irradiation;2 furthermore, Barl-
trop, Hayes, and Calvin felt that the disulfide 4 was
cleaved to 3by 12122 It therefore seemed wise to check
the possibility that light might effect for 12the type of
cleavage of disulfides which is well known to give sul-
fenyl chlorides under ordinary conditions with chlorine.
Uv irradiation of a solution of 12 and 4 produced no
absorption at 280 or 444 nm which would indicate
formation of 3; 12 appeared to be consumed and tri-
iodide ion to be formed (appearance of two new absorp-
tions at 288 and 362 nm,; cf. ref 18). Indeed, as Figure 1
shows and more in accord with expectation, when 3 was
irradiated for 5 min, its two characteristic absorbances
disappeared and | 2was released (new absorption at 520
nm; eq 2). After ca. 2 hr more, this absorption in-
creased by —30%, and two new peaks appeared con-
sistent with triiodide formation. These changes are
shown in Figure 1. The photolytic decomposition of 3
(eq 2) was zero order (cf. Figure 2), with the rate of
decomposition of 3 (—0.0019 mequiv/min by loss of
absorbance a* 280 or 444 nm) being virtually the same as
the rate of formation of 12 (+0.0011 mequiv/min by
titration with thiosulfate; +0.0019 mequiv/min by cu-
mulative absorption at 520 nm). After ~ 50-60% of 3
had decomposed, the complexity of the reaction in-
creased, as reflected by the change in slope of two of the
curves in Figure 2, perhaps because accumulating by-
products began to consume | 2or because accumulated 4
reduced uv absorption by the solution.

Rheinboldt and Motzkus demonstrated the identity
of 3 by converting it to sulfenamides with amines.1l
Since we had had experience with N-(i-butylthio)-
piperidine (5),0 early in our work we confirmed the
identity of 3 (from procedure B) by converting it to 5
(90% vyield; eq 6) ; uv and nmr spectra showed that the
appearance of 5 corresponded to the disappearance of 3.

(CH3XLSI + 2HN(CH25— >
3 (CHS)ITSN(CH26 +
5

I-+HN(CH25 (6)

(18) (a) A. D. Awtrey and R. E. Connick, J. Amer. Chem. Soc., 73, 1842
(1951). (b) L. I. Katzin, J. Chem. Phys., 21, 490 (1953).

(19) (a) N. E. Heimer and L. Field, J. Org. Chem., 35, 3012 (1970). (b)
We thank Dr. Heimer for several helpful suggestions.
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Figure 2.—Photolysis study of 3 (0.17 mequiv): =, mequiv of 3
remaining as determined by (slope, —0.0019 mequiv/min); a,
mequiv of 3 remaining as determined by Aim (slope, —0.0019
mequiv/min); =, cumulative mequiv of | 2released as determined
by titration (slope, + 0.0011 mequiv/min); ¢, cumulative mequiv
of 1 2released as determined by Am, (slope, +0.0019 mequiv/min).

Further confirmation was obtained by converting 3 to
the known unsymmetrical disulfide 6 of eq 7 (27%
yield).
MeNC(S)SNa + (CH3XLSI — >
3
MeNC(S)SSC(CH33+ Nal (7)
6

Some reactions failed or were unpromising. In test-
ing for the possible use with sulfenyl iodides of a method
used to determine sulfenyl chlorides, 23 in methylcyclo-
hexane was added to potassium iodide in acetic acid.
Addition of thiosulfate (to measured) andback-titration
with 12showed that the 3did not decomposeimmediately
to 12 Longer contact times still were inconclusive;
indeed, back-titration of the thiosulfate required more
standard |2than had the thiosulfate initially.

Evidence for theidentity of 3 now canbe summarized,
(a) Procedures A-E gave 3 with essentially the same
features in the uv spectrum and with evalues in reason-
able agreement, including values based on photolysis of
3 to 12and the disulfide 4, a reaction which itself sup-
ports the structure, (b) Nmr spectra of solutions
of 3 (procedure A) showed only two peaks, one being
from 3 and the other from 4; as the spectrum of 3
disappeared, that of 4 increased. Nmr spectra of
solutions obtained by the other procedures all were
understandable in these terms, although other sub-
stances were present, (c) Two known derivatives
were prepared from 3; with one (5, 90% yield), the uv
and nmr absorptions of 3 disappeared as those of 5
appeared.

Reactivity and Stability.— Rheinboldt and Motzkus
made a few qualitative observations on the behavior
of 3 in ether.ll We have extended these more quanti-

() N. Kreraschard M. M. Wald, Ardl. Grem, 27, 966 (1956,

Field, Vanhorne, and Cunningham

TIME(hr)

Figure 3.—-Reactivity and stability of 3 (original molarity
indicated on the vertical axis): e, ambient conditions; A,
dark, ~ 25°; m, dark ~ —12°; e, stirred with 0.1 N NaXS2s;
v, stirred with 0.1 N Kb; X, concentrated solution (0.19 M );
+ , diluted solution (0.004 M ) (the latter two at 25° in the dark).

tatively. Portions of a solution of 3 in CCL first were
subjected to varying conditions of light and tempera-
ture. The results are shown in Figure 3. The survival
time for 50% of the 0.019 M 3 stored under ambient
conditions was nearly 3 days. In the dark, 67%
survived after 11 days, however, and when a dark
sample also was kept cold (—12°) nearly all survived.

In an assessment of effects of reagents, when water or
aqueous 0.1 N potassium iodide was stirred in contact
with portions of a 0.018 M solution in carbon tetra-
chloride (dark, ~25%), the survival of 3 was essentially
the same as above. However, stirring with 0.1 A
sodium thiosulfate and 0.1 N potassium triiodide
resulted in 50% survival times of 9 and 15 hr, respec-
tively (Figure 3). The results with sodium thiosulfate
should have negligible relevance to those in determining
avex, where only 0.05 N sodium thiosulfate was used
and where contact was for only 1 min, although they
suggest the inapplicability of the sodium thiosulfate-
wash technique for determining tnex of sulfenyl iodides
much more reactive than 3. The reaction of 3 with
potassium triiodide suggests that procedure E might be
improved for preparative use by minimizing the excess
of 12 although not for determination of enmex where the
singlet of 1(8 1.42) might complicate use of that of 3
(5 1.45).

Figure 3 also illustrates the effect of the concentration
of 3 on its stability. The 50% survival time of a0.2 M
solution of 3 (among the most concentrated used) in the
dark at 25° was only 3.5 hr. In marked contrast, a
0.004 M solution was largely unchanged after 7 days,
suggesting that sulfenyl iodide moieties on proteins
may exist, at least in part, because of very low effective
concentration, amounting almost to isolation.

Structural effects on reactivity were considered also
(although only in a preliminary way), since the rela-
tively low reactivity of 3 has been attributed to a
neopentyl-type steric hindrance on the sulfur atom of 3,
which opposes back-side attack by nucleophiles.’6
The tertiary structure of 3 did indeed prove to be a



Biologically Oriented Organic Sulfur Chemistry

special case, since the silver thiolates of 1-butane- or
2-butanethiol showed no tendency to form stable sul-
fenyi iodides (procedure A); thus no product resulted
which showed uv absorption near 440 nm or which
liberated 12 on photolysis. On the other hand, tri-
phenylmethanethiol in procedure E showed in the
320-600-nm range a Anex at 440 nm (only); photolysis
and titration of I12formed indicated a yield of sulfenyl
iodide of at least 70%.

Experimental Section2L

Materials.— Methylcyclohexane, CCh, and 1,4-dioxane were
Matheson Coleman and Bell Speetroquality reagents. “ Baker
Analyzed” ACS-grade I2was used. The 1lwas a practical grade
(97%); its nmr spectrum in CCh showed it to be free of 4.
Practical grade 4 was redistilled in a 0.5 X 60 cm Nester-Faust
annular column, nZD 1.4863 (lit.Zn24d 1.4899); glpc showed the
distillate to be pure; it was stored in the dark under N2 Silver
2-me' hyl-2-propanethiolate (2) was prepared fresh for each ex-
periment as reported; 2} it was dried at 0.1 mm overnight. lodine
monochlorideBwas distilled, bp 97-105°.282

Preparations and Molar Extinction Coefficients (e) of 2-Methyl-
2-propanesulfenyl lodide (3). A. By Addition of 2 to 12—A
typical experiment on which the values of Table | are based was
as follows. A solution 0.00956 M in 12in methylcyclohexane was
prepared (esd 935). The thiolate 2 (0.990 mmol) was added to
75.00 ml (0.717 mmol) of this solution at M )° in a glass-stoppered
flask. The mixture was shaken for 1 min; then Agl was removed
using a sintered-glass funnel.

For the determination of e by “Titration (12" (Table 1), the
temperature of the filtrate was allowed to rise to ~25°, and a
20.00-ml aliquot was shaken with 0.0612 N NaZ22 3(10.00 ml),
then twice with water; the washings were combined and titrated
with 0.0507 N K 13(8.09 ml); on the assumption that all 12used
gave 3, from the absorbances (A440.310, A ® 1.707) e and £8)
respectively, then were calculated: (0.310)(75.00)/[0.717 —
(0.612 - 0.410)(0.5)(75/20)] = 68.7 and (1.707)(75.00)/[0.717 -
(0.612 - 0.410)(0.5)(75/20)] = 378.5. The average of four
such experiments gave the values of 68 + 1 (e and 376 + 9
(e®) in Table 1. Such solutions of 3 were orange-red with sharp,
lachrymatory odors. The highest yield of the four samples,
51%, is reported in Table I. The yield for the foregoing typical
sample, for example, was calculated as follows: [0.717 —
(0.612 - 0.410)(0.5)(75/20)] (100)/(0.717) = 47%.

For the determination of eby “Uv (12" (Table I), uv spectra
of the same aliquot before the wash showed the absorbance (A)
at 520 nm to be 4.647 (0.641 corrected for dilution of 0.40 to
2.90 ml) and after the wash to be 0.151 (slight tailing from
A4 of 3). The amount of residual |2 after its reaction with 2
therefore was (4.647 — 0.151)/7935 = 0.00481 M, and e# thus
was 65.3 [0.310/(0.717/75 - 0.00481 = 0.00475)]; similarly,

(21) Uv spectra were obtained using matched 10-mm standard silica cells
with a Beckman Model DB recording spectrophotometer; photometric
accuracy was checked weekly with a KaCrOi SolutionQﬂ we are much in-
debted to Professor T. M. Harris for the use of this instrument. Nmr spectra
were obtained with a Varian Model A-60 (TMS as internal standard).
Mass spectra were kindly determined by C. T. Wetter using an LKB Model
9000 instrument (70 eV, gc inlet), obtained through NSF Science Develop-
ment Program Grant GU-2057; only parent peaks and those exceeding 5%
in relative intensity at m/e >40 are reported. Unless otherwise stated, re-
actions were done at '—a25°, and irradiations were done in a quartz vessel 5 cm
from a Hanovia 100-W uv lamp. Glpc measurements were done on a Varian
Aerograph instrument using an SE-30 column (3%, 0.6 X 150 cm, 100-120
mesh Chromosorb P). Standard solutions were checked weekly; aqueous
Kls was standardized against AsD8 (99.99% assay, G. Frederick Smith
Chemical Co.) and NaX20sagainst the K13 solutions of | 2were standardized
by washing aliquots with Na2saOs, then HZ20, combining the washes, and
using KIs; “Vitex” (a modified amylose; G. Frederick Smith Co.) was the
indicator. Melting points are corrected.

(22) G. W. Haupt, J. Opt. Soc. Amer., 42, 441 (1952).

(23) J. H. Karchmer in “Treatise on Analytical Chemistry,” Part Il, Vol.
13, I. M. Kolthoff and P. J. Elving, Ed., Interscience, New York, N. Y.,
1966, p 366.

(24) Cf. ref 18 in T. F. Parsons, J. D. Buckman, D. E. Pearson, and L.
Field, J. Org. Chem., 30, 1923 (1965).

(25) J. Cornog and R. A. Karges, “Inorg. Syn.,” 1, 165 (1939).

(26) G. H. Woollett and W, W. Johnson in “Organic Syntheses,” Coll.
Vol. Il, A. H. Blatt, Ed., Wiley, New York, N. Y., 1947, p 344.

J. Org. Chem., Vol. 35, No. 10, 1970 3271

e®was 359.3. The average for four such experiments gave the
values 64 + 2 (e4¥) and 353 + 8 (eB) in Table I. The highest
yield of the four samples, 53%, is reported in Table I. The yield
for the foregoing typical sample was calculated as (0.00475)
(100)/7(0.717/75) = 50%.

In the analysis by "Photolysis” (Table 1), the preferred
alternative of determining e for 3 simply by dividing A 44 for
a solution by twice the moles of 12 produced on photolysis was
precluded by side reactions after about 50-60% completion.
Hence 6, “Photolysis, then titration (12" (Table I), was deter-
mined by dividing A for a solution of 3 after photolysis by the
calculated concentration of 3 remaining after photolysis, as
follows: The remaining 55 ml of the solution of 3 was washed
like the first portion and combined with it. The 75 ml then was
photolyzed (the temperature rose to '~100°) for 5.0 min (op-
timum time established beforehand) in a quartz flask fitted with
a reflux condenser. A 20.00-ml aliquot, at ~25°, was washed
with 10.00 ml of 0.0612 N NaZS2 3(0.612 mequiv) and HD; the
combined washings were titrated with 11.03 ml of 0.0507 N K I3
(0.559 mequiv); the amount of | 2formed, hence of 3 decomposed,
was (0.612 — 0.559) (75/20) = 0.198 mequiv (59% decomposed).
Residual 3 in the 75.00 ml thus was [0.717 — (0.612 — 0.410)
(0.5) (75/20)] — 0.198 = 0.140 mmol, i.e., corresponding to a
solution 0.00187 M in 3. The Aiti of this remaining 3 was 0.120;
hence e = 64.2. The value of e470 + 13 (Table 1) was an
average of four such experiments.

Uv spectra of the 75 ml were taken before and after the wash
which followed photolysis to determine ["Photolysis, then uv
(12”; Table I] the amount of |12 liberated and, from this, of
undecomposed 3. A '’s of the solution at 520 nm before and after
washing were 1.233 and 0.060, respectively; hence the amount
of 3 which survived left a 0.00225 M solution [0.00475 — 2
(1.233 - 0.060)/935 = 0.00250]; therefore e was 0.120/
0.00225 = 53.3. The value of 53 + 0.3 (@4 in Table | was an
average of photolysis results on the four samples used in the
other techniques.

A control containing 0.358 mmol of 12in 25 ml of methylcyclo-
hexane was photolyzed for 10 min. Titration of a photolyzed
aliquot as above showed essentially no change (0.364 mmol) in
the concentration of 12 Uv spectra at 520 nm after this photoly-
sis indicated the amount of 12was 0.357 mmol.

B. Addition of 12to 2.— A solution 0.01434 M in |12in methyl-
cyclohexane was prepared. The procedure was essentially that
of A except that a known quantity of the 12solution at 0° was
added in one portion to the thiolate in the proportions used in A.
The same procedure was followed as in A for analysis of e/ and
8. The average values for procedure B listed in Table | also
represent four experiments.

C. Cleavage of N-(/-Butylthio[piperidine (5).—As was out-
lined for 5, disulfide 4 (0.1 mol) was chlorinated in petroleum
ether with 0.1 mol of Cl2at approximately 25°. This solution
was added to 0.4 mol of piperidine in petroleum ether and 0.4
mol of NaOH in H®D during 30 min. The organic layer was
washed with H2D, dried (NazS04), and evaporated. Distillation
(200-mm Vigreux column) gave colorless 5: 21.0 g (61%);
n2D 1.4750, lit.Zb n2ZD 1.4765; nmr (CC14) 5 1.18 (s). No 4
was observed (5 1.30, s).

A typical cleavage was as follows: 15.0 ml of 0.2 M aqueous
HI1 (3 mmol) was added to 224 mg (1.3 mmol) of 5 in 15 ml of
CC14 (0.09 M solution), and the mixture was shaken vigorously
for 2 min (concentrations of the 5 were varied in five experiments
from 0.03-0.2 M, with proportional changes in the amount of
H 1 used).

The organic layer was washed twice with H2, twice with
0.05 N NaxsZX3 then twice again with HD; the uv spectrum
was typical of 3 with A 445.643 (calculated from the observed
A of 0.513, after dilution of 0.25 to 2.75 ml). The concentration
of 3 was determined immediately by placing 10.0 A of dioxane
(0.1127 mmol) in an nmr tube with 1.00 ml of the washed solution.
The peak areas of the resulting singlets of 4.73 for the 8 protons
of dioxane (5 3.57) and of 3.60 for the 9 protons of 3 (S 1.45) in-
dicated, since an equimolar amount (i.e., 0.117 mmol) of 3 should
have an area of 5.32, that 0.0792 mmol [i.e., (3.60/5.32)(0.117)]
of 3 was present in the volume of 1.01 ml of solution. The molar
concentration of 3 thus was 0.0784 M and e was 71.9 (i.e.,
5.643/0.0784). The value of 74 + 8 (Table 1) is the average of

(27) (a) C. M. Himel, U. S. Patent 2,807,615 (1957); Chem. Abstr., B2,
14706 (1958). (b) C. M. Himel and L. O. Edmonds, U. S. Patent 2,520,400;
Chem. Abstr., 44, 10735 (1950).
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five such experiments. The chemical shift of the methyl groups
of 3 (8 1.45, s), made this determination possible, since it differed
from those of 5 (5 1.18, s), 4 (5 1.30, s), or 1(8 1.42, s).

Photolysis as a check of the value of o4 was inconclusive;
no | 2was liberated, the solution became dark brown (unchanged
by Nazz20 3, and solid precipitated; trace contaminants (e.g.,
piperidine or H 1) probably led to further reactions of 12

D. Addition of IC1 to 1.— A solution of 0.728 g (4.49 mmol)
of IC1 in 7 ml of CCl4was added to one of 0.320 g (3.55 mmol) of
1in 16 ml of CCU in a separatory funnel. The mixture was
shaken for 1 min and then was washed immediately three times
with H2, with 0.05 N NaZZ23 until the color remained constant,
and then again three times with HD . The discernible part of the
uv spectrum was identical with that of 3 prepared as in A.
The e of 3 was determined by uv and nmr (dioxane as an
internal standard) as in C. Nmr chemical shifts, assignment,
and per cent of total peak area, respectively, for the five singlets
observed with a typical product were 8 1.30, 4, 5;M 8 1.37,
f-bu-S3f-bu, 13;8 8 1.42, 1, 4; 5 1.45, 3, 69; and 8 1.60, un-
known, 10. After 2 days in the nmr tube under ambient condi-
tions only sharp singlets at 8 1.30, 1.37, and 1.60 remained; the
relative intensity of 8 1.30 increased tremendously, and 12
was released.

E. Addition of 1 to Excess I12—A 0.095 M solution of 1
(30.00 ml, 2.85 mmol) in CCL was poured into a glass-stoppered
flask containing 10 g (39.4 mmol) of solid 12 Water (20 ml) was
quickly added, and the mixture was shaken vigorously for 5
min. The organic layer was filtered (sintered glass), washed
with H2 twice, with 0.05 N NaZ2 3until the color was constant,
then three times more with H2; tul was determined by uv-nmr
asin C.

Reactions of 3. A. Photolysis.—In the preliminary study (see
Discussion), a solution 0.0003 M in both 4 and |12in methylcyclo-
hexane was irradiated. The uv spectrum was compared periodi-
cally with spectra of separate control solutions of I12and 4. No
indication of the characteristic absorption of 3 (280, 444 nm)
could be seen. It was soon found that 3 from procedure B
(M 1.002 N ) when thus irradiated decomposed immediately (c/.
Figure 1 and Discussion).

The results plotted in Figure 2 were obtained as follows. A
suspension of 2 (101.7 mg, 0.516 mmol) in 16 ml of methylcyclo-
hexane was chilled with Dry Ice in a foil-covered centrifuge tube
capped with a rubber septum, and a solution of 12(25 ml, 0.0208
N, 0.520 mequiv) at 5° was introduced with a syringe. The con-
tents were shaken vigorously for 1.5-2.0 min and centrifuged.
The supernatant liquid was immediately removed, the uv spec-
trum was taken, and the liquid was washed with 0.0606 N
Na22 3(10.00 ml, 0.606 mequiv) and water. The combined wash-
ings were titrated against 0.0505 N K 13(8.70 ml, 0.439 mequiv);
hence the amount of 3 in the 41.00 ml of solution was 0.176 mmol
[(0.520 — 0.167)/2], and the molarity of 3 was 0.0043. The
washed solution then was irradiated [15 cm from the lamp instead
of the usual 5). Periodically, the entire solution (to minimize
| 2absorption) was removed and washed free of 12with 10.00-ml
aliquots of 0.0606 N Na=2 3 which were titrated against 0.0505
N K 13to determine the amount of |2released. Uv spectra were
taken before and after each wash to determine both the quantity
of 12 released and A at 444 and 280 nm for calculation of 3
surviving. Figure 2 shows the results from both the spectro-
photometric and titrimetic analyses of |2 released, and the re-
maining concentration of 3 as followed by decrease in A at 444
and 280 nm.

B. With Piperidine.— A solution of 3 prepared (procedure B)
by adding 0.027 mol of 12in CC14(5°) to 0.076 mol of pulverized
2 in CC14(5°), shaking for 1 min, filtering, and washingwith Na2
S 3solution and then with water was added over 1 hr to piperi-
dine (0.1 mol) in CCl< and 160 ml of aqueous 0.1 N buffer (pH
7). Nmr spectra of the CCl14solution taken initially, when one-
half of the 3 had been added, and at the end of the addition
showed the sharp singlet of 3 (8 1.45) disappearing as the sharp
singlet of 5 (8 1.18) appeared. Uv spectra of the initial solution
showed the characteristic absorption of 3 (Xmax 444 nm), but uv
spectra of the final solution showed no Xmex, only end absorption.
The organic layer was washed twice with H2D and dried (Na2
S04). Evaporation of solvent left 4.2 g of yellow-orange liquid
(90%, ealed as S). Glpc indicated the liquid to be virtually pure
by comparison with retention times and areas of 4 and authentic

(28) L. Field end W. B. Laoefield, 3. org. chem., 31, 3555 (1966): 4, r

8.65 (s); (CHi)iCSSSC(CH()i, r 8.55 (s); solvent not stated.

Field, Vanhorne, and Cunningham

N-(i-butylthio) piperidine (5),19a99n 28D 1.4759 (lit.ZbnMD1.4765);
only the boiling point of 5 was reported by Rheinboldt and
Motzkus.l1 The mass spectrum was essentially identical with
that of authentic 5.,9920

C. With Sodium N,N-Dimethyldithiocarbamate.— According
to procedure B, 475 ml of 0.142 M 12(67.4 mmol) in methylcyclo-
hexane was added in one portion to 21 g (106.6 mmol) of 2 with
vigorous stirring below —20°. Solid was removed, and the
filtrate was added at ~25° (1 hr) to 20 g (140 mmol) of sodium
N, N-dimethyldithiocarbamate in 150 ml of HD. The mixture
was stirred overnight, and the organic layer was washed with
H2 and evaporated. Recrystallization of the residue from Me-
OH (Dry-Ilce cooling) gave 3.75 g (27%) of f-butyl N,N-di-
methyltrithiopercarbamate (6), mp and mmp 70-71°, lit.® mp
70-71°; the ir and nmr spectra were identical with those of au-
thentic 6.3

Stability and Reactivity of 3. A. Effect of Ambient Light
and Temperature.— A solution of 1.0 ml (~0.01 mol) of 1in CC14
(500 ml) was added (procedure E) to 12(10 g, 0.04 mol) and HD
(100 ml). The mixture was stirred (5 min), filtered, and washed
free of 12 as usual. The concentration of 3 (from am 1.41,
assuming em 75) was 0.0188 M . The solution was placed in three
glass-stoppered Pyrex flasks. One (foil-wrapped) flask was
stored at —12°; another (foil-wrapped) was stored at ~25°;
the third was stored at ~25° in ambient light. Periodically,
samples from each were washed with 0.05 N NaZS2 3and water;
Am was obtained to determine the concentration of 3. Figure 3
records the results.

B. Effect of Reagents.— A solution like that in part A (but
O. 0180 M in 3) was divided into four 100-ml portions, stored in
the dark, and vigorously stirred respectively with 100 ml of HD,
100 ml of 0.1 N K1, 100 ml of 0.1 N K13 and 100 ml of 0.1 N
NaxZ2 3 Samples taken periodically from each were washed
with 0.05 Ar NaS2D3and HD (H2 alone for the solution with
the NaZm2 3; the concentration of 3 then was determined from
Am , with the results shown in Figure 3 for NaZ2D 3 and K13
The HD and K | effected no significant change during the period
of study.

C. Effect of Concentration.—Part of a solution like that in
part A (but 0.192 M in 3) was diluted to 0.0036 M ('w'--53-fold,
necessitating the use of “Log [(CH33 SI]” for Figure 3). The
original and diluted solutions were stored in the dark at ~25° in
glass-stoppered flasks. The concentration of 3 was followed by
washing samples periodically with 0.05 N NazZ2 3and HD and
observing Am , with the results shown in Figure 3.

D. Structural Considerations. 1. Attempted Synthesis of
1-Butanesulfenyl lodide and 2-Butanesulfenyl lodide.— Silver
1-butanethiolate and 2-butanethiolate were prepared fresh by
adding NaOAc-3HD (6.7 g, 0.05 mol) and the thiol (4.9 g,
0.05 mol) in HD (25 ml) to AgN03 (8.5 g, 0.05 mol) in HD
(25 ml); the precipitates were washed with H2D, EtOH, and
Et®D and then were dried at 0.1 mm overnight. To 10.00 ml of
0.0298 N 12(0.298 mequiv) in methylcyclohexane in afoil-covered
centrifuge tube, capped with a rubber septum, and cooled in Dry
Ice there was added 0.1122 g (0.569 mmol; the excess was used
to minimize residual 1 2, which would interfere with later measure-
ments) of silver 1-butanethiolate (procedure A). The contents
were shaken 1 min and centrifuged. The supernatant liquid was
withdrawn immediately (purple, presumably indicating some un-
reacted 12. Without the usual contact with Na2S2 3or HD, the
solution was quickly diluted and analyzed by uv. Only Xmax520 nm
(for 12 was observed (A 1.620). The cuvette then was irradiated
for 5 min; the uv spectrum then still showed only a Xmex for 12
(ABD 1.332). Since the absorbance of 12did not increase upon
irradiation, as is characteristic of 3, 1-butanesulfenyl iodide
seems unlikely to have been present. Furthermore, when some
of the initial solution was washed with NaZSii03 color was com-
pletely removed (similar solutions of 3 were orange-red). When
the time of reaction was extended to allow all 12just to be con-
sumed (~2 min), the supernatant solution was completely
colorless and irradiation had no effect. Identical results-were
obtained with 0.1012 g (0.514 mmol) of silver 2-butanethiol-
ate.

2. Triphenylmethanesulfenyl lodide.— Triphenylmethanethiol
(2.00 g, 7.25 mmol) in 125 ml of CCl4was added (~25°) to 10
g (40 mmol) of I12and 75 ml of HD. The mixture was shaken
for 3 min, washed twice with 0.1 N NaZ2 3 and twice with HD.

(29) We thank Dr. N. E. Heimer for a sample of 5.
(30) L. Field and J. D. Buckman, ibid., 33, 3865 (1968).
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The uv spectrum showed a of 440 nm (only, except for the
typical end absorption of 3 in CC14, Figure 1) with Aiw being
6.784 (0.424, corrected for dilution of 0.20 to 3.20 ml). The entire
125-ml solution was photolyzed in a quartz flask attached to a
reflux condenser for 20 min. Appearance of a new Xma* at 520
nm indicated formation of 12 A 10.00-ml aliquot of the resulting
solution was washed with 15.00 ml of 0.0559 N NaZX2 3 which
then consumed 8.52 ml of 0.0508 N K I3 indicating the formation
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of 5 mequiv of 12 presumably from 5 mequiv of sulfenyl iodide
(yield, at least ~70%).

Registry No.— 3,25558-08-1.
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The expulsion of sulfur dioxide from arenesulfinic acids and their salts by palladous salts in a variety of sol-

vents is reported.
ladium.
proceeds by formation of an arylpalladium complex.

The aryl groups couple to form a biaryl in 35% yield, and Pd2+ is reduced to metallic pal-
Mercuric chloride acts as a catalyst and doubles the yield of the biaryl.

The reaction presumably

In the presence of carbon monoxide, olefins, or nitriles

insertion reactions take place leading to carbonylation, vinylation, or acylation of arenesulfinate anions in low to

medium yields.

Recently the formation of arylpalladium complexes
from arylmercuric chloride and palladium chloride was
postulated.1 Owing to the low stability of the organo-
metallic intermediate only the products of subsequent
reactions, biaryls and palladium metal or insertion
products in the presence of CO or olefins, were isolated.
Likewise, benzeneboronic acid and palladium acetate
yielded biphenyl and palladium metal,Zresumably via
a phenylpalladium complex obtained by electrophilic
displacement of boron. Substitution of aromatic
hydrogen by palladium salts to give similar inter-
mediates was considered as a first step in coupling
reactions of benzene and toluene.2-4 The present
work was undertaken in order to explore whether
arylpalladium complexes could be prepared by desul-
fination of aromatic sulfinic acids. Sulfur dioxide
eliminations of arenesulfinate complexes of transition
metals have been reported,56 and the preparation of
arylmercuric chlorides from aromatic sulfinic acids and
mercuric chloride (eq 1) has been known since 1905.7

HiO-EtOH

ArSOH + HgCli--mmmm--mmmm- > ArHgCIl + S02+ HC1 (1)
78°

Attempts to replace HgCL by thallic chloride in reaction
1 were unsuccessful.8 Crystalline palladium arene-
sulfinate complexes have been prepared,31 but their
chemistry was not explored.

The present work shows that the addition of pal-
ladium salts to aromatic sulfinic acids in heated solution
leads to evolution of sulfur dioxide, most likely by an
electrophilic substitution process. The expected de-

(1) (@) P. M. Henry, Tetrahedron Lett.,, 2285 (1968). (b) R. F. Heck,
J. Amer. Chem. Soc., 90, 5518 (1968), and subsequent papers, (c) M. O.
Unger and R. A. Fouty, J. Org. Chem., 34, 18 (1969).

(2) J. M. Davidson and C. Triggs, Chem. Ind. (London), 457 (1966).

(3) J. M. Davidson and C. Triggs, J. Chem. Soc. A, 1324, 1331 (1968).

(4) R. van Helden and G. Verberg, Reel. Trav. Chim. Pays-Bas, 84, 1263
(1965).

(5) J. P. Collman and W. R. Roper, J. Amer. Chem. Soc., 88, 180 (1966).

(6) C.D. Cook and G. S. Jauhal, Can. J. Chem., 45, 301 (1967).

(7) W. Peters, Ber., 38, 2567 (1905).

(8) H. Gilman and R. K. Abbott, Jr., J. Amer. Chem. Soc., 71, 659 (1949).

(9) B. Chiswelland L. M. Venanzi, J. Chem. Soc. A, 1246 (1966).

(10) C. W. Dudley and C. Oldham, Inorg. Chim. Acta, 3, 3 (1969).

composition products of the presumed arylpalladium
intermediates, namely biaryls and palladium metal,
were isolated. In Table | the experimental conditions
and results of this new coupling reaction of sulfinic
acids are summarized. The biaryls formed (biphenyl
or p,p'-bitolyl) were identified by melting point,
mixture melting point, ir, and glpc. Accordingly, the
main reaction can be expressed as in eq 2. The yields

2ArSONa + NaZPdCh — >
ArAr + 2S02+ Pd + 4NaCl (2)

of the by-products, aromatic hydrocarbon, aryl-
chloride, and various sulfur products, depend strongly
upon solvent and anion. Benzylacetate formed in
entry 7 is a secondary product, derived from oxidation
of toluene.

Mercuric chloride catalyzed the coupling reaction of
aromatic sulfinic acids in aqueous solution, as reflected
in the higher conversions to biaryls in Table Il. The
production of p-bromotoluene in entry 7, apparently
derived by a ligand transfer reaction, prompted
attempts to synthesize other para-substituted toluenes
from p-toluenesulfinic acid, palladium chloride, and
certain anions. However, experiments involving the
anions X - = F-,CN~, OCN~, N3, or NO2 did not
yield any p-CH3C6H4X. Entry 8shows that a catalytic
amount of palladium salt is sufficient in the presence
of areoxidizing agent like cupric chloride.

The intermediate formation of arylpalladium com-
plexes in the desulfination of arenesulfinic acids with
PdCL was further substantiated by isolating the ex-
pectedql insertion products with carbon monoxide and
olefins. The conversions in Table |1l again reflect
strong solvent effects. Only the double insertion prod-
ucts (two p-tolyl groups per olefin) were formed with 1
atm of ethylene (entries 3 and 4). Occasionally the
solvent added to the initial olefin or the olefinic product
(entries 3, 5, and 8). The last two reactions represent
additions of the p-tolvipalladium complex into CN
triple bonds, a new type of insertion reaction of transi-
tion metal aryl complexes. The ketones isolated are



3274 J. Org. Chem, Vol. 85, No. 10, 1970

T

able |

R eactions of Arenesulfinic Acids with Palladium(ll) Sarts”

Conversion

Gabves

Conversion to

Entry Sulfinate Pd Salt Solvent Temp., °C to biaryl, % other products
1 CeHsSChNa* NaZ?dCl4 h 100 35 3.5% ArSOXSAr,
1% ArClI
2 p-CH38H4H0H NaZPdCl4 H2D-EtOH 81 27 0.7% Ar>s
3 p-CH3CEH4S0Na'i NaZ2dCl4 H2 100 19 Trace of ArS
4 p-CHAIRSOiNa'* NaZ®dCl4 EtOH 79 27 Traces of ArS, ArClI
5 p-CH3 61 H0Na'i NaZxdCl4 HOAc 116 36
6 p-CHsCsEbSOiNa* NaZPdCl4 CFsCOOH 71 1.7 15% Ar2S, toluene
7 p-CIRCslbSChNa* Pd(OAc)2 HOAc 116 9.5 22% CBHSCHDAC,

sulfur products

bAIl ingredients heated together. cPd salt solution (20 ml) add*
d Sulfinate solution (20 ml) added dropwise to the boiling solution of the Pd salt.

“ 0.01 mol of Pd salt and 0.02 mol of sulfinate in 40 ml of solvent.
dropwise to the boiling sulfinate solution (20 ml).

Table Il

R eactions of Arenesulfinic Acids with Palladium(ll) Salts and M ercuric Chloride*

Conversion Conversion to
Entry Sulfinate Pd Sait Solvent Temp, °C to biaryl, % other products
1 CdESOiNal NaZdCl4 hd 100 71 2% ArSO0XSAr,
trace of ArCl
2 p-CHsCeHiSOiNa NaZxdCl® h 2 100 61 1% Ars02
3 p-CHjCeHiSOjNa“ NazxdCl4 h D 100 63 Traces
4 p-CHsCeH”OiNa* Na®dCl4 ch3h 66 23
5 p-CHX8H4&S0Na* NaZ?PdCl4 HOAc 116 28
6 p-CH3X 6H450 Na<* Pd(OAc)2 HD 100 26 9% ArXS, 2% ArX=0:
7 p-CHX8H40Na'i NaZ2PdBrxi2 h 100 51 9% ArBr, traces
8 p-CH3CeH4S 0N ad NaZxdCl h 100 380
+ CuCh*

“ 0.01 mol of Pd salt, 0.02 mol of sulfinate, and 0.001 mol of HgCI2in 40 ml of solvent.
solution (20 ml) added dropwise to the boiling sulfinate solution (20 ml).
tion of the other ingredients (20 ml).

6AIll ingredients heated together. cPd salt
dSulfinate solution (20 ml) added dropwise to the boiling solu-
*0.001 mol of Pd salt and 0.01 mol of CuCl2

Table Il
Reactions of p-Toluenesulfinate Anion and Palladium(ll) Salts with Double and Triple Bonds*
Conver-
sion to
v,v'-
Compound with Temp, bitolyl, Conversion to Conversion to
Entry Pd Sait multiple bond Solvent °C % insertion product other products
1 NazrdCl4 CcoO CHaOH 66 Trace 29% ArCOOCH3 1.4% ArCl,
5% ArX0O 1.8% Ar>sS
2 NaZ?dCls CO H2D 100 27 2% ArCOOH, Traces
10% ArX0O
3 NaJMCL6 cxn4 CHsOH 63 Trace 11% ArCH=CHATr (trims), 12% ArCH(OCH3CH Ar,
30% ArCH(CH3OCH3 traces
4 NazZ2dCl4 ch4 CHXN-HD 76 Trace 48% ArCH=CHATr (trans) Traces
5 LizrdCl4 7-CH8 (CH3ZX0-HD 63 4 25% ArCH=C(CH32 Traces
20% ArCH(OH)CH(CH32
6 NaZPdCl4 c-CsHs EtOH 58 Trace 28% Ar— Traces
+ isomers
7 NajPdCl,6 c-Cellio EtOH 71 Trace 229% Ar— Traces
+ isomers
8 NaiiPdCUL PhCH=CH2 CHaOH 66 47% ArCH=CHPh (trans) 17% PhCH(CH30OCH3
44% PhCHZH(OCH32
9 LiPdCl4s PhZ=CH?2 Dioxane-HD 91 33% ArCH=CPh2 1.7% PhZXCO, traces
10 NaZxdCl4 CH3X =N CHXN-HD 80 18 14% ArCOCHs Traces
11 Li2dCl PhC=N PhCN-HD 100 Trace 4% ArCOPh 68% PhCONH2

“ 0.01 mol of Pd salt and 0.05 mol of olefin in 20 ml of solvent were added dropwise to the boiling solution of 0.01 mol of the sulfinate
6In the presence of 0.001 mol of HgCI2

(20 ml).

Gaseous olefins and CO were introduced continuously at 1 atm.

subsequently formed during the aqueous-acidic work-up

(eq 3).

ArPdCl + R—C=N — > Ar—

--S- ArCOR

\
N—PdCl

(3)

Experimental Section

All chemicals were of reagent grade quality and used without

further purification.
Laboratories.

The sulfinates were obtained from K & K
Experimental procedures are given in the Tables.

Additions of one reagent to another took 1-6 hr and were fol-

lowed by a reflux period of 1-16 hr.
affected by the duration of the reactions.

Conversions were not
Work-up consisted
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of removal of the solution from the palladium metal precipitate,
extraction of organic products into ether, washing, drying, and
evaporation of the ether. The products were analyzed by glpc on
a 2-ft column of 20% SE-60 (silicon rubber) on Chromosorb W, at
100° -f 15°/min to 290° with 30 cc of He/min. Samples of pure
products (of Table 111) were obtained by recrystallization, distil-
lation, and/or preparative glpc and identified by melting point,
ir and nmr spectra, and mass determination. The identity of
chromatographically pure biaryls was confirmed by melting
point, mixture melting point, ir and nmr spectra. In addition,
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the purity of p,p'-I1>itolyl was proved by glpc on a lo-ft column of
5% Apiezon N on Chromosorb W, operated at 225° with 60 cc of
He/min, which separated all CuHh isomers. Conversions were
based on palladium salt and obtained from glpc peak areas.

Registry No.—CE8150MNa, 873-55-2; p-CHIX &4
SO0Na,. 824-79-3; NaZZPdCl4 13820-53-6; Pd(OAc)2
3375-31-3; Nai>(PdBrZ12, 25637-01-8; LiPdCI4 15525-
45-8.

Stereochemistry of Amine Additions to Acetylenic and Allenic Sulfones and Sulfoxides

W ittiam E. Truce and Lowell D. Markiey

Department of Chemistry, Purdue University, Lafayette, Indiana 179707

Received March /, 1970

Additions of ethylenimine to nonterminal acetylenic sulfones and sulfoxides (RC=CSOR' and RC=CSOR")

proceed nonstereoselectively to give mixtures of conjugated adducts.

Allenic sulfones and sulfoxides react with

ethylenimine to give the nonconjugated adducts, which do not isomerize under the reaction conditions to the con-

jugated adducts.

Several years ago, a study in this laboratory of the
stereochemistry of additions of amines to acetylenic
sulfones and carboxylic esters was reported.1 This and
other work in the area of amine additions to activated
acetylenes registered over the last few years, was
facilitated by the utility of nmr analysis for configura-
tional determinations1-3 and the unique advantage of
ethylenimine as a nucleophile in producing adducts
which resist cis-trans isomerization under the reaction
conditions.134 For example, ethylenimine adds to
p-tolylsulfonylacetylene giving >95% m-l-ethylen-
imino-2-(p-tolylsulfonyl)ethene (eq 1) while simple

HC=CSO02Ar + [>JH

H\
C=CT *+Ar
Jis NSO2ar (1)

secondary amines as well as primary amines give the
trans adduct via isomerization of the initially produced
cis isomer.

Ethyl and methyl propiolate undergo nonstereo-
selective addition with ethylenimine giving both cis and
trans adducts.134 It was suggestedl that the ethyl
propiolate-ethylenimine additioninvolves the formation
of a dipolar intermediate which has a linear resonance
stabilized carbanion center (eq 2). Protonation from

HC=cco2kt + [>h —
H\
HA =C— —* 'C=CHCOZEt (2)
/ =
OEt
<-N\ <?
<j\ H
cis + trans

either side accounts for the nonstereoselectivity of the
addition. It was proposed that the p-tolylsulfonyl-

(1) W. E. Truce and D. G. Brady, J. Org. Chem., 31, 3543 (1966).

(2) C.J. M. stirling, J. Chem. Soc., Suppl.l, 5863 (1964).

(3) J.E. Doliini, J. Org. Chem., 30, 1298 (1965).

(4) R. Huisgen, B. Giese, and H. Huber, Tetrahedron Lett., 1883 (1967).

A solvent effect and a temperature effect show the trans addition process to be kinetically
favored and the cis process to give the more stable trans adduct.
affect the cis-trans ratio of adducts in the ethylenimine additions.

Both the R and R' groups in RC=CSOR"
Theories to explain these results are given.

acetylene-ethylenimine intermediate has an angular
carbanion center with the cis configuration being
stabilized by electrostatic and/or hydrogen-bonding
forces (eq 1), thereby accounting for predominant trans
addition.

Results and Discussion

Amine additions to nonterminal acetylenes of the form
RC=CZ (where R = CH3and CHZH3 and Z =
SOZEt, SOXBAHALHIp, and SOEt) needed careful
examination and constitute part of the basis for this
report. In the nonstereoselective reaction, there was
the possibility that isomerization and subsequent addi-
tion to the allene, CH22C =CH S0 ZEt, was competing

CH;,

[>H + CHX=CSO0zZt Y=CHSO0ZEt

W

cis + trans

with addition to the conjugated acetylene.l2 Hence
the nature of additions of ethylenimine to two allenic
sulfones and an allenic sulfoxide as well as two propargyl
sulfones and one propargyl sulfoxide was studied and is
described herein.

Allenic sulfones have been prepared by isomerization
of the propargyl sulfones with either triethylamine or
basic alumina.26 Allenic sulfoxides have not been
reported, but we have found them to be accessible also
in this manner (eq 3). The propargyl and 1-propynyl

CHZCI2
HO=CCHXSOEt + AlDs ---------- CH2C=CHSOEt (3)

sulfoxides were prepared by oxidation of the correspond-
ing sulfide with 1 equiv of sodium metaperiodate or 1
equiv of m-chloroperbenzoic acid.

Addition of ethylenimine to the allenic and pro-
pargylic sulfones and sulfoxides led to the formation of
the nonconjugated adduct, by 1,2 addition to the
allene directly or through initial isomerization of the

© ST. McDonelland C. I M. Stirlirg, J. Gem Sk B 3L (1967,
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propargyl system to allene. In some systems small
amounts of the trans conjugated adduct formed by 2,3
addition to the allene (eq 4) were obtained (allenic

HC=CCHZ CH,=C=CHZ CH,C=CZz
7- SCFt, SOEt, SOZ64,CH,p / 1> 'H
CH2 ' CH, 2. ch,
V-CRZ + c=c C=CHZ
pT H
nonconjugated trans trans and cis
adduct
) i
1 2 (3)

nitriles have also been shown to add amines in both 1,2
and 2,3 fashion§. As shown in Table I, the ratio of

Table |

Addition of Ethylenimine to CH2Z2C=CHZ
and/or HfeCCH Z

Reaction
—time, hr—. Mp or bp

Acetyl- O (mm) of 1, %
z Solvent  Aliene ene of 1 °C of 2
SOEt CeHe 6 a 77 81-84 23

EtOH 24 24 100 (0.20)

SOZEt cth6 4* 4 100 64-65.5

EtOH 46 4 100

SOXEHAH3IP cai6 4 4 94 69.5-70.5 6
EtOH 4 4 93 7

° The reaction was very slow. After 72 hr, there was only
6% of the product present. bA mixture of 78% ethylsulfonyl-
propadiene and 22% 3-ethylsulfonylpropyne was used.

nonconjugated to conjugated adducts is solvent de-
pendent. The nmr spectra of the nonconjugated
adducts given in Table 11 support the structural

Table Il

Nmr Data for

ch/
\ “
. A — CHZ
(o)
Z a“ Pa 7“
SOEt 3.55 4.57 and 4.63 1.92
SOZXEt 3.73 4.58 and 4 .68 1.88
SOX 84 H3p 3.87 4.38 and 4.45 1.75

OPositions given in parts per million (S) in CDC13 relative
TMS. The a, f3 and y peaks all appeared as singlets.

assignments. In comparing the ir spectra of the con-
jugated and nonconjugated adducts, one finds as
expected the olefinic stretching vibration shifted about
50 cm-1 lower in the conjugated isomers from that in
the nonconjugated.

That the 2,3 adduct (2) does not arise by isomeriza-
tion of the 1,2 adduct (1) was shown by treating the pure
nonconjugated ethylenimine adducts with ethylenimine
in both ethanol and benzene; the starting adducts 1
were recovered unchanged. Resistance of adducts 1 to
isomerization under reaction conditions rules out an
allenic intermediate in the addition of ethylenimine to
nonterminal acetylenic sulfones and sulfoxides, which
yield only conjugated adducts 2 and 3. Also, this

© P.M QeaesadS R Lackr, GemGrmn, 32 (195,

Truce and Markley

change in product composition indicates that, although
ethylenimine can isomerize the propargyl systems to the
allenes, further isomerization to the nonterminal
1-propynyl compounds does not compete with the
addition process (eq 4).

Having ruled out an allene intermediate in the non-
stereoselective addition of ethylenimine to 1-ethyl-
sulfonylpropyne, it was of interest to study additions to
other 1-propynyl sulfones and sulfoxides to gain more
knowledge about the addition process. A temperature
effect was found to be operative in the ethylenimine
additions to nonterminal sulfones and sulfoxides and
examples of such may be found in Tables Il and IV.

Table Il

Temperature Effect in the Addition of Ethylenimine
to CHX=CSOEtin Benzene

Reaction =~ --—-—--- Configuration, %-----

Temp, °C time, hr cis trans

53-54 6 22 78

26-27 6 40 60

3-5 96 66 34
Table IV

Temperature Effect in the Addition of Ethylenimine
to CHX=CSO0ZX@H4CH3-p in Benzene

Reaction [mmmmmmm Configuration, %-—

Temp, °C time, hr cis trans
53-54 4 31 69
24-25 4 80 20
2-5 96 83 17

Postisomerization does not account for the differences
in product compositions, since treating the product
mixture, obtained under one set of conditions, with
ethylenimine in benzene at a different set of time and
temperature conditions resulted in no change in the
ratio of cis-trans isomers. These results suggest that
the trans addition process giving cis adduct is the kinet-
ically controlled process while cis addition yielding trans
product is thermodynamically more favored. A mecha-
nism incorporating these results involves formation of
angular dipolar intermediates, one with a cis arrange-
ment of amino and sulfonyl or sulfinyl groups and a
second with a trans arrangement (eq 5). Protonation

CHC=CSOxR + E£NH — -
CH,x CH, SOxR
c=C \ — C=C
V4 \ / -
C-N+ SOxR
V\t J
cis trans

intermediate intermediate

n soxr XH
cis trans

of the cis intermediate gives the cis adduct and kinetic
control. The cis intermediate may alternatively
isomerize to the trans intermediate; subsequent pro-
tonation affords the trans adduct, which as will be
shown later is the more stable of the two adducts.
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The formation of the trans intermediate occurs by one
of two pathways, direct isomerization of the cis inter-
mediate or equilibration of the cis intermediate with
the starting acetylene and readdition to the acetylene.

Temperature and solvent dependent isomerization of
vinyl carbanions has been found to occur in systems
such as 1,2-diphenylvinyllithium where the cis isomer
isomerizes to the more stable trans isomer. However,
in other systems such as the cis- and irans-propenyl-
lithiums, both isomers were shown to be quite stable.7
Montanari and coworkers8 have reported exchanging
cis- and frcms-/3-arylsulfinyl- and /?-arylsulfonylacrylic
acid with sodium deuterioxide in deuterium oxide with
complete retention of configuration, suggesting the
arylsulfinyl- and arylsulfonylvinyl carbanions do not
isomerize under the conditions employed. However,
the conditions employed by Montanari would favor
retention of configuration owing to facile deuteration of
the vinyl carbanion formed and therefore it is not
possible to favor one mode of isomerization over the
other in the ethylenimine-acetylene additions with the
data at hand.

The mechanism (eq 5) accounts not only for the
temperature effect but also for an observed solvent
effect. As shown in Tables V and VI, solvent effects

Table V
Reaction of Ethylenimine with CH3C=CS0Z6H4CH3-p

Reaction —Configuration, %°—
Solvent time, hr Termp, °C cis trans
DMSO 4 24-25 68 32
EtD 4 24-25 74 26
Celle 4 24-25 80 20
CCl. 4 24-25 81 19
EtOH 4 24-25 58 42

° The ratios of cis-trans isomers were determined by nmr analy-
sis on the crude reaction mixtures. The reactions were complete
after 4 hr with quantitative yields of the adducts as shown by
nmr.

Table VI
Reaction of Ethylenimine with CHX=CSOEt

Reaction /— Configuration, % a
Sohvert time, hr Temp, °C cis trans
DMSO 6 26-27 16 A
EtD 6 26-27 31 69
CeHe 6 26-27 40 60
CCk 6 26-27 48 52
EtOH 24 24-26 86 14

The ratios Of cis-trans isomers were determined by nmr
analysis on both the crude reaction mixture and the purified

liquid. There was no difference between the crude ratio and
the purified. As shown by nmr, the reaction yields were quanti-
tative.

were observed in the nonstereoselective additions of
ethylenimine to 1-p-tolylsulfonylpropyne and 1-ethyl-
sulhnylpropyne. Solvent effects were also observed in
the additionsof ethylenimine to 1-ethylsulfonylpropyne,1
ethyl propiolate,13 and methyl propiolate.4 The
mixture of adducts obtained in one solvent was treated
with 1 equiv of ethylenimine in another solvent but

(7) (a) A. N. Nesmeyanov, A. E- Borisov, and N. A. Vol'kenau, Izv. Akad.
Nauk SSR, Otd. Khim. Nauk, 992 (1954); (b) A. N. Nesmeyanov and A. E.
Borisov, Tetrahedron, 1, 158 (1957); (c) D. Y. Curtin, H. W. Johnson, Jr.,
and E. C. Steiner, J. Amer. Chem. Soc., 77, 4566 (1955); (d) D. Y. Curtin
and J. W. Crump, ibid., 80,1922 (1958).

(8) H. Hogeveen, G. Maccagnani, F. Montanari, and F. Taddei,
Boll. Sci. Fac. Chem.Ind. Bologna, 21, 259 (1963).
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there was no change in the ratio of cis-trans isomers
showing there to be no postisomerization of the ethyl-
enimine adducts as was observed with other secondary
and primary amines.1 In the aprotic solvents studied,
the greatest amount of trans product (cis addition) was
formed in dimethyl sulfoxide. This may be explained
on the basis that dimethyl sulfoxide (having a high
dielectric constant) can stabilize the zwitterionic
intermediates best, and there is less stabilization of the
ammonium moiety by the sulfonyl or sulfinyl groups in
the cis intermediate shifting the equilibrium to the right
in favor of the trans intermediate. In a protic solvent,
ethanol, rapid proton abstraction from solvent giving
kinetic control competes with the stabilization of the
intermediates by this polar solvent.

The cis and trans configurations in the conjugated
adducts were assigned on the basis of nmr analysis.
The pertinent nmr data are given in Table VIl and the

Tabte VII

Nmr Data for

ohd®
C=CHz
O L]
vy
P [(@) Se— n Fe Ra ------- N 7
z cis trans cis trans cis trans
SOEt 540 555 200 220 205 190
SOEt 537 553 190 225 229 205
SOeCelbCHe-p 551 568 185 220 224 19
SOXHZXEHS5 519 538 180 173 215 185
SOXHXHxXeH5 535 547 18 222 225 191

° Positions given in parte per million (8) in COCI3 relative
to TMS. The a,fi, and y peaks were all singlets.

chemical shifts are similar to those previously pub-
lished.12 With the I-benzylsulfonyl-2-(ethylenimino)-
propene isomers, the methyl propenyl protons are
shifted upheld in the trans isomer from those in the cis.
This may be due to shielding of these protons by the
aromatic ring in the trans isomer shifting them upheld
relative to the cis3

Two isomeric intermediates are suggested for the
ethylenimine additions to acetylenic sulfones and sulf-
oxides while a single intermediate has been proposed for
the reactions of ethylenimine with methyl and ethyl
propiolate (eq 2). If indeed such differences do exist,
one would not expect to hnd a temperature effect on the
ratio of cis-trans isomers in the addition of ethylenimine
to methyl propiolate. As shown in Table VI1II, there
was no temperature effect observed.

Tabte VIII
Reaction of Ethylenimine with HCfeCCOfliMe in Benzene
------- Configuration, %-------s
Temp, °C Reaction time, hr cis trans
54-55 5 7 xB
25-26 5 9 a
3-6 72 9 91

The temperature effect in the ethylenimine additions
to nonterminal acetylenic sulfones and sulfoxides sug-
gests that the trans adduct (cis addition) is the more
stable isomer. It has been shown that other secondary

9) R. C. Pink, R. Spratt, and C. J. M. Stirling, J. Chem. Soc., 5714

(1965).
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amines give only the trans adduct upon addition to
acetylenic sulfones via initial trans addition giving the
cis adduct which undergoes isomerization to the final
product.1 The ethylenimine adducts of the acetylenic
sulfones and sulfoxides may be isomerized with potas-
sium hydroxide in THF at room temperature giving the
mixture shown in Table IX. Both the nonconjugated

Table IX

Isomerization of Nonconjugated and

Conjugated Adducts

CHk s H
+ ;c=c¢c”N
nonconjugated trans cis
adduct 2 3
1
Reaction
time, % % 1in  %2in % 3in
z hr yield- (1+2+3)2+3 (2+ )3
SOEt 4s & 12 88 15
SOEt 12 67 9 91 9
SO fH,CH5p 30 80 7 [$3) 5
SOUWCHICH s 12 3 0 3 7
SOAHaCHIiCeHs 12 o1 6 87 13

“The yields given were those obtained in the isomerization
of the conjugated adducts. Similar results were obtained with
the nonconjugated adducts.

and conjugated adducts give the same equilibrium
mixture, with the trans conjugated adducts being the
predominate isomer.

In comparing the ratios of cis-trans isomers obtained
in the additions of ethylenimine to 1-p-tolylsulfonyl-
propyne and 1-ethylsulfonylpropyne, one finds quite a
difference with the p-tolyl system giving more cis
adduct in aprotic solvents while the ethyl system yields
mostly trans product. The R' group in CHX =
CSOR' must therefore play a part in the determination
of the overall stereochemistry. Models of the cis
intermediate formed in the ethylenimine addition to
1-p-tolylsulfonylpropyne show the aromatic ring within
7r-hydrogen-bonding distance of the ammonium center,
as shown.

This interaction may be similar to the participation
depicted by Winstein and Levy in their study of pro-
tonated /3-phenyl ketones. The greater population of
the syn isomer, than predicted on the basis of steric

T ruce and Markley

effects, was accounted for on the basis of x-hydrogen
bonding in the synisomer.D

Models of the cis intermediate formed in the addition
of the ethylenimine to 1-benzylsulfonylpropyne indicate
that a similar neighboring-group effect is possible. If
participation by the neighboring aromatic ring occurs,
one would expect to find decreasing amounts of cis
adduct as the aromatic ring is moved farther away
from the sulfonyl grouping. As shown in Table X,

Table X
Reaction of Ethylenimine with CHE=CS0R"' in Benzene

Reaction M Configuration, %---,
R' Temp, °C tine, hr cis trans
CsH.CHs-p 24-25 4 80 20
CHZ615 28-29 4 2 28
CHICHiCeHa 28-29 4 36 64
CHiCHs 25-26 4 16 S8

such an effect is observed. The largest amount of
trans adduct was obtained with 1l-ethylsulfonylpropyne
where stabilization of the cis intermediate as suggested
is of course not possible. Neighboring-group stabiliza-
tion of the initial dipolar intermediate may also be the
basis for the fact that 1-ethylsulfinylpropyne gives
greater amounts of cis adduct with ethylenimine than
does 1-ethylsulfonylpropyne. This may be due to
greater interaction of the sulfoxide oxygen vs. sulfonyl
oxygens with the ammonium center.1l

It was shown previously that the R group in the
RC=CSOZEt series affected the equilibrium mixtures
obtained in the addition of n-propylamine.l As the
steric bulk of the R group was increased, the amount of
cis adduct increased owing to greater steric effects in the
trans isomer. Such a phenomenon was observed in the
additions of ethylenimine to 1-ethylsulfonylpropyne and
1-ethylsulfonyl-lI-butyne in an aprotic solvent like
benzene; however in ethanol this was not apparent as
shown in Table XI. The trend observed in benzene

Table XI
Reaction of Ethylenimine with RONCSCKEt
R(-::ac— Configuration,
tion [ y— .
R Solvent Temp, °C tine, hr cis trans
ch3 c»h 6 24-25 4 16 A
EtOH 25-26 4 62 33
chXh?2 CeHe 25-26 4 37 63
EtOH 25-26 4 62 38

may also be explained on the basis of steric interactions,
the steric effect being observed in the trans intermediate
giving more cis adduct via proton abstraction by the cis
intermediate. Such an effect is not found in ethanol

(10) G. S.Levy and S. Winstein, J. Amer. Chem. Soc., 90, 3574(1968).

(11) (a) C. H. McMullen and C. J. M. Stirling, J. Chem. Soc., B, 1217
(1966); (b) H. Hogeveen, G. Maccagnani, and F. Montanari, J. Chem. Soc.,
C, 1585 (1966); (c) M. Cinquini, S. Colonna, and F. Montanari, Tetrahedron
Lett., 3181 (1966).
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where ready proton abstraction from solvent (trans
addition) washes out any steric effect by the R group.

In summary, it can be concluded that ethylenimine
additions to acetylenic sulfones and sulfoxides involve
the formation of two equilibrating and isomeric zwit-
terionic intermediates while addition to propiolic esters
occurs with the formation of a single resonance-stabilized
(linear) zwitterionic intermediate. Consistent with
these hypotheses are the following facts: (a) the dis-
traits ratio of adducts formed with nonterminal acety-
lenes is temperature dependent while the cis-trans ratio
of adducts from methyl propiolate is unaffected by
temperature; (b) a solvent effect was operative; (c) the
R and R' groups in RCssCSOR" affect the cis-trans
ratio of products. Consistent with these facts is the
elimination of a possible isomerization of the 1-propynyl
sulfones and sulfoxides to the aliéné with subsequent
addition of ethylenimine.

Work is continuing in this laboratory on further
elucidating the factors which control the stereochemistry
of amine additions to acetylenes.

Experimental Section12

Starting Materials.—Ethylenimine was generously supplied
by The Dow Chemical Co. and was stored over caustic soda pel-
lets.

General Procedure for the Preparation of 3-Propynyl Sulfides.
—AIll of the 3-propynyl sulfides were prepared by adding a solu-
tion of 1 equiv of the corresponding sodium thiolate in methanol
to 1 equiv of propargyl bromide in methanol. After stirring for 2
hr, the reaction mixture was dissolved in water and the aqueous
mixture was extracted with methylene chloride. The methylene
chloride layers were dried (MgSOO and concentrated, and dis-
tillation gave the 3-propynyl sulfides listed in Table X I1.

Tabte XII
Preparation of HC=CCHXISR
R % vyield Bp (mm), °C Ref
CfHACH3/ 77 84-85 (0.45) a
CHX&H6 84 103-108 (7.0) b
chXhXt 6 82 84-87 (0.25)
ch2xh3 65 72-75 (103) c

°K. Sato and O. Mujamotto,
1409 (1956). bReference 9.
Soc. Chim. Fr., 3016 (1966).

Nippon Kagaku Zasshi, 77,
¢G. Pourcelot and P. Cadiot, Bull.

General Procedure for the Preparation of 1-Propynyl Sulfides.
— Three of the 1-propynyl sulfides were prepared by isomeriza-
tion of the 3-propynyl sulfides with potassium hydroxide in
THF.2 After stirring, the potassium hydroxide was filtered off
and ihe solvent was removed in vacuo. Distillation afforded
the 1-propynyl sulfides given in Table X I11 in good yield.

Tabte X111
Preparation of CH&EL=CSR

R % yield Mp or bp (mm), °C Ref
CTRCHa-p 79 26-28
CHZX 816 78 116-118(6.0)
CHXH2X &6 79 77-78 (0.17)
°L. Maioli, G. Modena, and P. E. Todesco, Boll. Sci. Fac.

Chim.Ind. Bologna, 18, 66 (1960).

(a2) All microanalytieal analyses were carried out by Dr. C. S. Yeh and
the staff of the Purdue Chemistry Microanalytieal Laboratory. Elemental
analyses were obtained only in representative cases. All nmr spectra were
run on either a Yarian A-60 or A-60a spectrometer operating at 60 Mc/sec
using TMS as an internal standard. All melting points and boiling points
are uncorrected. All infrared spectra were run on a Perkin-Elmer Model
137 B Infracord spectrophotometer. The nmr spectra of the adducts were
taken on crude as well as on the purified products to preclude isomerization
during purification steps.
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I-Ethylthiopropyne.— This compound was prepared according
to known procedures’'3 by treating as-I,2-bis(ethylthio)ethene
with 2 equiv of sodium amide in liguid ammonia followed by
addition of 2 equiv of methyl iodide. The colorless product had
bp 122-128° (lit.Bibp 134-144°) and was isolated in 56% yield.

1-Ethylthio-lI-butyne.— Treatment of as-l1,2-bis(ethylthio)-
ethene with 2 equiv of sodium amide in liguid ammonia followed
by addition of 2 equiv of ethyl bromide afforded the desired prod-
uct, bp 60-62° (26 mm) [lit.1bp 60-61° (25 m m)].

Preparation of Acetylenic Sulfones.— Oxidation of the acety-
lenic sulfides to the corresponding sulfones was generally effected
in two ways. The first involved adding a solution of 2 equiv of
m-chloroperbenzoic acid in CHC13 to 1 equiv of the sulfide in
CHC13at 0° and then allowing the mixture to stand for 1 day at
room temperature. The reaction mixture was washed with a
saturated solution of NaHCO3 containing a small amount of
Na2Z03. The CHC13 layers were dried (MgSO«) and concen-
trated, and purification was effected by either recrystallization
or by vacuum distillation. The second method used was oxida-
tion of 1 equiv of sulfide with 4 equiv of 30% H22in glacial
acetic acid. The reaction mixture was gently refluxed for 1.5-2
hr after which time the mixture was added to ice-water. If
the product was a solid, it precipitated out and was recrystal-
lized. The liquid sulfones were purified by extracting the aqueous
mixture with CHC13 drying the CHC13layers (MgS04), concen-
tration, and distillation.

3-Ethylsulfonylpropyne.—To 20 g (0.20 mol) of 3-ethylthio-
propyne in 250 ml of glacial AcOH was added 83 ml (0.80 mol
of peroxide) of 30% HD 2 dropwise. After gentle reflux, 500
ml of HD was added. The aqueous solution was extracted with
CHC13. Work-up and distillation gave 14 g (53%) of product,
bp 74° (0.20 mm) [lit.1490-93° (0.001 mm)].

Anal. Calcd for CH&802 C, 45.42;
Pound: C, 45.18; H, 5.88; S, 24.19.

3-p-Tolylsulfonylpropyne.—To a solution of 30 g (0.19 mol)
of 3-p-tolylthiopropyne in 250 ml of glacial AcOH was added
slowly 77 ml (0.74 mol of peroxide) of 30% HD 2. After reflux,
the mixture was poured into 1 1 of ice-water. Recrystalliza-
tion (EtOH-isopropyl ether) gave 26 g (72%) of product, mp
103-105 [lit.6mp 99-100.5].

1-Ethylsulfonylpropyne.— Oxidation of 19.2 g (0.17 mol) of
1-ethylsulfinylpropyne in 100 ml of CHC13at 0° with 30 g (0.17
mol) of 85% m-chloroperbenzoic acid dissolved in 500 ml of
CHC13yielded 18.6 g (84%) of product after distillation, bp 92-
94° (1.35 mm) [lit.1bp 82-83° (0.4 mm)].

1-p-Tolylsulfonylpropyne.— To a solution of 27.6 g (0.17 mol)
of 1-p-tolylthiopropyne in 200 ml of CHC13cooled to 0° was added
slowly 71 g (0.35 mol of peroxide) of 85% m-chloroperbenzoic
acid dissolved ir. 800 ml of CHC13. After recrystallization (ben-
zene-hexane) there was obtained 26.8 g (81%) of product, mp
98-99° (lit.6mp 98-99°).

1-Benzylsulfonylpropyne.— This acetylene was prepared by
treating 9.3 g (0.057 mol) of 1-benzylthiopropyne with 24 ml
(0.23 mol of peroxide) of 30% H2 2in 200 ml of glacial AcOH.
After reflux, work-up, and recrystallization (ethanol), 6.0 g
(54%) of product was obtained, mp 75-76.5°.

Anal. Calcd for CiHIBBO2 C, 61.82; H, 5.20; S, 16.51.
Found: C, 61.84; H, 5.19; S, 16.40.

I-(2-Phenylethylsulfonyl)propyne.— Oxidation of 11.6 g (0.066
mol) of I-(2-phenylethylthio)propyne in 250 ml of glacial AcOH
with 27 ml (0.26 mol of peroxide) of 30% HD 2 afforded 7.0 g
(51%) of product after distillation, bp 145-147° (0.15 mm).
Upon standing the product crystallized, mp 43-45°.

Anal. Calcd for CuH13502 C, 63.42; H, 5.82; S, 15.40.
Found: C, 63.53; H, 6.03; S, 15.26.

1-Ethylsulfonyl-lI-butyne.— As previously prepared,1 1l-ethyl-
thio-I-butyne (1.8 g, 0.16 mol) in 100 ml of CHCIs at 0° was
treated with 87% ro-ehloroperbenzoic acid (6.4 g, 0.032 mol of
peroxide) in 103 ml of CHC13. Distillation gave 1.6 g (69%)
of product, bp 73-80° (0.25 mm) [lit.187-88° (0.4 m m)].

Preparation of Acetylenic Sulfoxides.— The acetylenic sulf-
oxides were prepared by oxidation of 1 equiv of sulfide with either
1 equiv of sodium metaperiodate at 0° as previously showni13
or 1equiv of m-chloroperbenzoic acid in CHC13at 0°.

3-Ethylsulfinylpropyne.— Oxidation was effected by treating
15.7 g (0.157 mol) of 3-ethvithiopropyne in 500 ml of CH30H

H, 6.11; S, 24.26.

(13) H. J. Boonstra and J. F. Arens, Red. Trav. Chim. Pays-Bas, 79,

866 (1960).
(14) G. Pourcelot and P. Cadiot, Bull Soc. Chim. Fr., 3024 (1966).
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at 0° with 33.6 g (0.157 mol) of sodium metaperiodate. After
standing at 0° for 12 hr, the precipitated sodium iodate was
filtered off and the filtrate was extracted with CH2C12. Drying

(MgS04), concentration, and distillation gave 18 g (99%) of
product, bp 80-82° (0.25 mm), n®") 1.513.

Anal. Calcd for CEH80: C, 51.69; H, 6.94; S, 27.60.
Found: C, 51.87; H, 7.12; S, 27.53.

1-Ethylsulfinylpropyne— This compound was prepared by
treating 12.3 g (0.123 mol) of 1l-ethylthiopropyne in 100 ml of
CHCh at 0° with 25 g (0.123 mol of peroxide) of 85% ro-chloro-
perbenzoic acid in 300 ml of CHC13. The reaction mixture was
allowed to stand 24 hr at 0°. The m-chlorobenzoic acid was
filtered off and the filtrate was washed with a solution of NaHCO03
containing Na2S03 Drying the CHCI3 layers (MgS04, con-
centration, and distillation gave 8.8 g (62%) of product, bp 58-
61° (0.45 mm), nnD 1.5110.

Anal. Calcd for CHS&8O0: C, 51.69; H,
Found: C, 51.67; H, 7.13; S, 27.59.

Preparation of Allenic Sulfones and Sulfoxides.— The allenic
sulfones and sulfoxides were prepared by isomerizing the 3-
propynyl sulfones or sulfoxides with either triethylamine or
activated alumina as previously published.6,6

Ethylsulfonylpropadiene.— This compound was prepared by
stirring 4.9 g (0.037 mol) of 3-ethylsulfonylpropyne with 5.8 g
(0.057 mol) of triethylamine in 100 ml of CeH6for 1 hr. After
concentration and distillation, there was obtained 4.1 g (84%)
of product, bp 79-81° (0.15 mm), which consisted of 78%
the allenic sulfone and 22% starting material. All attempts
to remove the starting material with silver nitrate as in the prep-
aration of ethylsulfinylpropadiene caused formation of 1-ethyl-
sulfonylacetone as shown by nmr and ir.

p-Tolylsulfonylpropadiene.— This compound was prepared
by pouring 5.0 g (0.26 mol) of 3-p-tolylsulfonylpropyne dissolved
in 15 ml of CHZC12onto an activated alumina column according
to known procedures.5 Elution gave the allene which was re-
crystallized (EtOH), mp 89-90° (lit.6mp 85-87°).

Ethylsulfinylpropadiene—This compound was synthesized
by stirring 7.0 g (0.06 mol) of 3-ethylsulfinylpropyne with 20 g
of activated alumina in 75 ml of CH2C12for 4 hr. The alumina
was removed by filtration and the solvent was removed in vacuo.
The residue containing some starting material was poured into
150 ml of 5% AgN0395% EtOH and to the milky solution was
added 250 ml of HD. The clear agueous mixture was extracted
with CH2C12 The CHZC12layers were dried (MgSO<) and con-
centrated, and distillation gave 3.5 g (50%) of product, bp 68°
(1.0 mm).

Anal. Calcd for CEHS8O: C, 61.69; H,
Found: C, 61.81; H, 6.97; S, 27.20.

General Procedure for Ethylenimine Additions to 1-Propynyl-
Sulfones and Sulfoxides.— Most of the reactions were run by
dissolving 0.0043 mol of the acetylene in 20 ml of the appropriate
solvent and placing the mixture in a previously flamed out 125-
ml erlenmeyer flask. To the magnetically stirred mixture at
the desired temperature was added 0.0043 mol of ethylenimine
by means of a syringe. After stirring for the prescribed length
of time, the solvent was removed in vacuo at room temperature.
Purification was accomplished by recrystallization or distilla-
tion. The nmr data given for any crystalline product is that of
the crude reaction mixture since recrystallization caused frac-
tionation. Distillation of the liquid adducts did not change the
cis-trans ratio. All of the reactions gave quantitative yields of
aminovinylsulfones or sulfoxides as shown by nmr of the crude
reaction mixtures.

I-Ethylsulfonyl-2-(ethylenimino)propene.— To 0.57 g (0.004 3
mol) of l-ethylsulfonylpropyne in 20 ml of benzene was added
0.19 g (0.0043 mol) of ethylenimine. The reaction afforded 0.46
g (70%) of 16% cis and 84% trans adducts upon distillation, bp
118-120° (0.30 mm) [lit.1115-118° (0.3 mm)].

1-p-Tolylsulfonyl-2-(ethylenimino)propene.— To 0.83 g (0.0043
mol) of 1-p-tolylsulfonylpropyne in 20 ml of benzene at 24-25°
was added 0.19 g (0.0043 mol) of ethylenimine. There was ob-
tained 0.90 g (88% ) of product after recrystallization (benzene-
hexane), mp 96-97°.

Anal. Calcd for CiHIBNSO02 C, 60.72; H, 6.38; N, 5.90;
S, 13.51. Found: C, 60.76; H, 6.37; N, 5.94; S, 13.33.

I-Benzylsulfonyl-2-(ethylenimino)propene.— To 0.83 g (0.0043
mol) of 1-benzylsulfonylpropyne in 20 ml of benzene at 28-29°
was added 0.19 g (0.0043 mol) of ethylenimine. The reaction®

6.94; S, 27.60.

6.94; S, 27.60.

(15) C. J. M. Stirling, J. Chem. Soc., Suppl. |, 5856 (1964).
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gave 0.85 g (83%) of product after recrystallization (EtOH-
hexane), mu 54-56°.

Anal. Calcd for C,Hi®NSO02 C, 60.72; H, 6.38; N, 5.90;
S,13.51. Found: C, 60.75; H, 6.41; N, 5.88; S, 13.50.

I-(2-Phenylethylsulfonyl)-2-(ethylenimino)propene.—To 0.90
g (0.0043 mol) of I-(2-phenylethylsulfonyl)propyne in 20 ml of
benzene was added 0.19 g (0.0043 mol) of ethylenimine. There
was obtained 0.81 g (75%) of product after recrystallization
(EtOH-hexane), mp 62-64°.

I-Ethylsulfonyl-2-(ethylenimino)-lI-butene.— To 0.80 g (0.0055
mol) of 1-ethylsulfonyl-I-butyne dissolved in 26 ml of ethanol
was added 0.24 g (0.0055 mol) of ethylenimine. The reaction
afforded 0.60 g (60%) of 62% cis and 38% trans adducts after
distillation, bp 122° (0.20 mm).

I-Ethylsulfmyl-2-(ethylenimino)propene.— To 0.50 g (0.0043
mol) of 1-ethylsulfinylpropyne in 20 ml of benzene was added
0.19 g (0.0043 mol) of ethylenimine and there was formed at
26-27° 40% cis and 60% trans adducts. Distillation gave a
58% yield of pure product, bp 93-95° (0.20 mm).

Anal. Calcd for CHiNSO: C, 52.79; H, 8.22; N, 8.80;
S, 20.14. Found: C, 52.99; H, 8.04; N, 8.51; S, 20.16.

Preparation of the Nonconjugated Adducts.—The noncon-
jugated adducts were prepared by addition of ethylenimine to
both the allenic sulfones and sulfoxides and the propargyl sul-
fones and sulfoxides. The larger quantities of nonconjugated
adducts were prepared from the propargyl acetylenes and these
preparations will be given. However the same adducts were
obtained using the allenes or mixtures of allene and propargyl
acetylene as shown in Table I1.

3-Ethylsulfonyl-2-(ethylenimino)propene.—To 2.0 g (0.015
mol) of 3-ethylsulfonylpropyne in 80 ml of EtOH was added 0.64
g (0.015 mol) of ethylenimine. After stirring 4 hr, recrystalliza-
tion (benzene-pentane) there was obtained 2.1 g (80%) of prod-
uct, mp (sublimed) 64r-65.5°.

Anal. Calcd for C,HINSOs: C, 47.96; H, 7.49; N, 7.99;
S, 18.30. Found: C, 47.73; H, 7.54; N, 7.93; S, 18.02.

3-p-Tolylsulfonyl-2-(ethylenimino)propene.— To 2.0 g (0.010
mol) of 3-p-tolylsulfonylpropyr_e in 80 ml of ethanol was added
0.44 g (0.010 mol) of ethylenimine. After stirring 4 hr, the mix-
ture given in Table Il was obtained. Several recrystallizations
(benzene-hexane) afforded 1.5 g (63%) pure nonconjugated
adduct, mp 69.5-70.5°.

Anal. Calcd for CiHIBNS02 C, 60.72; H, 6.38; N, 5.90;
S, 13.51. Found: C, 60.92; H, 6.48; N, 5.78; S, 13.68.

3-Ethylsulfonyl-2-(ethylenimino)propene.— To 3.0 g (0.026
mol) of 3-ethylsulfinylpropyne in 80 ml of ethanol was added
1.11 g (0.026 mol) of ethylenimine. After stirring 2 days and
distillation, 2.75 g (78%) of product was obtained, bp 87-91°
(0.25 mm).

Anal. Calcd for C,HIBNSO: C, 52.79; H, 8.22; N, 8.80;
S, 20.14. Found: C, 52.76; H, 8.27; N, 8.78; S, 19.97.

Isomerization of Nonconjugated and Conjugated Adducts to
the Thermodynamic Equilibrium Mixture.—As shown in Table
IX, either the nonconjugated or conjugated ethylenimine ad-
ducts could be isomerized to the thermodynamic equilibrium mix-
ture with KOH in THF at room temperature. The KOH was
removed by filtration and the solvent was then removed in vacuo.
An nmr was taken of the crude mixture before purification.

I-Ethylsulfinyl-2-(ethylenimino)propene.— To 0.58 g (0.0037
mol) of 87% cis- and 13% irons-l-ethylsulfinyl-2-(ethylenimino)-
propene in 40 ml of THF was added 5.5 g (0.098 mol) of KOH.
After stirring, filtration, concentration, and distillation, there
was obtained 0.40 g (69%) of the mixture, bp 96-98° (0.20 mm)
givenin Table IX.

I-Ethylsulfonyl-2-(ethylenimino)propene.—To 1.2 g (0.069
mol) of a mixture of 16% cis- and 84% irans-l-ethylsulfonyl-2-
(ethylenimino)propene in 50 ml of THF was added 6.2 g (0.11
mol) of KOH. After stirring, filtration, concentration, and dis-
tillation, the mixture, bp 110-112° (0.30 mm), given in Table IX
was obtained.

1-p-Tolylsulfonyi-2-(ethyleniminojpropene—To 1.0 g (0.0042
mol) of a mixture of 79% cis- and 21% ¢mras-I-p-tolylsulfonyl-2-
(ethylenimino)-propene in 50 ml of THF was added 5 g (0.089
mol) of KOH. After stirring, filtration, and concentration,
an nmr of the remaining white crystalline solid 0.80 g (80%)
showed it to be the mixture given in Table I X .

I-Benzylsulfonyl-2-(ethylenimino)propene.—To 1.5 g (0.0063
mol) of a mixture of 72% cis- and 28% irans-l-benzylsulfonyl-2-
(ethylenimino)propene ir. 50 ml of THF was added 6.1 g (0.11
mol) of KOH. After stirring, filtration, and concentration,
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1.4 g (93%) of the remaining crystalline product was shown to
be the mixture given in Table I1X. Recrystallization (EtOH-
hexane) gave 1.3g (87%) of the product, mp 52-54°.

I-(2-Phenylethylsulfonyl)-2-(ethylenimino)propene.—To 1.1 g
(0.0043 mol) of a mixture of 36% cis- and 64% irons-I-(2-phenyl-
ethylsulfonyl)-2-(ethylenimino)propene in 50 ml of THF was
added 6.0 g (0.11 mol) of KOH. After stirring, filtration, and
concentration, the mixture (1.0 g, 91%) given in Table IX was
present. Recrystallization (EtOH-hexane) gave 0.80 g (73%)
of product, mp 60-61°.

infrared Data.’5B—The 3-propynyl sulfides exhibit the charac-
teristic strong carbonh-ydrogen stretch at 3300 cm-1 and a very
weak carbon-carbon triple bond stretch in the 2100- 2200-cm*“ 1
region The corresponding 3-propynyl sulfones and sulfoxides
show in addition to the acetylenes carbon-hydrogen stretch and
the carbon-carbon triple bond stretch, the characteristic strong
sulfone absorption in the 1300-1350- and 1120-1150-cm~' re-
gions and the strong sulfoxide absorption in the 1020-1060-cm-1
region, respectively. The 1-propynyl sulfides exhibit a weak
carbon-carbon triple bond stretch at 2180 cm-1. The corre-
sponding sulfones and sulfoxides, however, show a very strong
band at 2180-2200 cm-1. The ethylsulfonylpropadiene and
ethylsulfinylpropadiene exhibit a strong carbon-carbon double-
bond stretch in the 1940-1980-cm-1 region which appears as a
singlet. As previously published6 the p-tolylsulfonylpropadiene
shows a strong doublet at 1960 and 1920 cm-1. The conjugated
ethylenimine adducts exhibit strong olefinic absorption in the
1560-1640-cm_1 region in addition to the characteristic sulfone
and sulfoxide bands which are shifted slightly lower. The non-
conjugated ethylenimine adducts exhibit similar absorptions

(16) L. J. Bellamy, "The Infrared Spectra of Complex Molecules,”

Wiley, New York, N. Y., 1962.
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as the conjugated adducts with the olefinic band shifted ~50
cm-1 higher in the nonconjugated adduct from that in the con-
jugated.

Registry No.—1, Z = SOEt, 25557-97-5; 1, Z =
SOZEt, 25557-98-6; 1,Z = SOXEHACH3p, 25557-99-7,;
2, Z = SOEt, 25558-40-1; 2, Z = SOZEt, 13894-33-2;
2, Z = SOXeHALH3p, 25558-42-3; 2, Z = SOXH2
Ccalg 25558-43-4; 2,Z = SOXHXHZXEH6 25558-44-
5; 3, Z = SOEt, 25558-45-6; 3, Z = SO0ZEt, 13894-50-

3; 3, Z = SOXEHAH3p, 25558-47-8; 3, Z = S02
CHZ 6416 25558-48-9; 3, Z = SOXHZXHZXES5
25558-49-0; HC=CCHXIR, R = CHZXZXHZX@4

25558-00-3; CHX=CSR, R = CHZX @45 22582-35-0;
CHX=CSR, R = CHZXHZ@&5 25558-02-5; 1-
benzylsulfonylpropyne. 25558-03-6; |-(2-phenylethyl-
sulfonyl) propyne, 25558-04-7; 3-ethylsulfinylpropyne,
25558-05-8; 1-ethylsulfinylpropyne, 25558-06-9; ethyl-
sulfinylpropadiene, 25558-07-0; cts-l-ethylsulfonyl-2-
(ethylenimino)-lI-butene, 25558-50-3; (rans-l-ethylsul-
fonyl-2-(ethylenimino)-1-butene, 25558-51-4.
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Irradiations of aryl imines which have a nitrile, amide, double bond, or hydroxyl group suitably positioned for

interaction with the imine give the meso- and dl-1,2-diamines resulting from reductive dimerization.
In the case of 2-cyanoethylamine-N-benzylidene,

jugated diimines give polymeric products.

Noncon-
the mech-

anism involves initial formation of a-hydroxy radicals by transfer of a hydrogen atom from the alcoholic solvent
to the benzaldehyde sensitizer, sequentially followed by production of a-amino radicals by hydrogen transfer

from the a-hydroxy radical to the imine and dimerization of the a-amino radicals.

One anil and three imidates

were found to be unreactive under the specified photolysis conditions.

Recent studies of the photochemistry of imines sug-
gest that many of the reported reactions actually do not
involve a photoexcited state of the imine. Aryl imines
have been shown to undergo reductionI2and reductive
dimerization3 on photolysis via an a-amino radical
formed by hydrogen atom transfer to the imine from
an a-hydroxy radical initially formed by abstraction of a
hydrogen atom from the solvent by the sensitizer.
Padwa, Bergmark, and Pashayan have noted the
potential generality of this type of reaction for imines in
the presence of added or adventitious sensitizers.3
However, intramolecular reactions not usually ex-
plicable in terms of an a-amino radical are observed in
some imine photolyses.46

(1) W. F. Smith and B. W. Rossiter, J. Amer. Chem. Soc., 89, 717 (1967).
(2) M. Fischer,’ Chem. Ber., 100, 3599 (1967).
(3) A. Padwa, W. Bergmark, and D. Pashayan, J. Amer. Chem. Soc., 91,

2653 (1969), and references cited therein.

(4) (a) P. Beak and J. L. Miesel, ibid., 89, 2375 (1967); (b) B. Singh
and E. F. Ullman, ibid., 90, 6911 (1969); (c) J. L. Derocque, W. T. Theuer,
and J. A. Moore, J. Org. Chem., 33, 4381 (1968); (d) G. M. Badger, C. P.
Joshua, and G. E. Lewis, Tetrahedron Lett., 3711 (1964); (e) F. B. Mallory
and C. S. Wood, ibid., 2643 (1965); (f) A. Padwa, S. Clough, and E. Glazer,
J. Amer. Chem. Soc., 92, 1778 (1970); (g) W. M. Moore and C. Baylor, Jr.,
ibid., 91, 7170 (1969); (h) M. Green and G. Tollin, Photochem. Photobiol., 7,

We have investigated the photochemistry of some
acyclic imines which have a second functional group
suitably situated for intramolecular reaction with the
imine. Although the photochemistry of analogous
olefins and ketones suggests that intramolecular reaction
might be expected,6only reductive dimerization involv-
ing conversion of the imine to a substituted 1,2-diamine
is observed.

129, 145 (1968), and references cited therein; (i) K. H. Grellmann and E.
Tauer, Tetrahedron Lett., 1901 (1967); (j) R. W. Binkley, J. Org. Chem., 34,
2072 (1969); (k) J. Rennert and J. Wiesenfeld, Photochem. Photobiol., 5,
337 (1966); (1) E. C. Taylor, B. Furth, and M. Pfau, J. Amer. Chem. Soc.,
87, 1400 (1965); (m) W. F. Richey and R. S. Becker, J. Chem. Phys., 49,
2092 (1968), and references cited therein; (n) M. P. Cava and R. H. Schles-
singer, Tetrahedron Lett., 2109 (1964).

(5) Exceptions to mtramolecularity include photochemical cycloadditions
[F. P. Woerner, H. Reimlinger, and D. R. Arnold, Angew. Chem., Int. Ed.
Engl., 7, 130 (1968); L. A. Singer and P. D. Bartlett, Tetrahedron Lett., 1887
(1964) , and subsequent work; S. Searles, Jr., and R. A. Clasen, ibid., 1627
(1965) ; J. C. Sheehan and I. Lengyel, J. Org. Chem., 28, 3252 (1963)] and
possibly reactions which involved the direct formation of radicals [R. W.
Binkley, ibid., 34, 931 (1969); J. H. Boyer and P. A. J. Frints, Tetrahedron
Lett., 3211 (1968)].

(6) (a) R. Srinivasan, J. Amer. Chem. Soc., 82, 775 (1960); (b) N. C.
Yang, M. Nussim, and D. R. Coulson, Tetrahedron Lett., 1525 (1965); (c)
J. Meinwald and R. A. Chapman, J. Amer. Chem. Soc., 90, 3218 (1968);
(d) R. R. Sauers and J. A. Whittle, J. Org. Chem., 34, 3579 (1969).
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On photolysis with light from a high-pressure
mercury lamp passed through a Pyrex filter, degassed
ethanol solutions of the imines la f give a 50-70%
yield of the 1,2-diamines 2a-f expected for reductive
dimerization. For 2a and 2d, only meso-diamines are

hv

CHETR=N—R' — > CIJRCR—NHR"

1 CHER—NHR'

2

a, R = H, R' = (CH3ZTN
b,R = H, R' = (CH2TH=CH2
¢,R = H,R' = (CH23\HCOCH3
d, R = H, R' = (CH2NHCOCE& 6
e, R = H, R' = (CH2CH(OH)CE&5
ffR = CH3R' = (CH2XN

’

isolated but comparable amounts of dl and meso
compounds are obtained for 2b and 2c. For 2e and 2f,
stereochemistry is not assigned; the instability of 2e
precluded preparation of an analytical sample.

The products are identified by a combination of
spectral and chemical methods. In addition to the ir,
nmr, and uv spectra expected for 2a-f, mass spectrom-
etry establishes the molecular weight and shows the
major fragmentation to be the expected a cleavage.7
Authentic meso-diamine 2a was synthesized by reaction
of meso-Il,2-diamino-l,2-diphenylethane with acrylo-
nitrile and is identical with the photoproduct. Lithium
aluminum hydride reduction of 2a gives the same tetra-
amine as does hydrolysis of meso 2c and, establishing
the stereochemistry of the latter, aluminum amalgam
reduction of la and Id also gives the meso-diamines 2a
and 2d.38

On the basis of previous work,1-3 the pathway for
conversion of 1 to 2 could be anticipated to involve
hydrogen transfer from an a-hydroxy radical, formed
by abstraction of hydrogen from the solvent by a
sensitizer, to the imine followed by dimerization of the
relatively stable a-amino radicals. The sensitizer in
the photolyses of 2a-e would be benzaldehyde, either
presentin trace amounts as in the imine or formed during
the irradiation. The contrast of the high sensitizer
efficiency of m-methoxyacetophenone, which does not
abstract hydrogen readily, has been used as a test for
“chemical sensitization” by Monroe and Wiener.9
Consistent with the expected mechanism, the conver-
sion of la to 2a is efficiently sensitized by benzaldehyde
but not by m-methoxyacetophenone (Table 1). An
attempt to intercept the a-hydroxy radicals with
2-mercaptomesitylene®Dand thus increase the probabil-
ity of observing photoreactions of the imine la was
unsuccessful. In fact, retardation of the reductive
dimerization, as expected if a-hydroxy radicals are
involved in the reaction, was observed (Table I).

Photolyses of ethanol solutions of ethylenediamine-
NjN'-dibenzylidene [1, R = (CHJXN==CIlIC6ll§ and
propylenediamine-N,N'-dibenzylidene [1, R = (CH23
N =C H C 61 6] gave polymeric products,11thus providing

(7) H. Budzikiewicz, C. Djerassi, and D. H. Williams, "Interpretation
of Mass Spectra of Organic Compounds,” Holden-Day, San Francisco, Calif.,
1964, p 63.

(8) R. Jaunin, Helv. Chim. Acta, 38 111 (1956).

(9) B. Monroe and S. Weiner, J. Amer. Chem. Soc., 91, 450 (1969).

(10) S. G. Cohen, D. A. Laufer, and W. V. Sherman, ibid., 86, 3060 (1964).

(11) Polymer formation on photolyses of a number of diimines has pre-
viously been reported by M. P. Cava, "Report by The Ohio State University
Research Foundation,” cited in Sci-Tech Aerosp. Rep., 4, 1614 (1966).
In the present case, attempts to detect the reduced amine or products
of [3.3] rearrangements were not successful.
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Table |
Effects of Added Sensitizers and Inhibitors on the
Photolyses of 2-Cyanoethylamine-N-benzylidene (la)

% 2-cyanoethylamine-N-benzylidene remaining

Time, hv, in the presence of

hr Blank PhCHO® MAPG MMS'
0.5 56
1 96 3 89 100
2 74 73
3 54 0 65 94
4 38 30 92
9 81

15 59

* 1:1 M benzaldehyde; benzaldehyde absorbs 50% of incident
light. bm-Methoxyacetophenone absorbs 95% of incident light.
c0.1 M 2-mercaptomesitylene relative to imine; 2-mercapto-
mesitylene absorbs 5% of incident light.

further support for the formation of 1,2-diamines by
dimerization of a-amino radicals3 rather than by
combination of a-amino radicals with an imine group.

Solutions of la-d, If, and the 1,2-diimines in alkane or
benzene solvents do not show reactions upon irradiation.
Presumably because the alcohol function served to
provide a hydrogen atom for a trace of sensitizer, the
alcohol imine le gives a low yield of 2e under these
conditions.

Experimental SectionI2

2- Cyanoethylamine-N-benzylidene (la).—A benzene solution
of 15 g (0.21 mol) of 3-aminopropionitrilelBand 22.2 g (0.21 mol)
of benzaldehyde was heated at reflux for 6 hr. The benzene
was evaporated and the residue was distilled to give 27.9 g
(84%) of la: bp 128° (2.0 mm); uv max (95% ethanol) 248 m/*
(e 1.68 X 104); uv shoulder 280 mM (e 1.70 X 103), 288 (1.11 X
103 ; ir (neat) 2210 (C=N) and 1620cm-1(C=N); nmr (CDC13
88.17 (s, 1, CH=N), 7.79-7.15 (m, 5, ArH), 3.64 (t, 2, J =
6.8 Hz, CH2; mass spectrum (70 eV) m/e (rel intensity) 158
(38, molecular ion), 118 (100), 104 (20), 91 (74), 77 (20). A
series of molecular distillations gave analytically pure la.

Anal. Caled for CuHioN,: C, 75.92; H, 6.37; N, 17.71.
Found: C, 76.07; H, 6.57; N, 17.65.

Acetophenone-N-(2-Cyano)ethylimine (If)."—A xylene solu-
tion (40 ml) of 2.65 g (0.02 mol) of acetophenone, 1.57 g (0.02
mol) of aminopropionitrile,13and 0.5 ml of 48% HBr was heated
at reflux for 34 hr. Vacuum distillation gave 1.5 g (40%) of If:
bp 135° (0.4 mm); uv max (95% ethanol) 242 npu (e 1.07 X
104 ; ir (neat) 2220 (C=N); nmr (CDC13 8 8.0-7.2 (m, 5,
ArH), 365 (t, 2,3 = 6.5Hz, CH2, 2.77 (t, 2,J = 6.5 Hz, CHJ),
and 2.24 ppm (s, 3, CH3; mass spectrum (70 eV) m/e (rel
intensity) 172 (15, molecular ion), 132 (19), 91 (51), 77 (100).
A series of molecular distillations gave a colorless liquid.

Anal. Caled for CnHIN2 C, 75.71; H, 7.02; N,
Found: C, 75.17; H, 7.02; N, 16.57.

3- Butenylamine-N-benzylidene (Ib).— Benzaldehyde,
(0.043 mol), 3-butenylamine,143.0 g (0.043 mol), obtained from 4.5
g of 3-butenylamine hydrochloride, and sodium sulfate, 2 g, were
shaken in ether (150 ml) for 11 hr at 25°. After the sodium

16.27.

(12) All melting points (corrected) were taken on a Biichi capillary melt-
ing point apparatus. Ir spectra were run on Perkin-Elmer Model 521 and
137B ir spectrometers, and uv spectra were obtained on a Cary 14 uv-visible
spectrometer. Varian Associates T-60, A-60A, A-56/60A, and HA-100
spectrometers were used to determine the nmr spectra, and chemical shifts
are reported in 5 (parts per million) relative to the internal standard TM S
(TMS). The mass spectra were measured on an Atlas CH4 mass spectrom-
eter and relative intensities are reported as per cent of the base peak of the
mass spectrum. Preparative tic plates (2000 m/i) were made of Merck
silica gel (PF2). Elemental analyses were provided by Mr. J. Nemeth
and associates.

A Hanovia Type L, 450-W, high-pressure quartz mercury-vapor immersion
lamp fitted with a Pyrex filter was used for most photolyses. A Hanovia
23-W, Type SC-2537, low-pressure Vycor mercury immersion lamp was em-
ployed for irradiations with <300-m/t light.

(13) S. R. Buc, J. H. Ford, and E. C. Wise, J. Amer. Chem. Soc., 67,
92 (1945).

(14) J. D. Roberts and R. H. Mazur, ibid., 73, 2509 (1951).

45 g
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sulfate had been removed, fresh sodium sulfate was added and
the mixture was heated at reflux for 40 hr. Low-boiling com-
ponents were removed by distillation at atmospheric pressure
and the residue was vacuum distilled three times to give 3.6 g
(54%) of Ib: bp 75-80° (0.18 mm); uv max (95% ethanol)
248 mil (e 2.05 X 104); uv shoulder 270 n¥x (¢ 1.71 X 10s),
and 279 (1.09 X 103; ir (neat) 1656 (C=C) and 1647 cm“1
(C=N); nmr (CDCla) 5821 (t, 1, J = 1Hz, CH=N), 7.52
(m, 5, ArH), 5.83 (m, 1, C=CH-), 5.07 (m, 2, CH*=), 3.65
(t,d, 2,/ = 75, 1Hz, -CH2-N =), and 2.46 ppm (m, 2,J =
7.5 Hz, =CCH 2); mass spectrum (70 eV) m/e (rel intensity)
159 (18 molecular ion), 118 (65), 104 (10), 91 (100), 77 (15).

Anal. Calcd for CnHiIN: C, 82.97; H, 8.23; N,
Found: C, 83.22; H, 8.08; N, 8.62.

N-Acetyl-N'-benzylidene-1,3-propanediamine (lc).— Benzalde-
hyde, 6.7 g (0.064 mol), and N-(3-aminopropyl)aeetamide,B
7.3 g (0.064 mol), were heated at reflux in benzene (50 ml) for
26 hr. The benzene and unreaeted benzaldehyde were removed
by vacuum distillation, and the residue was purified by a series
of molecular distillations to give a clear oil. Cooling gave a
white solid which was recrystallized from ether to give 2.3 g
(17%) of Ic: mp 61.5-62.5°; uv max (95% ethanol) 248 nv¥x
(e 1.62 X 104); uv shoulder 279 n¥x (e 1.41 X 103 and 288 (9.0 X
102 ; ir (CHCIj) 3450, 3320 (NH) and 1650 cm-1 (C=0 and
C=N); nmr (CDClg) 58.24 (t, 1, J = 1Hz, CH=N), 7.80-
7.25 (m, 5, ArH), 6.80 (broad, 1, CONH), 3.66 (t, d, 2, J =
6, 1 Hz, CHr-N), 3.33 (m, 2, N-CHj-), 1.95 (s, 3, CH8, and
1.94 ppm (quintet, 2, / = 6 Hz, C-CH2C); mass spectrum
(70 eV) m/e (rel intensity) 204 (13, molecular ion), 145 (32),
132 (100), 118 (43), 91 (34), 43 (48).

8.80.

Anal. Calcd for CiHiBND: C, 70.56; H, 7.90; N, 13.71.
Found: C, 70.71; H, 7.81; N, 13.95.
N-Benzylidene-N'-benzoyl-1,2-ethanediamine (Id).— N - (2-

Aminoethyl)benzamide,62.85 g (0.018 mol), and benzaldehyde,
1.84 g (0.018 mol), were heated at reflux in benzene (40 ml) for
12 hr. The benzene was evaporated to give a brown-white
solid which was recrystallized from benzene to give 3.17 g
(70%) of Id: mp 128-130°; uv max (95% ethanol) 244 n¥x
(t 2.53 X 104); uv shoulder 215 n¥x (e 1.60 X 104), 280 (2.64 X
103 , and 290 (1.12 X 103; ir (neat) 3440 (NH), 1650 (C=0),
and 1640 cm“1(C=N); nmr (CDCIj) 6 8.34 (s, 1, CH=N),
7.86-7.15 (m, 10, ArH), 6.80 (broad, 1, CONH), and 3.80 ppm
(m, 4, CH2CH2; mass spectrum (70 eV) m/e (rel intensity)
252 (41, molecular ion), 131 (43), 118 (58), 105 (83), 91 (49),
78 (100), 77 (66).

Anal. Calcd for Ci6HiGND: C, 76.16; H, 6.39; N, 11.10.
Found: C, 76.04; H, 6.46; N, 10.96.

2-Kydroxy-2-phenylethylamine-N-benzylidene (le).— Benzal-
dehyde, 3.1 g (0.029 mol), and 2-hydroxy-2-phenylethylamine,
4.0 g (0.029 mol), were heated at reflux in benzene (40 ml) for
3 hr. The solution was cooled to give a white precipitate which
was recrystallized from benzene to give 5.7 g (86%) of le:
mp 115.0-115.5°; uv max (95% ethanol) 248 nv/x (e 1.95 X 104);
uv shoulder 280 nvx (e 1.87 X 10s) and 290 (1.46 X 103; ir
(CHCIj) 3500 (OH) and 1643 cm-1 (C=N); nmr (CDCla)
5824 (t, 1,J = 1Hz, CH=N), 7.85-7.14 (m, 10, ArH), 4.97
(m, 1, CH-0O), 3.76 (m, 2, CH2N), and 3.22 ppm (broad, 1,
OH); mass spectrum (70 eV) m/e (rel intensity) 225 (1, molecular
ion), 208 (1), 148 (2), 118 (100), 91 (41), 77 (15).

Anal. Calcd for CIHHIBNO: C, 79.97; H, 6.71;
Found: C, 79.97; H, 6.85; N, 6.35.

5-Hexen-2-one Anil (3).—A benzene solution (40 ml) of 5-
hexen-2-one, 10.0 g (0.01 mol), aniline, 9.5 g (0.01 mol), and
48% HBr, 0.1 ml, was heated at reflux for 10 hr. The solvent
was removed, and the residue was vacuum distilled three times
to give 6.3 g (36%) of pale yellow 3: bp 71-72° (0.2 mm);
uv max (95% ethanol) 221 n¥x (e 1.28 X 104 and 281 (3.58 X
103); ir (neat) 1670 (C=C) and 1650 cm-1 (C=N); nmr (CDC13
S 7.4-6.5 (m, 5, ArH), 57 (m, 1, =CH-), 5.0 (m, 2, CH2,
2.6-2.1 (m, 4, CH2CH2, and 1.73 ppm (s, 3, CHJ3; mass
spectrum (70 eV) m/e (rel intensity) 173 (35, molecular ion),
158 (28), 118 (100), 77 (84), 55 (43). The anil was stored under
vacuum.

Because the anil was too unstable to be characterized by
analysis, it was reduced to 5-(N-phenyl)amino-l-hexene. An
ether suspension (30 ml) of 5-hexen-2-one anil, 1.6 g (0.0094
mol), and lithium aluminum hydride, 3.5 g (0.094 mol), was

N, 6.22.

(15) S. R. Aspinall, 3. Amer. Chem. Soc., 62, 2160 (1940).
(16) A. J. Hill and S. R. Aspinall, ibid., 61, 822 (1939).
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heated at reflux for 12 hr. Quenching with moist sodium sulfate
and filtration, concentration, and two vacuum distillations gave
1.33 g (80%) of 5-(N-phenyl)amino-l-hexene: bp 79-80° (0.2
mm); uv max (95% ethanol) 252 n¥x (e 1.4 X 104 and 300 (1.8
X 103); ir (neat) 3350 (NH) and 1640 cm“1 (C=C); nmr
(CDC13 6 7.3-6.4 (m, 5, ArH), 5.8 (m, 1, =CH-), 5.0 (m, 2,
CH*=C-), 3.40 (m, 1, CH-N), 3.18 (broad, 1, NH), 2.14 (m, 2,
CH2, 156 (m, 2, CH2, and 1.15 ppm (d, 3, / = 6 Hz, CH3;
mass spectrum (70 eV) m/e (rel intensity) 175 (6, molecular
ion), 160 (30), 120 (100), 77 (51).

Anal. Calcd for CiHIWN: C, 82.23; H,
Found: C, 82.22; H, 9.90; N,8.07.

Ethylenediamine-N,N '-dibenzylidene, &% N-methylbenzimino-
methyl ether,8 N-methylbenziminomethyl ether,19 N-phenyl-
acetiminomethyl ether,®and N-phenylbenziliminomethyl ether2l
were prepared by standard procedures.

raeso-l,2-Diamino-l,2-diphenylethane was synthesized by the
method of Staab and Vogtle:2 mp 117-118° (lit.2 mp 118°);
uv max (ethanol) 259 nm¥x (« 428); ir (CHC13 3330 cm-1 (NH);
nmr (CDCIs) S7.27 (s, 10, ArH), 3.94 (s, 2, CH), and 1.23 ppm
(s, 4, NH),).

TOeso-N,N'-Bis(2-cyanoethyl)-1,2-diamino-l,2-diphenylethane
(2a).—Acrylonitrile, 8.1 g (0.15 mol), and meso-l,2-diamino-
1,2-diphenylethane, 1.5 g (0.007 mol), plus 40% potassium
hydroxide, 0.5 ml, were heated at reflux for 60 hr. The mixture
was made strongly basic with 40% sodium hydroxide (20 ml)
and was extracted with chloroform. The extract was dried
(MgSOx) and concentrated to give a viscous oil which was crystal-
lized from 95% ethanol to give 0.2 g (10%) of 2a: mp 106-
107°; mmp (with 2a from photolysis) 106-107°; ir (Nujol)
3310 (NH) and 2250 cm"1(C=N); nmr (CDC13 5 7.52-7.15
(m, ArH), 3.85 (s, Ph-CH), 2.65 (t, J = 6 Hz, CH2, 2.28 (t,
J — &Hz, CH2, and 1.65 ppm (s, NH, exchanges in DD);
mass spectrum f70 eV) m/e (rel intensity) 318 (0.03, molecular
ion), 159 (100), 118 (17), 91 (1), 77 (4).

Anal. Calcd for COH2N<: C, 75.45;

Found: C, 75.74; H, 7.01; N, 17.52.

meso-N,N'-Bis(3-ammopropyl)-1,2-diammo-I,2-diphenyleth-
ane.—An ether suspension (40 ml) of lithium aluminum
hydride, 3 g (0.08 mol), and meso-N,N'-bis(2-cyanoethyl)-1,2-
diamino-l,2-diphenylethane, 0.279 g (0.0018 mol), was heated
at reflux for 16 hr. The reaction was quenched with moist
sodium sulfate to give, after evaporation of solvent, 0.116 g
(41%) of a pale yellow oil: uv max (95% ethanol) 249 n¥x (e
8.4 X 102; ir (CHC13 3450, 3380, 3300 cm'1 (NH); nmr
(CDC13 5 7.35 (s, 10, ArH), 3.72 (s, 2, benzyl), 2.4 (m, 8,
N-CH 2, 1.36 (broad, 6, NH; exchanges in D), and 1.41 ppm
(m, 4, C-CH2C); mass spectrum (70 eV) m/e (rel intensity)
327 (3, M+ + 1), 163 (54), 120 (67), 105 (7), 91 (52), 77 (11),
58 (35), 43 (100).

A picrate was made in 95% ethanol and recrystallized from
methanol: mp 228-230°; mmp (with picrate of the tetraamine
from hydrolysis of 2c) 228-230°; the ir spectrum was identical
with that of tetraamine, obtained from hydrolysis of the photo-
dimer 2c.

The tetrabenzamide was made by the Schotten-BaumannZ3
method and was recrystallized from methanol to give pure
material: mp 262-263;° mmp (with tetraamide derived from
the photodimer 2c) 262-263°; ir (KBr) 3350, 3260 (NH) and
1635, 1620 (sh) cm-1 (C=0); mass spectrum (70 eV) m/e (rel
intensity) 742 (0.05, molecular ion), 637 (0.1), 460 (5), 371 (16),
267 (2), 249 (24i, 146 (37), 105 (100), 91 (5), 77 (31).

Anal. Calcd for CVbeN<O<: C, 77.60; H, 6.24; N, 7.54.
Found: C, 77.32; H,6.20; N,7.75.

Aluminum Amalgam Reduction of 2-Cyanoethylamine-N-
benzylidene.— An ether suspension (80 ml) of the cyanoimine,
2.5 g (0.016 mol), and aluminum amalgam,2 3 g (0.01 mol),

9.78; N, 7.99.

H, 6.96; N, 17.59.

(17) M. Rebenstorf, U. S. Patent 2773098 (1956);
P14802d (1957).
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(21) G. D. Lander, ibid.. 81, 595 (1902).
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(23) R. L. Shnner, R. C. Fuson, and D Y. Curtin, “The Systematic
Identification of Organic Compounds,” 5th ed, Wiley, New York, N. Y.,
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was allowed to stand for 16 hr. The amalgam residue was re-
moved and triturated with boiling methanol, which was combined
with the original solution and condensed to give 2.12 g of yellow
oil. The nmr spectrum (CDC13 of the crude product showed
some impurities (8 7.1 and 3.1 ppm) and possibly 5% dl
isomer. Part of the product was crystallized to give 0.5 g (20%)
of meso-N,N'-bis(2-cy anoethyl)-I ,2-diamino-I,2-diphenylethane
2a: mp 106-107°; mmp (with 2a from photolysis) 106-107°;
the ir and nmr spectra were identical with those of 2a from
photolysis.

Aluminum Amalgam Reduction of B-Benzoyl-N'-benzylidene-
1,2-ethanediamine (Id).—An ether-tetrahydrofuran suspension
(250 ml, 2:1, v:v) of N-benzoyl-N'-benzylidene-l,2-ethane-
diamine, 0.54 g (0.002 mol), and aluminum amalgam,2 5.0 g
(0.017 mol), was allowed to stand for 8 hr. The amalgam residue
was collected by vacuum filtration and triturated three times
with boiling methanol. The filtrates were combined, refiltered,
and condensed to give 0.52 g (96%) pale yellow solid which was
recrystallized from methanol to give 0.38 g (70%) of 2d: mp
207-208°; mmp (with 2d isolated from the photolysis) 207-208°;
uv max (95% ethanol) 220 mNi (e 2.06 X 104); ir (KBr) 3420
(NH) and 1635 cm-1(C=0); nmr (CDC13 8 7.7-7.2 (m, 20,
ArH), 6.36 (broad, 2, CONH), 3.83 (s, 2, benzyl), 3.36 (m, 4,
N-CH2, 2.60 (m, 4, N-CH2, and 1.7 ppm (broad, 2, NH);
mass spectrum (70 eV) m/e (rel intensity) 507 (1, M+ + 1),
253 (51), 148 (76), 118 (52), 105 (71), 91 (51), 77 (100).

General Photolysis Procedure.— Most irradiations were done
in a Pyrex vessel containing a water-cooled, quartz immersion
well into which were placed the high-pressure lamp and the filter.
Before irradiation the solution was degassed with dry, oxygen-
free nitrogen for a minimum of 30 min. Nitrogen was also
bubbled through the reaction solution during the irradiation.
All photolyses in hexane and alcoholic solvents were monitored
by the disappearance of the ultraviolet absorption of the imine
chromophore.

Photolyses of 2-Cyanoethylamine-N-benzylidene.—A 95%
ethanol solution (425 ml) of the benzylidene la, 0.131 g (0.00083
mol), was irradiated for 6 hr. The solution was concentrated
to a volume of 5 ml and cooled to give 63% white solid which
was recrystallized from methanol and was shown to be meso-N,-
N'-bis(2-cyanoethyl)-1,2-diamino-1,2-diphenylethane (2d): mp
106-106.5°;, uv max (ethanol) 259 mu (e 470); ir (Nujol) 3310
(NH) and 2250 cm-1(C=N); nmr (CDC13 87.50-7.10 (m, 10,
ArH), 3.82 (s, 2, benzyl), 2.64 (t, 4,3 = 6 Hz, CH2, 2.28 (t, 4,
J = 6 Hz, CH2, and 1.65 ppm (s, 2, NH; exchanges in DD);
mass spectrum (70 eV) m/e (rel intensity) 318 (0.4, molecular
ion), 159 (100), 118 (16), 91 (9), 77 (2); metastables m/e (frag-
mentation) 87.6 (159-118) and 69.6 (118-91).

Anal. Calcd for C2HZN4 C, 75.45; H, 6.96; N, 17.59.
Found: C, 75.60; H, 6.89; N, 17.36.

To determine the yield of 2a, 0.130 g of crude photoproduct was
developed (CHC13 on a preparative tic plate. Elution of the
bands with methanol-chloroform gave 0.098 g (76%) of a viscous
oil whose ir spectrum (CHCI3 was identical with that (CHC13
of 2a. Addition of ethanol gave a solid (mp 102-105°).

Experiments were run to determine the effect of sensitizing
and inhibiting agents on the irradiation of 2-cyanoethylamine-N-
benzylidene (la); the data obtained are summarized in Table I.
A 95% ethanol solution (625 ml) of benzylidene la and the
appropriate compound was stirred and degassed for 30 min before
irradiation. A 100-ml portion was then removed, and the re-
maining 525 ml was irradiated for the indicated time. The
solutions were concentrated and their nmr spectra were recorded.
The amount of la remaining was determined from the relative
areas of the benzylidene proton (6 8.17 ppm) and the aromatic
protons (8 7.79-7.15 ppm) in the nmr spectrum.

In one experiment a 95% ethanol solution (525 ml) of 2-
cyanoethylamine-N-benzylidene (la) 0.541 g (0.00342 mol), and
2-mercaptomesitylene, 0.568 g (0.00376 mol), was irradiated
for 36 hr; the nmr spectrum showed that 46% of the imine la
remained. Tic and the nmr spectrum of the product indicated
that the imine la, the mercaptan, hydrobenzoin, I-phenyl-1,2-
propanediol, and the photodimer 2a were present. The product
was then extracted with 8% hydrochloric acid and water. The
extract was 0.075 g yellow oil whose nmr spectrum (CDC13
indicated the presence of the photodimer 2a (50%) and a mixture
of hydrobenzoin (25%) and 1-phenyl-1,2-propanediol (25%).
The nonbasic material was then extracted with 40% potassium
hydroxide and water to remove as much 2-mercaptomesitylene
as possible. The remaining chloroform solution yielded 0.376 g
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of brown tar whose nmr spectrum (CDCI3 indicated the presence
of hydrobenzoin (25%) and 2-mercaptomesitylene (75%). A
control extraction showed that the imine hydrolyzed under the
extraction conditions. No new photoproducts were found.

Photolyses of la in benzene and hexane led only to recovered
la. Photolyses with a low-pressure mercury lamp gave only
unidentified products.

Photolysis of Acetophenone-N-(2-Cyano)ethylimine (If).—
A 95% ethanol solution (525 ml) of the azomethine, 0.530 g
(0.0032 mol), was irradiated for 35 hr. The ethanol was con-
centrated to give 0.318 g (60%) of a white solid which was re-
crystallized from methanol to give pure 2f: mp 131-133°
uv max (95% ethanol) 259 n¥x (e 457); ir (Nujol) 3280 (NH)
and 2210 cm-1(C=N); nmr (CDCI3 87.45-7.95 (m, 10, ArH),
2.80-2.35 (m, 8, CH2CH 2, 2.10 (s, 2, NH; exchanges in D),
1.58 (s, 3, CH3, and 1.49 ppm (s, 3, CH3; nmr (DMSO-d6,
90°) no change in position or relative intensity of 8 1.58 and 1.49
ppm signals; mass spectrum (70 eV) m/e (rel intensity) 346
(0.2, molecular ion), 173 (100), 132 (16), 91 (17), 77 (8); meta-
stables m/e (fragmentation) 100.7 (173-132) and 62.7 (132-91).

Anal. Calcd for CZHX®N4: C, 76.27; H, 7.56; N, 16.17.
Found: C, 76.36; H, 7.56; N, 16.39.

Photolyses of 3-Butenylamine-N-benzylidene.— The imine Ib,
0.51 g (0.0032 mol), was irradiated in 95% ethanol (425 ml)
for 10 hr. The ethanol was removed, leaving 0.50 g (98%)
yellow oil whose nmr spectrum (CDC13 showed two benzyl
peaks at 5 3.76 and 3.68 ppm (area ratio, 1:1). The crude
product was chromatographed on a silica gel column.

From a benzene-2% ether elutant was isolated 0.21 g (42%)
pale yellow oil which was crystallized from pentane to give 0.14
g (28%) of meso-N,N'-bis(3-butenyl)-1,2-diamino-I,2-diphenyl-
ethane (2b): mp 40-41°; uv max (95% ethanol) 259 m/i (c
5.1 X 102; ir (CC14) 3420 (NH) and 1640 cm-1(C=C); nmr
(CDC13 87.36 (s, 10, ArH), 550 (m, 2,=C-CH), 4.80 (m, 4,
CH2Z), 3.78 (s, 2, benzyl), 2.34 (m, 4, CH2, 2.17 (m, 4, CH2),
and 1.49 ppm (broad, 2, NH, exchanges in D2 ); mass spectrum
(70 eV) m/e (rel intensity) 320 (1, molecular ion), 160 (100),
131 (175), 118 (74), 104 (22), 91 (85), 77 (30).

Anal. Calcd for CZHZBN2 C, 82.45; H, 8.81;
Found: C, 82.55; H,8.S9; N, 8.82.

Eluted from benzene-2% ether was 0.17 g (34%) of pale yellow
oil which could not be crystallized. It was assigned the structure
of di-N,N'-bis-(3-butenyl)-1,2-diamino-l,2-diphenylethane (2b)
on the basis of the following evidence: uv max (95% EtOH) 249
mfi (e 7.5 X 102; ir (CC14) 3300 (NH) and 1640 cm“1(C=C);
nmr (CDC13) 87.14 (s, 10, ArH), 5.8 (m, 2, =CH -), 5.1 (m, 4,
CHZC-), 3.66 (s, 2, benzyl), and 2.7-2.0 ppm (m, 10, CH2
and NH); mass spectrum (70 eV) m/e (rel intensity) 320 (0.4,
molecular ion), 160 (100), 131 (35), 118 (9), 104 (5), 91 (16),
77 (5). A bis benzamide was made of this photodimer: mp
248-249°; ir (KBr) 1640 (C=C) and 1630 cm“1(C=0); mass
spectrum (70 eV) m/e (rel intensity) 528 (0.3, molecular ion),
264 (69), 105 (100), 91 (10), 77 (41).

Photolyses of N-Acetyl-N'-benzylidene-l,3-propanediamine
(Ic).—A 95% ethanol solution (525 ml) of the imine 2c, 2.0 g
(0.0098 mol), was irradiated for 12hr. The ethanol was removed
and the residue was dissolved in chloroform, dried (NaZS04),
and concentrated to give 2 g (100% ) of a pale yellow oil whose
nmr spectrum (CDC13 contained 2 singlets at 8 3.82 and 3.68
ppm (relative area 1:1, benzyl) and 2 singlets at 8 1.92 and 1.88
ppm (relative area 1:1, CH3. The crude product was chroma-
tographed on a silica gel column.

From the chloroform-5% methanol elutant was isolated 0.76
g (33%) of ayellow oil which was assigned the structure of meso-
N,N '-bis[3-(N-acetyl)aminopropyl] 1,2-diamino-1,2-diphenyleth-
ane 2c:  uv max (95% ethanol) 2563 m” (9.1 X 102); ir (CHC13
3420, 3300 (NH) and 1653 cm“1(C=0); nmr (CDC13 8 7.25
(s, 10, ArH), 6.55 (broad, 2, CONH), 3.86 (s, 2, benzyl), 3.19
(m, 4, N-CH2, 2.69 (broad, 2, NH, exchanges in DD), 2.44
(t, 4,/ = 6 Hz, N-CH2, 1.89 (s, 6, CH3, and 1.52 ppm (m, 4,
C-CH2C); mass spectrum (70 eV), m/e (rel intensity) 410 (0.2,
molecular ion), 205 (48), 146 (3), 105 (8), 100 (30), 83 (22),
91 (16), 77 (6), 58 (21), 43 (100). This viscous oil appeared to
be sensitive to heat and air.

A picrate of the photodimer 2c was made in 95% ethanol and
recrystallized from methanol: mp 226-227°; ir (KBr) 3400
(NH) and 1630 cm" 1(C =0).

Anal. Calcd for CE14,N1Di6: C, 49.77; H, 4.64; N, 16.12.
Found: C, 49.72; H, 4.59; N, 15.94.

N, 8.74.
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From the chloroform-10% methanol elutant was isolated
0.41 g (21%) pale yellow oil which was assigned the structure of
dI-'N,N'-bis [3-(N-acetyl)aminopropyl] -1,2-diamino-I1,2-diphenyl-
ethane (2c): uv max 253 mji (e 8.1 X 102); ir (CHC13) 3420,
3295 (NH) and 1653 cm“1(C=0); nmr (CDC13 i 7.16 (s, 10,
ArH), 7.00 (broad, 2, CONH), 3.69 (s, 2, benzyl), 3.34 (m, 4,
N-CH2, 2.98 (s, 2, NH, exchanges in DD), 2.50 (m, 4, N-CH 2,
1.93 (s, 6,CH3, and 1.64 ppm (m, 4, C-CH2C); mass spectrum
(70 eV) m/e (rel intensity) 410 (0.4, molecular ion), 205 (85),
146 (2), 105 (2), 100 (30), 91 (8), 83 (100), 77 (1), 43 (23).
Attempts to make a picrate of 2c were unsuccessful.

From the chloroform-5% methanol elutant was also isolated
0.27 g of a yellow oil whose nmr spectrum (CDC13 was com-
patible with a mixture of the meso and dl photodimers: nmr 8
1.93 and 1.89 ppm (relative area 61.6%:38.4%). From these
data total spectroscopic yields of 42% meso and 29% dl 2c,
respectively, were calculated.

To obtain the meso-tetraamine, the 1,2-diamine 2c (0.106 g,
0.00026 mol) was heated at reflux in 8% hydrochloric acid (25
m1l) for 8 hr. The solution was extracted with chloroform, made
basic, and again extracted with chloroform, dried (NaZ04),
and concentrated to give 0.057 g (68%) of meso-N,N'-bis-(3-
aminopropyl)-1,2-diamino-1,2-diphenylethane: uv max (95%
ethanol) 249 mp (e 6.9 X 102; ir (CHCb) 3450, 3380, and 3300
cm-1 (NH); nmr (CDC13 57.30 (s, 10, ArH), 3.83 (s, 2, benzyl),
24 (m,8,N-CH2, 1.44 (m, 4, C-CH2C), and 1.21 ppm (broad,
6, NH, exchanges in D2D); mass spectrum (70 eV) m/e (rel
intensity) 326 (0.2, molecular ion), 163 (13), 120 (10), 91 (6),
77 (2), 43 (100).

A picrate was made in 95% ethanol and recrystallized from
methanol: mp 228-229°; mmp (with picrate of authentic 2c)
228-230°. A tetrabenzamide was made by the Schotten-
Baumann2 method: mp 261-263°; mmp (with benzamide
from authentic tetraamine) 261-263°; ir (KBr) 3350, 3260 (NH)
and 1635, 1620 cm-1 (C=0); mass spectrum (70 eV) m/e
(rel intensity) 742 (0.01, molecular ion), 460 (5), 371 (5), 276
(1), 249 (5), 146 (9), 105 (100), 91 (9), 77 (42).

Anal. Calcd for C4HMOND 4 C, 77.60; H, 6.24; N, 7.54.
Found: C, 77.32; H, 6.20; N, 7.75.

Photolysis of N-Benzoyl-N'-benzylidene-l,2-ethanediamine
(1d) —A 95% ethanol solution (525 ml) of the imine la, 1.1 g
(0.0044 mol), was irradiated for 26 hr. The ethanol was re-
moved to give an off-white solid whose nmr spectrum (CDClIs)
exhibited only one benzyl peak (S3.83 ppm). The crude product
was chromatographed on silica gel.

From chloroform-2% methanol was eluted 0.55 g (50%) of off-
white solid whose nmr spectrum (CDC13 was identical with
that of the meso-1,2-diamine (2d) produced by aluminum amal-
gam reduction. This photoproduct was recrystallized from
methanol to give 0.48 g (44%) of pure meso-N,N'-bis[2-(N-ben-
zoyl)aminoethyl]-1,2-diamino-I,2-diphenylethane (2d): m p201-
203°; uv max (95% ethanol) 220 m/t (e 3.36 X 104); ir (Nujol)
3390 (NH) and 1630 cm-1 (C=0); nmr (CDC13 S 7.8-7.2
(m, 20, ArH), 6.7 (broad, 2, CONH), 3.87 (s, 2, benzyl), 3.44
(m, 4, CH2, and 2.67 ppm (m, 6, CH2and NH); mass spectrum
(70 eV) m/e (rel intensity) 506 (0.005, molecular ion), 253 (100),
180 (14), 179 (15), 178 (12), 148 (53), 133 (6), 132 (3), 119 (3),
118 (8), 106 (10), 105 (42), 91 (8), 77 (17); metastables
(fragmentation) 86.57 (253-148), 74.49 (148-105), 44.41 (253-
106), 56.46 (105-77).

Anal. Calcd for C3H3ND 2 C, 75.86; H, 6.76; N, 11.06.
Found: C, 75.69; H, 6.63; N, 11.11.

Photclyses of 2-Hydroxy-2-phenylethylamine-N-benzylidene
(le) —A 95% ethanol solution (525 ml) of the imine (le), 1.5 g
(0.0067 mol), was irradiated for 10 hr. The ethanol was re-
moved to give a pale yellow solid which was chromatographed on
silica gel.

From chloroform-2% methanol was eluted 0.86 g (58%) of an
off-white solid 2e: mp 138-155° dec; ir (KBr) 3400 cm-1
(NHOH). The solid was recrystallized from chloroform to give
0.08 g (6% ) of 2e: mp 199-201° dec; uv max (95% ethanol)
259 mi (e 2.4 X 102); ir (KBr) 3400 cm-1 (NH); nmr (CDClIs)
a7.3 (m, 20, ArH), 45 (m, 2, Ph-CH-OH), 3.9 (m, 2, PhCH-
NH), 3.6 (m, 8, Cli2 OH, NH); mass spectrum (70 eV) m/e
(rel intensity) 452 (1, molecular ion), 345 (11), 226 (100), 209
(17), 2C8 (80), 121 (2), 120 (19), 119 (3), 118 (16), 117 (30),
106 (8), 105 (11), 104 (4), 103 (10), 91 (45), 77 (10). The fol-
lowing metastables (fragmentation) were found: 193.28 (226—
209), 191.43 (226-208); 70.39 (208-121), 65.81 (208-117),
54.02 (208-106), 39.81 (208-91).
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Attempts to purify or derivatize 2e failed.

Photolyses of ethylene-N,N'-dibenzylidene, propylene-N,N'-
dibenzylidene, N-methyl-O-methyl benzimidate, N-phenyl-O-
methyl acetimidate, and N-phenyl-O-methyl benzimidate gave
starting materials or polymers which were not characterized.
Attempted sensitization of reactions of the imidates with benz-
aldehyde in ethanol solutions gave recovery of starting materials,
hydrobenzoin, and 1-phenyl-1,2-propanediol.

Results and Discussion

The apparently diverse photoreactions of avariety of
imines may be rationalized by the intermediacy of an
a-amino radical formed by hydrogen atom transfer
from an a-hydroxy radical to the imine.23232% Such a
rationale is applicable to many of the photoreactions of
nitrogen hetero aromaticsZ as well as to simple and
substituted imines. Although mechanistic work clearly
needs to be done, it is interesting that almost all of the
presently known imine photochemistry may be rationa-
lized either by the ground-state process of an imine
forming an a-amino radical or by excited-state processes
which find formal analogy in systems having carbon-
carbon double bonds.Ze

The nature of the excited species which could be
formed on irradiation of the imines la-f is not entirely
clear. Although strict analogy with the carbonyl group
would suggest n,7r* excitationBunder our conditions, we
do not observe the expected solvent shift of the shoulders
of the absorption bands at 280-290 mg. for la on chang-
ing the solvent from 95% ethanol to hexane.4a De-
tailed curve analysis of the uv spectrum of the anil of
benzaldehyde has been taken to indicate® that the
n,w* absorption appears at 360 m” and the correspond-
ing absorption in benzophenone imine is reported at
345 mg.2d We were unable to detect any absorption
maxima with e >25 in the 300-400-m/i region for
compounds la-f. By analogy with benzaldehyde
anil®@it appears possible that the maxima observed as
shoulders for imines in the region 280-290 mg include
absorptions which do not have appreciable contribu-
tions from the lone pair on nitrogen. If this is the case,

(25) (a) P. Cerutti and H. Schmid, Helv. Chim. Acta, 46, 1992 (1962) ;
(b) W. Dorscheln, H. Tiefenthaler, H. Goéth, P. Cerutti, and H. Schmid,
ibid., 60, 1759 (1967); (c) P. J. Collin, J. S. Shannon, H. Silberman, S.
Sternhell, and G. Sugowdz, Tetrahedron, 24, 3069 (1968); (d) E. S. Huyser,
R. H. S. Wang, and W. T. Short, J. Org. Chem., 33, 4323 (1968); (e) D. A.
Nelson, R. L. Atkins, and G. L. Clifton, Chem. Commun., 399 (1968); (f)
F. Fischer, J. Org. Chem., 89, 2438 (1956); (g) A. Schdénberg, N. Latif, R.
Moubasher, and W. |I. Awad, J. Chem. Soc., 374 (1950); (h) T. Okada,
M. Kawanisi, and H. Nozaki, Tetrahedron Lett., 927 (1969); (i) E. Fischer
and Y. Frei, J. Chem. Phys., 27, 808 (1956); (j) G. Wettermark and L.
Dogliotti, ibid., 40, 1486 (1964); (k) D. G. Anderson and G. Wettermark,
J. Amer. Chem. Soc., 87, 1433 (1965); (1) S. G. Cohen and B. Green, ibid.,
91, 6824 (1969); (m) J. C. Bloch, Tetrahedron Lett., 4041 (1969); (n) G.
Balogh and F. C. DeSchryver, ibid., 1371 (1969); (o) B. Fraser-Reid, A.
McLean, and E. W. Usherwood, Can. J. Chem., 47, 4511 (1969).

(26) The formation of 1,2-di(2-isobutyl-4,5-diphenylimidazoyl)etliaue
on photolysis of 2,3-dihydro-2-isobutyl-5,6-diphenylpyrazine4‘ is best ex-
plained by such a projess.

(27) P. Beak and W. Messer in "Organic Photochemistry,” Vol. 2, O. L.
Chapman, Ed., Marcel, Dekker, New York, N. Y., 1969, Chapter 3; E. V.
Donckt and G. Porter, J. Chem. Phys., 46, 1173 (1967); F. R. Stermitz,
R. P. Seiber, and D. E. Nicodem, J. Org. Chem., 33, 1136 (1968); M. Scholz,
H. Herzschuh, and M. Muhlstadt, Tetrahedron Lett., 3685 (1968) ; M. Ochiai,
E. Mizuta, Y. Asahi, and K. Morita, Tetrahedron, 24, 5861 (1968); H.
Linschitz and J. S. Connolly, J. Amer. Chem. Soc., 90, 2979 (1968); D. Elad,
|I. Rosenthal, and H. Steinmaus, Chem. Commun., 305 (1969); E. C. Taylor,
Y. Maki, and B. E. Evans, J. Amer. Chem. Soc., 91, 5181 (1969). An al-
ternative possibility o: reaction via a hidden n,7r* excited state has recently
been suggested: D. G.Whitten and \ . J. Lee, ibid., 92, 415 (1970).

(28) W. Meister, R. D. Guthrie, J. L. Maxwell, D. A. Jaeger, and D. J.
Cram, ibid., 91, 4452 (1969).

(29) H. H. JaSe, S Yeh, and R. W. Gardner, J. Mol. Spectrosc., 2, 120
(1958).
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the limited and formal analogy between imine and
carbon-carbon double-bond photochemistry, for those
cases which involve a chromophore which contains the
excited imine, is net so unreasonable as it might appear.

The meso isomers of 2a and 2c are unambiguously
assigned on the basis of the above chemical conversions.
Assignments of meso and dl stereochemistries for 2b rest
on the assumption that the resonances of the benzyl
proton in the meso isomer will appear downfield from
those of the dl iscmer. Such a difference is observed
in the mixture from 2c and in analogous glycols.® The
meso structure of 2d is provisional and follows from its
preparation by aluminum reduction of the imine, a
reaction which appears to give meso products.38
Small energy differences due to steric effects and hy-
drogen bonding in the transition states for radical
coupling leading to the meso and dl products could
account for the different sterochemistries,3l but a
contribution from photochemical equilibration has not
been ruled out.

Intramolecular photocyclization between a carbonyl
group and a carbon-carbon double bond has been
observed with 5-hexen-2-ones.@ The corresponding

NCeH5 OR'
CH3-C—CHZXH=CH2 R—C=N—R"
4
3 R =R'= CH3 R" = CH5
R = CeHs; R' = R" = CHa
R=R" = CH5 R' = CH3

(30) J. Wiemann, G. Dana, 8. Thuan, and M. Brami, C. R. Acad. Sci.,
Ser. C, 258, 3724 (1964).
(31) J. H. Stocker and R. M. Jenevein, J. Org. Chem., 34, 2807 (1969).
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anil 3 was prepared and irradiated in hexane, benzene,
and alcohol. In each case starting anil or polymeric
products were observed. Imidates also appear to be
stable to some photolyses.®2 Photolyses of the imidates
4 in hexane, benzene, or ethanol give polymeric products
or starting material. Attempts to sensitize the photo-
reaction with benzaldehyde in ethanol give only hydro-
benzoin®Band 1-phenyl-l,2-propanediol.3t
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Acetone-sensitized photocyclization of 5-vinylnorbornene (2) has been shown to produce tetracyclo[4.2.1.025-

037nonane (3).

Ketone 12 has been prepared by an intramolecular thermal cycloaddition of ketene 11. The

chlorides 18c and 18t undergo rapid cis-trans interconversion in competition with cyclization to form 20.

Concurrently with our recent studies of photocycliza-
tions of 5-acylnorbornenes (1)1 we initiated a similar
investigation of the isoelectronic system 5-vinylnor-
bornene (2).2 Our interest in this molecule was de-

rived from the synthetic potential of the cyclization and
from certain photochemical aspects in the realm of 1,5-
diene systems.
The first major question we sought to answer con-
cerned the regiospecificity of the cyclization, i.e
(1) R. R. Sauers, W. Sehinski, and M. M. Mason, Tetrahedron Lett., 79
(1969).

(2) R. R. Sauers and W. L. Sehinski, Abstracts, 155th National Meeting
of the American Chemical Society, San Francisco, Calif., April 1968, p 112.

"crossed vs. parallel" addition.3 By analogy with 5-
acylnorbornene cyclization, the expected product should
be tetracyclo[4.2.1.025037Jnonane (3); however, sim-

9

pie examples of this type of behavior are absent from
the literature.4 Furthermore, the double bonds of the
constrained analog dicyclopentadiene undergo parallel
cycloaddition.5 Although crossed addition is probably

(3) R. Srinivasan and K. H. Carlough, J. Amer. Chem. Soc., 89, 4932
(1967).

(4) Simple 7,5-unsaturated ketones usually give mixtures of the two prod-
uct types on irradiation. For a recent summary see W. L. Dilling, Chem.
Rev., 66, 373 (1966). Comparable examples of simple 1,5-diene cyclizations
are available only in the gas phase.3

(5) G. O. Schenck and R. Steinmetz, Chem. Ber., 96, 520 (1963).
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structurally impossible in this system, it is clear that
the parallel mode of addition between the double bonds

of 2 should be feasible. In any event, novel tetracyclic
ring systems could be anticipated from cyclization of 2.

The notable absence of solution-phase photocycliza-
tions of simple 1,5-dienes in the literature undoubtedly
is a consequence of the expected inefficiency of vertical
energy transfer to simple olefins.6 In this context, the
5-vinylnorbornene system appeared to be a useful sub-
strate for the study of the behavior of simple 1,5-dienes
since triplet energy transfer to norbornene double bonds
is well-documented for a variety of sensitizers.7 Ad-
ditionally, the ready availability of a variety of sub-
stituents on the vinyl group would allow for further
elaboration of the details of these cyclizations.

In these initial studies we wish to report on some of
the more chemical aspects of sensitized cyclizations of
2 and some of its derivatives.

Results

Irradiation of dilute solutions of commercially avail-
able 5-vinylnorbornene (2)8 in benzene-acetone with
Corex-filtered light led to the production of one major
and several minor photoproducts. The infrared and
nmr spectra of the major product revealed no evidence
of unsaturation in agreement with the presumed tetra-
cyclic structure of this material. Owing to the simplic-
ity of the nmr spectrum we were biased toward struc-
ture 3 for the major photoproduct. The next experi-
ments were designed with the objective of introducing
a substituent into the tetracyclic system which could
serve as a site for future manipulations. In this way,
it was hoped to provide suitable degradation products
to establish the structures of the photoproducts and
also to provide intermediates for the synthesis of other
molecules of interest.

For these purposes, it was decided to attempt to in-
troduce a carbonyl function at Cg. For convenience,
we chose to utilize the ketal 4 in the cyclization step
since it appeared readily available from the known9
aldehyde 5. Thus, reaction of 5 with methylenetri-

(6) For a recent discussion, see J. Saltiel, K. R. Neuberger, and M.
Wrighton, J. Amer. Chem. Soc., 91, 3658 (1969), and N. C. Yang, J. I.
Cohen, and A. Shani, ibid., 90, 3264 (1968).

(7) D. R. Arnold, Advan. Photochem., 6, 301 (1968).

(8) This material was purchased from Columbia Chemicals Co., Inc.,
Columbia, S. C., and was shown to be a 50:50 mixture of the exo and endo
isomers.

(9) The aldehyde 6 was reported by P. E. Eaton and R. A. Hudson,
J. Amer. Chem. Soc., 87, 2769 (1965). Attempts to induce 1,3-butadiene to
react with cyclopentadienone diethyl ketal did not produce significant yields
of adduct: K. Kelly, unpublished observations.
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phenylphosphorane gave 4 in 78% yield. Photocycli-
zation of the latter produced a tetracyclic ketal whose
structure was correlated with that of 3 via hydrolysis
to a ketone (Xc=o 5.67 p) which gave 3 on Wolff-
Kishner reduction The structures assigned to the
ketal and ketone were those of 6 and 7, respectively, on

the basis of the outcome of base-catalyzed cleavage
experiments. Thus, under the very mild conditions
developed by Gassman and ZalarDketone 7 was trans-
formed into a mixture of unsaturated bicyclic and tri-
cyclic acids. The major component of this mixture
was shown to be a as-bicyclo[3.3.0]octene-enrio-2-car-
boxylic acid (8) by its conversion to the known1l cis-
bicyclo [3.3.0]octane-2-endo-carboxamide (10). No at-
tempts were made to define the structure of the tri-
cyclic components (presumably 9 and isomers) owing to
the low yields of these.

Although this experiment would appear to establish
satisfactorily the basic structures of the tetracyclic
systems in question, a more direct correlation was
sought.2 Ketcne 12 appeared to be better suited to
this type of degradation procedure owing to the ex-
pected stability of the product and the presence of the
symmetry plane. A viable synthesis of 12 was de-
veloped which utilized in situ generation and cyclo-
addition of ketene 11.13 Not only could 12 be con-
verted into hydrocarbon 3 (via the thioketal and Raney
nickel desulfurization), but also the base-catalyzed

cleavage reaction proceeded cleanly with the forma-
tion of a new tricyclic acid in good yield. The latter
was shown to be tricyclo[3.3.0.037]Joctane-2-carboxylic
acid (13) by thermal decarboxylation of the ¢-butyl

(10) P. G. Gassman and F. V. Zalar, ibid., 88, 2252 (1966).

(11) A. C. Cope and M. Brown, ibid., 80, 2859 (1958). We are indebted
to Professor A. Nickon for a sample of this material.

(12) The mechanism by which 8 is formed from 7 must involve addition of
hydroxide ion to the carbonyl group followed by two ring openings. The
second cleavage presumably involves ring opening of a cyclobutylcarbinyl
anion. Precedent for this general type of reaction has been furnished with
Grignard reagents. For a discussion and references, see E. A. Hill, R. J.
Theissen, and K. Taucher, J. Org. Chem., 34, 3061 (1969).

(13) P. Yates and A. G. Fallis, Tetrahedron Lett., 2493 (1968).
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perester (14). This sequence produced the knownH
hydrocarbon tricyclo[3.3.0.037octane (15) and, sur-
prisingly, an almost equal amount of bicyclo[3.3.0]-
octene-2 (16). Apparently, the intermediate free rad-

ical in this reaction (17) undergoes cleavage in com-
petition with chain transfer.B

The final phase of the experimental work dealt with
the synthesis and photocyclizations of I-chloro-2-(5-
norbomenyl)ethylenes 18c and 18t. The initial ex-
periments utilized the cis-trans mixture obtained on
treatment of aldehyde 19 with chloromethylenetri-

C1L H 19
18t 18¢c

phenylphosphorane. The major product obtained on
acetone-sensitized photocyclization was assigned struc-
ture 20 on the basis of spectral data and the fact that
reductive dechlorination produced 3. The configura-
tion of the chlorine substituent is supported by the nmr
spectrum owing to the appearance of a sharp singlet at
6 3.76. The 5-bromobicyclo[2.1.1]hexanes 21 and 22

serve as models for this analysis.® Thus, the down-
field proton in 21 appears as a multiplet owing to cou-
pling by the two vicinal protons. The geometrical re-
lationships in 22 are such that the only observable
coupling is to Ha The similar geometry about C4in
20 coupled with the absence of a proton in the W con-
figuration leads to the prediction of a singlet for the

proton in question in agreement with the observed spec-
trum.

(14) P. K. Freeman, V. N. M. Rao, and G. E. Bigam, Chem. Commun.,
511 (1965).

(15) Free-radical chlorination of 15 reportedly leads only to the tricyclic
chloride; chain transfer would be expected to be relatively more rapid in
this case (private communication from P. K. Freeman).

(16) For a detailed discussion, see K. B. Wiberg, B. R. Lowry, and B. J.
Nist, J. Amer. Chem. Soc., 84, 1594 (1962).
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Lastly, samples of the cis and trans isomers were iso-
lated by preparative gas chromatography and subjected
to irradiation in the presence of acetone. Samples were
removed at 4 and 21 hr and analyzed (Table 1) for

Table |

Sensitized Irradiations of 18t and 18c

Conversion, % yield
% 18c 18t 20 Time, hr
0 0] 100 [¢] 0
19 9 81 3 4
60 18 40 7.5 21
0 100 [¢] 0 (]
9 91 7.5 0 4
47 53 19 1 21

total disappearance of starting material, percentage of
geometrical isomerization, and percentage of product
20 formed.

Discussion

The formation of tetracyclo[4.2.1.025037]nonane
systems on sensitized irradiation of 5-vinylnorbornenes
has been demonstrated for several derivatives. These
results reinforce the empirical rules developed for cycli-
zations of simple 1,5-dienes in the gas phase3 and for
more complex systems in solution.I7 In addition, the
results found on photocyclization of the cis and trans
chlorides provide data of mechanistic significance.
This data may be summarized as follows: (a) both
chlorides produced the same tetracyclic product, i.e.,
20; (b) the trans isomer 18t cyclized considerably faster
than the cis isomer 18c; (c) both chlorides underwent
geometrical isomerization at about the same rates which
in turn were considerably faster than cyclization.

The formation of similar products from geometrically
isomeric starting materials has been noted previously
and has been attributed to rotational equilibration of
intermediate diradicals.I7 In the present context,
this argument requires the intermediacy of species 23
and 24 which must equilibrate faster than they cyclize.

It is difficult to rationalize the difference in rates of for-
mation of 20 from 18t and 18c if 23 and 24 are necessary
intermediates since the rates of formation of the latter
would not be expected to be very different. Also,
severe distortion of the norbornyl ring must accompany
formation of 23 or 24, an energetically costly process.

17) R. S. H. Liu and G. 3. Hammond, ibid., 89, 4936 (1967); R.
Cookson, J. Hudec, S. A. Knight, and B. R. D. Whitear, Tetrahedron, 19,
1995 (1963); R. C. Cookson. Pure Appl. Chem., 9, 575 (1964); J. D. White
and D. N. Gupta, Tetrahedron, 25, 3331 (1969); G. Buchi and |I. M. Gold-
man, J. Amer. Chem. Soc., 79, 4741 (1957); F. T. Bond, H. L. Jones, and
L. Scerbo, Tetrahedron Lett., 4685 (1965); J. L. Charlton, P. DeMayo, and
L. Skatteb”l, ibid., 4679 (1965); J. L. Courtney and S. McDonald, Aust.
J. Chem., 22, 2411 (1969); J. K. Crandall and C. F. Meyer, Abstracts,
159th National Meeting of the American Chemical Society, Houston, Texas,
Feb 1970, ORGN 99.
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We believe that the data is better rationalized in
terms of the intermediacy of diradicai 25. Clearly, the

formation of 25 requires relatively little distortion of
the ring system. In addition, the incursion of a large
steric effect on the relative ease of formation of a new
bond between the ends of the diene systems now seems
eminently reasonable provided that the geometrical
integrity of the isomers is maintained at the onset of
cyclization. In other words, it is the partitioning of
the planar triplets between addition and relaxation to
twisted states which governs the relative importance of
isomerization and cyclization.l8 The fact that 5-
vinylnorbornene could be induced to cyclize on sensi-
tization with acetophenone 73.6 kcal/mol19 is
best rationalized in terms of i energy transfer to
the norbornene double bond 72 kcal/mol)7 as
opposed to the vinyl group (Et ~ 82 kcal/molQd).

The alternate possibility suggested by White and
GuptaTI7that initial exiplex formation precedes cycliza-
tion would not be inconsistent with our results. Since
a close association between the two olefinic centers
would be expected, it would not be unlikely that the
trans chloride would be considerably more reactive
than the cis isomer.

In any event, it would appear that the nonplanar
ehloroethylene triplets are not the immediate precursors
of the cyclized product.2L,2

Experimental Section

Elemental analyses were determined by Micro-Tech Labora-
tories.- Skokie, 111 Infrared spectral data was obtained from a
Perkin-Elmer Model 137 spectrometer on thin films or as noted.
Nuclear magnetic resonance spectra were obtained from a Varian
Model A-60 spectrometer in carbon tetrachloride with tetrameth-
ylsilane as internal standard. Gas chromatograms were deter-
mined on an Aerograph A90P (analytical and preparative) and a
Barber-Coleman Model 5000 chromatograph (capillary) on the
following columns: (A) 15-ft 5% Carbowax 20M, (B) 12-ft 2%
Carbcwax 20M, (C) 12-ft 10% Apiezon L, (D) 150-ft Apiezon L,
and (E) 150-ft Castorwax. Melting points were determined on
a Mel-Temp apparatus and were uncorrected.

Photocyclization of 2. A. Acetone Sensitization.—A deoxy-
genated solution of 2.00 g of 2 in a mixture of 2 ml of acetone and
300 ml of benzene was irradiated with the light from a 450-W
medium pressure immersion lamp equipped with a Corex filter.
Only traces of 2 remained after 22 hr. Analysis by gc (D, 80°)
indicated one major component and ~8% minor constituents.
The solvents were removed by slow distillation at atmospheric
pressure to yield a residue which was distilled at 65-69° (28.5
mm), yield 0.70 g. A pure sample of tetracyclo[4.2.1.026.037-
nonane (3), mp 63.5-64.5°, was obtained by preparative gc (C,
140°); nmr 62.30 (m, 5), 1.96 (s, 1), 1.44 (m, 5), 1.09 (d,J = 8
cps, 1).8

(18) The So— Ti transition energy for a vinyl chloride group is unknown.
For irans-dichloroethylene, estimates range from 72 to 60 kcal/mol; cf. G. N.
Lewis and M. Kasha, J. Amer. Chem. Soc., 66, 2100 (1944), and Z. R.
Grabowski and A. Bylina, Trans. Faraday Soc., 60, 1131 (1964).

(19) W. G. Herkstroeter, A. A. Lamola, and G. S. Hammond, J. Amer.
Chem. Soc., 86, 4537 (1964).

(20) D. F. Evans, J. Chem. Soc., 1735 (1960).

(21) It is necessary to assume that energy transfer to the isomeric chloro-
ethylenes does not produce noninterconverting diastereomeric twisted
triplet states.

(22) For a relevant discussion with diene triplet states, see P. A. Leer-
makers, J-P. Montillier, and R. D. Rauh, Mol. Photochem., 1, 57 (1969).
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Anal. Calcd for CH,2 C, 89.92; H, 10.07.
89.78; H, 10.21.

B. Acetophenone Sensitization.— A solution of 10 g of 2 and
10 g of acetophenone in 1200 ml of benzene was irradiated by the
above procedure for 33 hr. The benzene was evaporated and the
residue was distilled. A 4.0-g fraction was collected which had
bp 40-83° (18 mm). Analysis by gc revealed two components in
nearly equal amounts and two minor components (<2%). The
two major components were collected by gc and shown to be start-
ing material and 3.

5-Vinylnorbornen-7-one Diethyl Ketal (4).— A slurry of 1.93 g
(0.080 mol) of sodium hydride in 35 ml of dimethyl sulfoxide
(DMSO) was stirred and heated at 70-75° until the mixture
became homogeneous. A solution of 28.67 g (0.083 mol) of
methyltriphenylphosphonium bromide in 70 ml of DMSO was
added to the above solution. After 10 min. a solution of 13.8
g (0.066 mol) aldehyde 5®in 25 ml of DMSO was added slowly.
The temperature of the reaction mixture was kept between 35
and 40° by means of an ice bath. The resulting mixture was
allowed to cool to 25° over 1 hr at which time it was poured into
11 of an ice-water mixture. The reaction product was extracted
into a total of 300 ml of pentane in several stages. After drying
and evaporative removal of the solvent, an oil was obtained which
on distillation az 58.3 ° (0.3 mm) yielded 10.64 g (78%) of 4:
nmr 6 5.95-5.00 (m, 5), 3.37 (m, 4), 2.08 (m, 1), and 1.10
(m, 7); ir 7.67 (s), 7.82 (s) 8.09 (s), 8.92 (s), 9.30 (s), 10.98 (s),
11.48, 12.05, 12.80, 13.45, 13.62, 13.90, and 14.30 p.

Anal. Calcd for CiHZD2 C, 74.96; H, 9.68.
74.64; H, 9.82.

Tetracyclo[4.2.1.026.037]nonan-8-one Diethyl Ketal (6).—A
solution of 1.5 g of 4 in 600 ml of benzene which contained 1.5
ml of acetone was irradiated for 20 hr under the above conditions.
Only a trace of starting material could be detected by gc (A,
150°); one major and one minor peak were seen. Evaporation
of the solvent and distillation of the residue gave 1.0 g (66%) of 6:
bp 74-75° (0.3 mm); nmr 6 3.50 (m, 4), 2.48 (s, 4), 2.80-1.30
(m, 4), 1.15 (m, 6); ir 8.80 (s), 8.91 (s), 9.24 (s), 9.44 (s), 10.14,
and 11.38 *»»

Anal. Calcd for CIHAZD2 C, 74.96; 11, 9.68.
75.18; H, 9.79.

Tetracyclo[4.2.1.025.037]nonan-8-one (7).— A solution of 3.34
g (0.016 mol) of 6 in 33 ml of ether was stirred vigorously with
33 ml of 1 N hydrochloric acid for 3.5 hr. The ether layer was
separated, dried and distilled to yield 1.72 g (80%) of 7: bp
42° (0.5 mm); nmr S$2.95-2.35 (m, 4), 2.30-1.97 (m, 2), 1.97-
1.66 (m, 3), 1.5C-1.05 (m, 1); ir 5.67, 8.84, 11.90, 12.62, 13.21,
and 13.61 n-

Anal. Calcd for CH 1D:
80.76; H, 7.80.

Wolff-Kishner Reduction of 7.—A solution of 0.30 g (2.29
mmol) of 7 and 0.30 g (6.0 mmol) of hydrazine hydrate in 3
ml of abs ethanol was heated at reflux for 6 hr. After standing
overnight at 25° the reaction mixture was diluted with water
and the product was extracted into chloroform. The crude
hydrazone was dissolved in 2 ml of DMSO and added over 2 hr
to a solution of excess potassium i-butoxide in 2 ml of DMSO.
After standing for 0.5 hr, the mixture was poured into ice-water
and the product was extracted into pentane. Evaporation of the
solvent followed by sublimation of the residue gave 0.147 g (58%)
of 3: ir identical with that of above material.

Cleavage of 7 with Base.l0—A slurry of 10.65 g (0.095 mol) of
potassium i-butcxide and 30 ml of dry ether was cooled in an ice
bath in a nitrogen atmosphere. With vigorous stirring, 0.51 g
of water was added from a syringe through a rubber septum.
The ice bath was removed and 1.65 g (0.012 mol) of ketone 7
was added. After stirring for 2 hr at 25°, the reaction mixture
was poured onto ice. The aqueous phase was extracted with
ether followed by acidification with hydrochloric acid. On extrac-
tion with ether there was obtained 1.42 g (75%) of crude acidic
product. A small amount (0.37 g) of crystalline material was
separated from the oily acids by trituration with pentane. The
two acid fractions were separatedly converted to methyl esters
by conversion to acid chlorides (thionyl chloride in benzene)
followed by reaction with methanol in benzene-triethylamine.
The esters prepared from the noncrystalline fraction were re-
solved into four components on gc (A, 175°) in the relative
proportions 15:30:51:4. On preparative gc the major component
and the first two peaks could be collected. The major component
proved to be identical with the ester prepared from the crystalline
acid: nmr S5.45 (m, 2), 3.59 (s, 3), 3.4-1.1 (m, 9); ir 3.27, 5.75

Found: C,

Found: C,

Found: C,

C, 80.56; H, 7.51. Found: C,
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(s), 8.50 (s), 9.58, 9.72, 10.75, and 14.00 (a) n- The structure
assigned to this ester is that of methyl endo,cts-bicyclo[3.3.0] oct-
2-ene-6-carboxylate or its isomer 8.

Anal. Calcd for CioHuOj: C, 72.26; H, 8.94.
72.44; H, 8.52.

The nmr of the mixture of the first two components showed no
olefinic protons, two methyl peaks at 53.63 and 3.56 and complex
absorption from 52.70 to 1.0. This data is consistent with what
would be expected for a mixture of tricyclic esters 9.

Anal. Calcd for CitH,402 C, 72.26; H, 8.94.
72.59; H, 8.61.

endo-cis-Bicyclo[3.3.0]octane-2-carboxamide (10).— A solution
of 0.35 g the above crystalline acid in 20 ml of methanol was re-
duced at 40 psi of hydrogen in the presence of 5% palladium on
carbon. After removal of the catalyst by filtration and evapora-
tion of the methanol, the saturated acid was converted to the acid
chloride (thionyl chloride) and the amide (ammonium hydroxide):
mp 162-163.8° (lit. mp 162.4-163.3°) after crystallization from
benzene; yield, 0.1559g (45%). The infrared spectrum (CHCR)
was virtually identical with that of an authentic sample of 101l
and was quite different from that of a sample of exo-cis isomer.23

Tetracyclo[4.2.1,025037/ nonan-4-one (12).— A solution of 22.21
g (0.146 mol) of 5-norbornene-2-acetic acid24 in 250 ml of dry
benzene was allowed to react with 23.2 g (0.196 mol) of thionyl
chloride for 48 hr at 25°. Evaporation of the solvent followed
by distillation of the residue yielded 17.34 g (70%) of acid chlo-
ride, bp 55-62° (0.1 mm). A solution of the latter in 50 ml of
dry benzene was added over 2 hr to a solution of 10.35 g (0.10
mol) of triethylamine in 1 1 of refluxing benzene. The cooled
mixture was poured onto ice-water and the benzene layer was
washed successively with dilute aqueous hydrochloric acid and
sodium bicarbonate solutions. The dried extracts were concen-
trated to yield a brown oil which gave 8.37 g (61%) of a white
sublimate at 75° (10 mm): nmr 52.69 (d, J = 1.3 cps, 3), 2.50
(s, 3), and 1.58 (s, 4); ir (CCl<) 5.57 (sh), 5.61 (s), 7.72, 7.93,
9.00, and 9.68 L.

Anal. Calcd for CH XD:
80.36; H, 7.42.

Conversion of 12 to 3.— A solution of 0.10 g of ketone 12 in 2
ml of ether was treated with 0.20 g of ethanedithiol and ca. 1
mg of boron trifluoride etherate. After 4 hr at 25° the solution
was washed with aqueous sodium bicarbonate, dried and evapo-
rated. The crude thioketal was dissolved in 5 ml of ethanol and
treated with a small quantity of Raney nickel suspended in
ethanol. The resulting mixture was heated at reflux for 4 hr
after which time the nickel was removed by filtration. The
filtrate was diluted with water and the product was extracted
into pentane. Preparative gas chromatography of the concen-
tracted extracts revealed one component whose ir spectrum was
identical with that of 3.

Tricyclo[3.3.0.037octane-2-carboxylic Acid (13).— The ketone
(7.24 g, 0.054 mol) was cleaved as before with 47.2 g (0.42 mol) of
potassium i-butoxide and 2.26 g of water. The acidic fraction
obtained (6.37 g, 78%) had mp 99-100.5° after crystallization
from hexane: nmr 511.98 (s, 1), 2.52-2.38 (s, 5), and 1.42 (s, 6);
ir (Nujol) 5.86 (s), 7.76 (s) 10.44 (s), and 13.38 ja

Anal. Calcd for CHiID2 C, 71.02; H, 7.95.
71.08; H, 7.91.

Decarboxylation of 13.5—The f-butyl perester of 13 was pre-
pared by addition of 0.75 g (4.4 mmol) of the acid chloride
(thionyl chloride, triethylamine) to 0.901 g (10.0 mmol) of f-butyl
hydroperoxide in 5 ml of p-cymene. After 2 hr at 0°, the reaction
was quenched by addition of ice water. The organic layer was
washed with water, hydrochloric acid and aqueous sodium bi-
carbonate. The dried organic phase was placed in a 15-ml flask
equipped with a short-path distillation head. On heating to
125-130° carbon dioxide evolution was observed. After 1 hr the
temperature was raised and three fractions were collected: (a)
bp <110°; (b) 110-174°; (c) 174-176°. Gc analysis (C, 168°)
of these fractions revealed two volatile components in fraction b
in the ratio of 57:43. The major component had an infrared
spectrum which was identical with that of cis-bicyclo [3.3.0]oct-
2-ene (16).B The second component and infrared and nmr spec-
tra congruent with those of tricyclo[3.3.0.037octane (15).

Found; C,

Found: C,

C, 80.56; H, 7.51. Found: C,

Found: C,

(23) R. Dowbenko, Tetrahedron, 20, 1843 (1964). We are indebted to Dr.
Dowbenko for a sample of this material.

(24) K. Alder and E. Windemuth, Chem. Ber., 71, 1939 (1938).

(25) K. B. iberg, B. R. Lowry, and T. A. Colby, J. Amer. Chem. Soc.,
83, 3998 (1961).

(26) J. E. Germain and M. Blanchard, Bull. Soc. Chim. Fr., 473 (1960).

Sauers and Kelly

ci's,frans-I-Chloro-2-(bicyclo[2.2.1]hept-2-en-5-yl)ethene (18c,
18t).— A solution of 70 g (0.57 mol) of aldehyde 192 (88% endo)
in 200 ml of ether was added over 30 min to a suspension prepared
from 1.0 mol of ra-butyllithium, 262 g (1.0 mol) of triphenyl-
phosphine and 99 g (1.0 mol) of methylene chloride in 400 ml of
ether.B The temperature was maintained at —30° during the
addition after which the reaction mixture was allowed to warm
to 25° overnight. The resulting mixture was poured onto ice and
filtered. The aqueous layer was extracted with ether and the
combined extracts were washed with water and dried. The
crude product obtained on evaporation of the extracts was
triturated with pentane to remove triphenylphosphine oxide.
Evaporation of the filtered pentane solution gave 42.14 g (48%)
of an oil, bp 74-76° (6 mm). Gc analysis (A, 147°) revealed two
main components in nearly equal amounts. Each peak had a
small shoulder attributable to the corresponding exo isomer. The
nmr spectra of the separated materials in both cases revealed
clean quartets attributable to the protons on C2of the ethylenic
moiety. In the spectrum of the component believed to consist
of exo and endo trans isomers this quartet appeared at ~<5 5.25
and showed two couplings, 13 cps (imns-HC=CH) and 9 cps (vic-
CH-CH). In the mixture of cis isomers the quartet (5 5.23)
showed couplings of 9 cps (cis-HC=CH) and 7 cps (iffc-HC~CH).

Anal. Calcd for C»HUC1: C, 69.90; H, 7.17; CI, 22.93.
Found (trans): C, 69.74; H, 7.31; CI, 22.85. Found (cis): C,
70.15; H, 7.37; CI, 23.08.

4-Chlorotetracyclo[4.2.1.025037nonane (20).— A solution of
20.4 g of the mixture of cis and trans chlorides (18c, 18t) in 5 1
of benzene and 25 ml of acetone was irradiated as before for 5
days. The solvents were removed in vacuo and the residue was
distilled, bp 78-86° (8 mm), to yield 13.24 g of distillate. Gc
analysis (E, 100°) showed two new materials in the amounts 11%
and 27% (20) and considerable amounts of starting materials
(~62%). Unsaturated materials were removed by addition of
excess bromine in carbon tetrachloride followed by distillation.
The only component to survive this treatment was 20: yield 1.33
g; bp 85-86° (8 mm); nmr S3.76 (s, 1), 3.22 (s, 1), 2.6-2.0 (m,
5), and 1.50 (s, 4); ir 7.70, 7.79, 7.90, 8.14, 12.22, 13.00 (s), and
13.58 m-

Anal. Calcd for CH iCl: C, 69.90; H, 7.17; CI, 22.93.
Found: C, 70.12; H, 7.11; CI, 22.75.

Irradiations of 18c and 18t.— In separate test tubes were placed
65 mlof the cis (exo, endo) and trans (exo, endo) chlorides, 100 pi
of acetone, and 4 ml of benzene. The tubes were suspended in the
center of a Rayonet photochemical reactor and irradiated with
the 3000-A source. Five-microliter aliquots were removed at 4
and 21 hr and analyzed by gc (A, 147°). Since the conditions
used did not resolve the exo and endo components, the percentages
reported in Table | refer to the total changes in cis and trans
chlorides normalized to the unirradiated solutions. The qualita-
tive conclusions reached are not affected by the presence of the
exo isomers.

Conversion of 20 to 3.—To a suspension of 0.60 g (0.263 mg-
atoms) of lithium dispersion (1% sodium) in 5 ml of ether was
added 0.474 g (3.1 mmol) of 20. The reaction mixture was
stirred and heated at reflux for 2.5 hr. The reaction mixture was
quenched with excess methanol and then washed with water.
The ether layer was dried and concentrated. Preparative gc
(C, 140°) gave 0.105 g (28%) of a single product whose nmr and
ir spectra were identical with those of 3.

Registry No.—3, 25557-71-5; 4, 25554-54-5; G,

25557-72-6; 7, 25557-73-7; 8 (2-ene methyl ester),
25554-55-6; 8 (1-ene methyl ester), 25554-56-7; 12,
25557-74-8; 13, 25679-33-8; 18c, 25554-57-8; 18t,
25554-58-9; 20, 25630-08-4.
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a-Bromo- and a,a-dibromo-i-butyl chloroformate have been synthesized and found to be significantly more

stable than ¢-butyl chloroformate.

were obtained although the acylation reaction was generally unsuccessful with amino acid derivatives.

On treatment with aniline and other amines the corresponding urethans

Catalytic

reduction of the carbanilates over a palladium-carbon catalyst gave the corresponding carbo-i-butoxy derivatives

although in low yields only.

reaction upon warming in ethanol, being converted to the corresponding ammonium bromide.

The a-bromo-Z-butyl carbamates were found to undergo a unique “self-cleavage”

The chloro-

formate of 2-methyl-3-butyn-2-ol was also synthesized and shown to be more stable than ¢-amyl chloroformate.

In addition to its use in peptide chemistry, the carbo-
¢-butoxy (BOC) group is of considerable importance to
the nonpeptide synthetic organic chemist.1® Although
for the most part the problem of introducing this group
onto an amino function has been solved, a wide variety
of acylating agents3currently being available, there is
still no reagent which is completely satisfactory with the
more weakly basic amino compounds. We have
therefore sought to develop reagents of this type which
would approach acid chlorides in their reactivity.
Although i-butyl chloroformate was first synthesized
many years ago4 and has in fact been used occasion-
allyB6to introduce the BOC group, it seems too unstable
for general use under ordinary conditions.

(1) For general reviews of amino-protecting groups, see (a) Y. Wolman in
“The Chemistry of the Amino Group,” S. Patai, Ed., Interscience, New
York, N. Y., 1968, Chapter 11. (b) J. F. W. McOmie in “Advances in
Organic Chemistry, Methods and Results,” Vol. 3, R. A. Raphael, Ed.,
Interscience, New York, N. Y., 1963, Chapter 4.

(2) For recent applications of the use of the BOC group in the synthesis
of nonpeptide nitrogen compounds, see a-n. (a) Y. Inubushi, Y. Masaki, S.
Matsumoto, and F. Takami, J. Chem. Soc. C, 1547 (1969); (b) G. Zinner
and M. Hitze, Arch. Pharm. (Weinheim), 302, 788 (1969). (c) H. O. House
and F. A. Richey, Jr., J. Org. Chem., 34, 1430 (1969). (d) K. A. Jensen,
U. Anthoni and A. Holm, Acta Chem. Scand., 23, 1916 (1969). (e) K. A.
Jensen, G. Felbert, C. T. Pedersen, and V. Svanholm, ibid., 20, 278 (1966).
(f) K. A. Jensen, U. Anthoni, B. Kagi, C. Larsen, and C. T. Pedersen,
ibid., 22, 1 (1968). (g) K. L. Kirk and L. A. Cohen, J. Org. Chem., 34, 395
(1969). (h) A. M. Felix and R. I. Fryer, J. Heterocycl. Chem., 6, 291 (1968).
(i) T. Sheradsky, ibid., 4, 413 (1967). (j) C. G. Overberger and W. H.
Daly, J. Amer. Chem. Soc., 86, 3402 (1964). (k) L. A. Carpino and D. E.
Barr, J. Org. Chem., 31, 764 (1966). (1) L. A. Carpino, ibid., 30, 736 (1965).
(m) L. A. Carpino, J. Amer. Chem. Soc., 82, 3133 (1960). (n) J. R. Bartels-
Keith, J. Chem. Soc. C, 617 (1966).

(3) In spite of some disadvantages the most widely used reagent is still
¢-butyl azidoformate. Synthetic routes to this and other, more recently
recommended reagents are listed, (a) ¢-Butyl azidoformate: L. A. Carpino,
B. A. Carpino, P. J. Crowley, C. A. Giza and P. H. Terry, Org. Syn., 44,
15 (1964); K. P. Polzhofer, Chimia (Aarau), 23, 298 (1969); H. Yajima
and H. Kawatani, Chem. Pharm. Bull. (Tokyo), 16, 182 (1968); M. Itoh
and D. Morino, Experientia, 24, 101 (1968); Y. A. Kiryushkin and A. I.
Miroshnikov, ibid., 21, 418 (1965). K. Inouye, M. Kanayama, and H.
Otsuka, Nippon Kagaku Zasshi, 85, 599 (1964); D. S. Tarbell, Accounts Chem.
Res., 2, 296 (1969), footnote 27; E. Schnabel, Justus Liebigs Ann. Chem.,
702, 188 (1967). (b) ¢-Butyl p-nitrophenyl carbonate: G. W. Anderson
and A. C. McGregor, J. Amer. Chem. Soc., 79, 6180 (1957). (c) ¢-Butyl
cyanoformate: L. A. Carpino, ibid., 82, 2725 (1960); L. A. Carpino,
J. Org. Chem., 29, 2820 (1964); M. Leplawy and W. Stec., Bull. Acad.
Pol. Set., Ser. Sci. Chim., (6) 12, 21 (1964). (d) N-O-Butyloxycarbonyloxy)-
succinimide: M. Frankel, D. Ladkany, C. Gilon and Y. Wolman, Tetra-
hedron Lett., 4765 (1966); H. Gross and L. Bilk, Justus Liebigs Ann. Chem.,
725, 212 (1969). (e) ¢-Butyl 8-quinolyl carbonate: B. Rzeszotarska and
S. Wiejak, ibid., 716, 216 (1968). (f) ¢-Butylcarbonic diethylphosphoric
anhydride: D. S. Tarbell and M. A. Insalaco, Proc. Natl. Acad. Sci. U. S.,
57, 235 (1967); (g) ¢-Butyl 2,4,5-triehlorophenyl carbonate: W. Broadbent,
J. S. Morley, and B. E. Stone, J. Chem. Soc. C, 2632 (1967); (h) ¢-Butyl
pentachlorophenyl carbonate: M. Fujino and C. Hatanaka, Chem. Pharm.
Bull. (Tokyo), 15, 2015 (1967).

(4) A. R. Choppin and J. W. Rogers, J. Amer. Chem. Soc., 70, 2967
(1948).

In view of the well-known stability of formyl fluoride7
relative to the corresponding chloride, it was assumed
that the same relationship might hold for the related
pair of haloformates. With this in mind, numerous
methods were investigated for the conversion, at low
temperatures, of the unstable chloroformate to the
corresponding fluoride. Exchange reactions utilizing
hydrogen fluoride8and various salts such as sodium9D
thallous,11 and silver fluoride were examined without
success. Eventually the fluoroformate (I) was ob-
tained by direct reaction between ¢-butyl alcohol and
carbonyl chlorofluoridel13 in methylene dichloride
solution in the presence of pyridine. As expected,
the fluoroformate proved to be sufficiently stable
to be distilled at atmospheric pressure, bp 78-79°, and
could be stored without difficulty under ordinary condi-
tions. It showedtypical haloformate reactivity toward
a variety of amino compounds. Reaction with glycine
and alanine in agueous solution gave the BOC deriva-
tives in a few minutes in 75-80% yield. During the
course of our studies Schnabel and Ugi¥ and their
associates described a similar method for the prepara-
tion of ¢-butyl fluoroformate and recommended it as a
general-purpose carbo-f-butoxylating agent. Unfor-
tunately, however, since carbonyl chlorofluoride is not
generally available this would not seem to represent an
ideal solution tc the problem at hand. On the other
hand, if more satisfactory routes to this compound
could be devised or if carbonyl chlorofluoride became
more readily accessible, | could eventually prove to be
one of the carbo-i-butoxylatii)g agents of choice.

A different approach co the problem posed by the
instability of ¢-butyl chloroformate involved the idea of
developing stable reagents which would allow introduc-
tion of an acyl group which, in a subsequent step, could

(5) R. B. Woodward, K. Heusler, H. Gosteli, P. Naegeli, W. Oppolzer,
R. Ramage, S. Ranganathan, and H. Vorbruggen, ibid., 88, 852 (1966);
R. B. Woodward, Angew. Chem., 78, 557 (1966).

(6) S. Sakakibara, I. Honda, K. Takada, M. Miyoshi, T. Ohnishi, and
K. Okumura, Bull. Chem. Soc. Jap., 42, 809 (1969).

(7) G. A. Olah and S. J. Kuhn, J. Amer. Chem. Soc., 82, 2380 (1960).

(8) G. A. Olah and S. J. Kuhn, /. Org. Chem., 26, 237 (1961).

(9) G. A. Olah and 3. J. Kuhn, Ber., 89, 862 (1956).

(10) A. N. Nesmejanov and E. J. Kahn, ibid., 67, 370 (1934).

(11) S. Nakanishi, T. C. Myers, and E. V. Jensen, J. Amer. Chem. Soc.,
77, 3099 (1955).

(12) H. J. Emeleus and J. F. Wood, J. Chem. Soc., 2185 (1948).

(13) Carbonyl chlorofluoride was purchased from the Ozark-Mahoning
Co., Tulsa, Okla.

(14) E. Schnabe'-, H. Herzog, P. Hoffmann, E. Klauke, and I. Ugi,
Justus Liebigs Ann. Chem., 716, 175 (1968); Angew. Chem., 80, 396 (1968).
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be converted to the BOC derivative. The instability
of most carbo-i-butoxylating agents is a direct con-
sequence of the same factors which promote the rapid
acid-catalyzed cleavage of the BOC group, i.e., the ease
of formation of the ¢-butyl cation. The stability of
alkyl cations can be decreased dramatically by the
introduction of electron-withdrawing groups near the
cationic center. The effect of a-halogen substitution
can be judged from studies on the reactivity of ap-
propriately substituted ¢-butyl chlorides in solvolytic
reactions.’5 The effect is also evident in comparisons
of the ease of cleavage of appropriate halo-substituted
urethans (Table 1). The differences are clearly sub-
stantial in the case of the bromo- and chlorourethans.

Table |

Ease of Cleavage of CsHsNHCOOCM~™
|

CHX
BY HCI-MeNOQi (ca. 0.2 M)
X Time*
H 1
| 2
Br 240
Cl 600

° Time in minutes required for initial appearance of the pre-
cipitate of aniline hydrochloride.

In order to make practical use of this stabilizing
effect a clean method of reducing the a-halocarbo-i-
butoxy group to the parent function was required.
While it has been possible to effect this conversion the
yields have not been high and this and other unforeseen
complications have limited the usefulness of this
technique. In spite of these other difficulties both
a-chloro- and a-bromo-<-butyl chloroforméates were
prepared in fair yields and found to be distillable
without difficulty at water aspirator pressure. Reaction
with aniline gave the model carbamate derivatives.
Although no method could be found by which the
a-chlorourethans could be reduced to the BOC deriva-
tives, hydrogenation of the a-bromo analogs proceeded
in methanol solution over a palladium-carbon catalyst

in the presence of ammonium acetate (eq 1). In the
o (¢}
Hi, Pd-C
RNHCOC(CH32--—---- SaRNHCOC(CH33 (1)
i CHaOH,
CHBr NH<OAc

case of model compounds, yields in the reduction never
exceeded about 40%. In addition two further diffi-
culties were encountered in the use of a-bromo-i-butyl
chloroformate. In the first place, although ammonia,
aniline, and benzyl amine gave high yields of the corre-
sponding urethans, amino acids, or esters failed to react
normally with the chloroformate. Instead of the
desired urethan there was isolated the amine hydro-
bromide (I11) and/or the urea derivative (11) (eq 2).

CICOOCMej

KIEBr
ROCOCHNH3+Cl-  =--mmeemmmmmmeeee >

(ROCOCHNH)XO + ROCOCHNH3+Br* (2)
1 i
R = CH5 or CHXIH?2

(15) A. Streitwieser, Jr., J. Amer. Chem. Soc., 78, 4935 (1956).
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Urea formation in a related reaction involving ¢-amyl
chloroformate has been described recently by Sakaki-
bara and coworkers.’6 The amine hydrobromide 111
may have been derived from the initially formed bromo-
urethan since subsequent experiments showed that the
a-bromo~-butyloxycarbonyl derivatives of simple
amines such as aniline, while stable in solvents such as
benzene and methylene dichloride, underwent con-
version to the corresponding amine hydrobromide
during attempted recrystallization from polar solvents
such as ethanol. This unique reaction represents the
“self cleavage” of a protective group and may be
visualized as originating in the neighboring-group
process pictured in eq 3.7 Further hydrolysis or

Rftak<0 f'rBr a s

1)— CMe2
v
CH,0H
or H,0
\Y%
RNH3*Br~ + (3)

solvolysis of intermediate V would lead to the formation
of the amine hydrobromide and the cyclic carbonate V |
which, in fact, could be isolated from the reaction
mixture following filtration of the amine salt. The
ease with which this self-cleavage reaction occurs is
remarkable, particularly in view of the low solvolytic
reactivity reported by Winstein81 for (3-bromoethyl
carbanilates and the demonstrated stability2l of the
(3-iodoethyl derivative V1l toward refluxing ethanol.

0
CH3 NHCOCH2CH2

VII

The enhanced solvolytic reactivity of carbanilates such
as IV is a notable example of the *“gem-dimethyl
effect.” 2 Pertinent data from a limited study of
structural effects on this reaction are presented in
Table IlI. The monomethyl derivative (VIII) oc-

(16) S. Sakakibara and M. Itoh, Bull. Chem. Soc. Jap., 40, 646 (1967).

(17) This represents the first example of a new type of protective group
which is of considerable potential utility, namely one which is stable under
a variety of conditions but subject to rapid cleavage simply by dissolving
in an appropriate solvent. Further studies will deal with the development
and possible practical applications of such novel protective groups.

(18) (a) F. L. Scott, R. E. Glick, and S. Winstein, Experientia, 13, 183
(1957). (b) B. Capon, Quart. Rev. (London), 18, 45 (1964).

(19) If the solvolysis is carried out in ethanolic alkali no carbonate (VI)
or aniline is formed. Instead the 2-oxazolidinone (i) is obtained as expected
on the basis of preferred N rather than O participation in alkaline solution.

Formation of i was first observed during attempted reduction of IV
(R = CeHs) to f-butyl carbanilate by means of sodium borohydride.2

(20) H. C. Brown and H. M. Bell, J. Org. Chem., 27, 1928 (1962).

(21) J. Grimshaw, J. Chem. Soc., 7136 (1965).

(22) E. L. Eliel, “Stereoche