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Alfapresen ts
COLLMAN'S

D'sxx_iunT

SHDTRRES TR

Now you can synthesize unusual or previously
unavailable aldehydes, ketones, carboxylic
acid, esters or amides with Collman’s reagent,
disodium tetracarbonylferrate dioxanate,
Na2Fe(CO)4 «1.5 C4H802. This versatile new
reagent reacts with alkyl halides or tosylates,
or with acid chlorides, to form anionic alkyl

or acyl iron intermediates. Suitable treatment
of the intermediate provides your choice of the
above productsl 3, rapidly and in essentially
quantitative yield.

Moreover, these reactions occur under mild
conditions, exhibit stereospectificity, and are
tolerant of functional groups such as esters,
aldehydes and ketones, amides, nitriles,
chlorides, alcohols, amines, olefins (including
vinyl halides), and aromatic rings (including
aromatic halides).

Prof. Collman has recently prepared mixed
alkyl-perfluoroalkyl unsymmetrical ketones
by treatment of the intermediate with
perfluorinated acid halides, -anhydrides or
-aryl iodides.4

He has also extended the use of this reagent to
the synthesis of neutral monomeric phosphine

and arsine complexes,5(C6H5)2(R)M Fe(CO)4,
where M = P.As.

Want more details? Send for Alfa’s
brochure “Collman’s Reagent— Disodium
Tetracarbonylferrate’.

Ventron Corporation, Alfa Products, 8 Congress
Street, Beverly, Mass. 01915 (617) 922-0768

Collman's Reagent is now available from
Alfa Products.

Stock No. Listing Quantity  Price
88775 Disodium tetracarbonylferrate 25 9. S29.50
dioxanate (Collman's Reagent) 100 g. 99.00
Na.-Fe(CO).. -1.5 C4H,Or
NaZe(CO)4-
co\
or PPh3
JUL = ?
RF§(COM RCR RCF&(CO)jL
rcoohXkwt® W
RCHO
—~ [rex> - — i
HNR'RV R'OH \HD
RCNRR" RCOR RCOOH

1. M. P. Cooke, J. Am. Chem. Soc. 92, 6080 (1970)

2. J. P. Collman, S. R. Winter and D, R. Clark, ibid. 94,
1788(1972)

3. J. P. Collman. S. R. Winter and R. G. Komoto. ibid. 95,
249 (1973)

4. J. P. Collman and N. W. Hoffman, ibid. 95. 2689(1973)
5. J. P. Collman. R. G. Komoto and W. O. Siegl. ibid. 95.
2389 (1973)
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Conformational Analysis of Seven-Membered Heterocycles.
The 1,3-Dioxacycloheptanes—Proton and Carbon-13 Magnetic Resonance
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Configurational assignments are made for cis- and irares-4,7-dimethyl-1,3-dioxacycloheptane with the aid of

proton and carbon-13 nmr spectroscopy.

binations of two, present effective pseudorotational and/or rotational barriers.

Five sets of steric interactions are defined which, when found in com-

Equilibrium studies for cis- and

irares-2-iert-butyl-4-methyl-1,3-dioxacycloheptane and cis- and irans-2-ieri-butyl-5-methyl-1,3-dioxacycloheptane

give —AG®° of 0.45 + 0.05 and 0.0 + 0.05 kcal/mol, respectively.

These values are in good agreement with

values for 1,3-dimethyleycloheptane and 1,4-dimethylcycloheptane and reflect the availability of numerous low-

energy conformations for each of the isomers.

Conformational analysis of seven-membered carbo-
cyclics has received considerable recent attention.1-7
Computer calculations by Hendricksonlhave provided
a detailed account of the symmetry and energetics of
cycloheptane conformations. A study of coupling
constants for cis and trans 2-substituted cycloheptanols8
indicated that there were no conformational preferences
for substituents and that the differences in coupling
constants were due only to differences in configuration
of the isomers. Thermochemical data9 for cis- and
£rans-1,3-dimethylcycloheptane and cis- and trans-1,4-
dimethylcycloheptane indicated enthalpy differences
close to zero.

The initial results from our conformational studies of
substituted 1,3-dioxacycloheptanes® are reported here.
These compounds were selected for their ease of prepara-
tion and their amenability to equilibration studies.ll
They also provided an opportunity to study conforma-
tional preferences for alkyl substituents in a pseudo-
rotating, heterocyclic system.

Conformational analysis of cyclohexane and 1,3-
dioxacyclohexane is reasonably facilitated by the ab-
sence of a low-energy pseudorotational barrier and by
(1) J. B. Hendrickson, J. Amer. Chem. Soc., 89, 7036 (1967).

(2) J.B. Hendrickson, J. Amer. Chem. Soc., 89, 7043 (1967).

(3) J. B. Hendrickson, J. Amer. Chem. Soc., 89, 7047 (1967).

(4) J. D. Roberts, R. Knorr, and C. Ganter, Angew. Chem., Int. Ed. Engl.
, 656 (1967).

(5) M. Cristland J. D. Roberts, J. Org. Chem., 37, 3443 (1972).

(6) E. S.Glazer, R. Knorr, C. Ganter, and J. D. Roberts, J. Amer. Chem.,
Soc., 94, 6026(1972).

(7) H. Friebolin, R. Meek, S. Kabuss, and A. Luttringhaus, Tetrahedron

Lett., 1929 (1964).

(8) A.Bauman and H. Mohrle, Tetrahedron, 26, 135 (1969).

(9) G. Mann, M. Muhlstadt, R. Muller, E. Kern, and W. Hadeball,
Tetrahedron, 24, 6941 (1968).

(10) H. Friebolin and S. Kabuss, “ Nuclear Magnetic Resonance in Chem-
istry,” B. Pesce, Ed., Academic Press, New York, N. Y., 1965, reports nmr

studies for 2,2-dimethyl-1,3-dioxacyclohept-5-ene.
(11) E. L. Elieland M. C. Knoeber, J. Amer. Chem. Soc., 88, 5347(1966).

)

the existence of only one chair conformation. A study
of Dreiding models reveals that 1,3-dioxacycloheptane
has four distinct chair conformations (1-4) in addition

[°~ A VAT RAAN

1 2 3 4

to their respective twist-chair conformations. There
are two conformations in which the syn-4,7-diaxial
proton-proton interactions are absent plus two confor-
mations in which the two-proton eclipsing interactions
at C(5,6) are absent. On the basis of steric interactions
alone, it would appear that chair conformation 4 is
preferred over any of the twist-chair conformations.
This is in contrast to the finding that the twist-chair
conformation of cycloheptane is more stable than the
chair conformation.3 A comparison of Dreiding models
reveals that the distance between the 1,3-diaxial posi-
tions for 1,3-dioxacyclohexane and 1,3-dioxacyclo-
heptane are comparable. The distance between the
4,7-diaxial positions for 1,3-dioxacycloheptane is smaller
than for 1,3-dioxacyclohexane. This suggests that 1,3-
diaxial and 4,7-diaxial M e-H steric interactions should
be more severe for both these heterocyclic compounds
than for the corresponding carbocyclic compounds.3'11,12

Configurational and Conformational Assignments.
cis- and irans-4,7-Dimethyl-1,3-dioxacycloheptanes. —
The isomers of 4,7-dimethyl-1,3-dioxacycloheptane
were separated by gas chromatography. Configura-
tional assignments were made on the basis of proton and
carbon-13 magnetic resonance spectra. A study of
models indicated that there were seven possible chair
conformations for the trans isomer and eight possible

(12) W. Nader and E. L. Eliel, 3. Amer. Chem. Soc., 92, 3050 (1970).
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Table |

Proton Chemical Shifts for Some 1,3-Dioxacycloheptanes

Registry no. 1,3-Dioxacycloheptanes
41887-61-0 crs-4,7-Dimethyl
41887-62-1 trans-i,7-Dimethyl
41887-63-2 c;.s-2-feri-But.yl-4-methyl
41887-64-3 irares-2-ieri-Butyl-4-methyl
41887-65-4 cis/ira)ES-2-ier(-Buty1-5-methyl

(cis)
41887-66-5

(trans)

505-65-7 1,3-Dioxacycloheptane
41887-67-6 2-ieri-Butyl

chair conformations for the cis isomer. The conforma-
tions for the trans isomer are shown in Chart I.

Chart |
CoNFORMIORS OF <r<mS-4,7-DIMETHYL-1,3-DIOXACYCLOHEPTANE

Using Hendrickson’s values3'13 for the steric inter-
action energies of a single methyl group with the other
atoms of cycloheptane as a guide and recalling that 1,3-
diaxial Me-H interactions are more severe in this
heterocyclic system than in cycloheptane, it was
estimated that conformers 8, 9, 10, and 11 did not con-
tribute more than 1% to the conformational array.
Therefore they were excluded from further considera-
tion.

Structures 5, 6, and 7 represent conformations of
£rans-4,7-dimethyl-1,3-dioxacycloheptane which differ
by one pseudorotation. The twist-chair conformation
which is obtained in the pseudorotation of 5 to 6 con-
tains a C2axis which makes the C(2) protons equivalent.
This pseudorotation inverts the C(2) protons but the
methyl groups remain equatorial. The trans configura-
tion was assigned to the isomer whose C(2) protons
gave an A2 nmr spectrum at r 5.30. The proton nmr
chemical shifts (r) are listed in Table I.

Chart Il shows the conformers of m-4,7-dimethyl-
1,3-dioxacycloheptane. Estimation of the steric inter-

Chart Il

Conformers of cts4,7-Dimethyl-1,3-dioxacycloheptane

13 14 15

16 17 18 19

(13) The Hendrickson values are reprinted here to aid in the estimation
of steric interaction energies: li (0.5); 2e,2e' (0.4); 2a,2a' (3.0); 3e,3e’
(0.3); 3a,3a' (3.3); 4ede' (0.4); and 4a,4a’' (1.8). These values are not
strictly applicable to this system owing to the replacement of two methylene
groups by two oxygen atoms.

H-C(2) H-C(4,7) CHi

5.16, 5.47 6.17 8.84

5.30 6.19 8.82

5.89 6.23 8.82

5.83 6.01 8.87

5.58 8.81, 9.01
5.49 6.46

5.96 6.31

action energies for all conformers indicates that 16, 17,
18, and 19 contribute less than 1% to the conforma-
tional array and they were excluded from further con-
sideration. The pseudorotational sequence 12, 13, 14,
and 15 is such that the C(2) protons retain their con-
formational integrity. In each of these conformations
the C(2) protons are diastereotopic and should yield an
AB nmr spectrum. Therefore, the compound which
gave the AB nmr spectrum at r 5.16 and 5.47 was as-
signed the cis configuration.

The unfavorable Me-H steric interactions found in
conformers 8, 9, 10, 11, 16, 17, 18, and 19 are as follows:
A Msyn0O-diaxial 1,3-Me-H (1.16 A); B, syn-diaxial
4,7-Me-H (1.88 A); C, syn-diaxial 4,7-Me-Me (con-
tact); D, syn-diaxial Me-H (contact); E, syn-diaxial
2,5-Me-Me (1.2 A). Each of these conformers has a
minimum of two unfavorable interactions, including at
least one of type A. For this system of compounds, it
appeared reasonable to exclude those conformations
which contain at least two of these interactions from
consideration when they appear in a pseudorotational
or rotational sequence.®6

Table 11 lists the carbon-13 chemical shifts for a
series of 1,3-dioxacycloheptanes. Assignments were
made by comparison with data for the 1,3-dioxacyclo-
hexanes® and |,3-dioxacyclohept-5-ene. The assign-
ment for C(5,6) was made at 30.05 ppm, as this absorp-
tion did not occur in |,3-dioxacyclohept-5-ene. The
methyl assignments were made as indicated, since their
absorptions did not occur in the spectrum of the un-
substituted compounds.

The carbon-13 chemical shifts for irans-4,7-dimethyl-
1,3-dioxacycloheptane are, C(2), 91.95; C(4,7), 72.39;

(14) The symbol syno represents a 1,3-diaxial interaction which crosses an
oxygen atom (CHOCH).

(15) It is interesting to note that conformer 12 is the rotamer (inversion)
of conformer 17, IS is the mirror image of the rotamer of 18, 14 is the mirror
image of the rotamer of 19, and 15 is the mirror image of the rotamer of 16.
If conformers 12-15 were inverting, the nmr spectrum for the C(2) protons
would show the effects of averaging. The new spectrum could be A2 due
to accidental isochronicity or A'B*. The spectrum is not A2. The question
remains as to whether the observed spectrum is due to averaging of confor-
mers 12-15, as indicated by the steric interaction energies, or whether it is
due to the averaging of conformers 12-19. The chemical shift difference
between the AB protons at C(2) for this compound is 17.9 Hz. This value
is in good agreement with a value of 18.4 Hz for the chemical shift difference
between the C(2) protons of <ns-4,7-dimethyl-1,3-cyclob.ept-5-ene, which is
conformationally locked so that no inversion is occurring (unpublished data
of M. Adams). If in fact the conformers of cis-4,7-dimethyl-1,3-dioxacyclo-
heptane were inverting, a difference in the chemical shifts between the C(2)
protons would be expected to be small; for example, the nmr spectrum for
the C(2) protons of 4-methyl-l,3-dioxacycloheptane gives an A2 pattern.
Therefore the assumption that conformers 16-19 do not contribute to the
conformational array is consistent with the steric interaction energy esti-
mates and the proton nmr spectrum.

(16) A. J. Jones, E. L. Eliel, D. M. Grant, M. C. Knoeber, and W. F.
Baily, J. Amer. Chem. Soc., 93, 4772 (1971).
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Carbon-13 Chemical Shifts for Some 1,3-Dioxacycloheptanes

Registry no. 1,3-Dioxacycloheptanes C(2)
1,3-Dioxacycloheptane 94.67
cis-4,7-Dimethyl 94.07
trans-4,7-Dimethyl 91.95
cts-2-ieri-Butyl-4-methyl 108.70
ir<ms-2-iert-Butyl-4-methyl 106.39
2463-48-1 4-Methyl 93.50
cis/ircms-2-ieri-Butyl-5-methyl 109.71
110.19

41887-69-8 5-Methyl 94.65

C(5,6), 36.51 ppm. C(4,7) and C(5,6) each gave a

1

C(4) cm C(5) C(6) CH,
67.24 30.05
75.89 33.76 22.36
72.39 36.51 22.58
76.98 70.68 28.31 22.32
71.23 66.87 29.29 22.51
75.32 66.80 36.95 29.29 22.51
76.45 68.23 34.80 37.90 18.22
72.45 64.59 17.09
72.40 64.84 34.95 38.44 17.27

of proton and carbon-13 nmr spectra.

Charts 111

and

single value, which indicated that these chemical shifts
were averaged owing to a pseudorotation which was
rapid compared with the carbon-13 nmr time scale.
The same observation was evident from the cis isomer
data. Carbon-13 studies by Eliell6and Grantl’ showed
a substantial chemical shift difference between axial and
equatorial methyl groups, 4.3 ppm for cyclohexane and
3.5 ppm for 1,3-dioxacyclohexane. Therefore the 0.2-
ppm difference in chemical shift for the methyl groups
of the cis and trans dimethyl isomers could not be
considered the difference between axial and equatorial
positions. It is clear that the methyl groups experience
some averaged conformational atmosphere and that the
axial contribution to the carbon-13 chemical shifts is
important.

The chemical shift parameters of Eliel,6Grant,17 and
Roberts5 provided a check for the configurational
assignments. The trans-4,7-dimethyl isomer had chemi-
cal shifts which differed from 1,3-dioxacycloheptane as
follows: C(2),+2.81; C(4,5), -5.15; C(5,6), -6.46.
Calculated values (obtained by giving equal weight to
conformers 5, 6 and 7, but excluding 8-11) gave, C(2),
+3; C(4,7), -5.2; C(5,6), -8.9.

The chemical shift values for the cis isomer differed
from the chemical shift values of the parent as follows:
C(2), +0.69; C(4,7), -8.65; C(5,6), -3.71. Calcu-
lated values obtained by giving equal weight to con-
formers 12S, but excluding 16-19, were, C(2), +1.2;
c(4,7), —4.9; C(5,6), —5.6. The parameter6'17B
which appeared to be most sensitive to conformation
was a paramagnetic shift due to a 1,3-diaxial Me-H
interaction. Therefore the calculations for the chemical
shifts at C(2) were most sensitive to that interaction.
Conformer 7 made the total paramagnetic contribution
to the conformational array for the trans isomer.
Conformers 14 and 15 made no paramagnetic contribu-
tion at C(2) for the cis isomer. The calculated values
for C(2) were consistent with the configurational
assignments made on the basis of proton nmr. When
all conformers were weighted equally for each of the
isomers, the cis C(2) value was greater than +7 and the
trans value was greater than +6. The -calculated
chemical shift values also supported the conclusion that
the methyl group experienced some averaged (axial-
equatorial) conformational atmosphere.

2-£erf-Butyl-4-methyl-1 ,3-dioxacycloheptane. —Con-
figurational assignments for cis- and frcms-2-ferf-butyl-
4-methyl-l,3-dioxacycloheptane were made on the basis

(17) D. K. Dallingand D. M. Grant, J. Amer. Chem. Soc., 94, 5318 (1972).
(18) J. D. Roberts, F. J. Weigert, J. I. Kroschwitz, and H. J. Reid, J.
Amer. Chem. Soc., 92, 1388 (1970).

IV depict the chair conformers of frans-2-ierf-butyl-4-

Chart |11
Conformers of

¢mus-2-ierE-BuTYL-4-METHy1-1,3-dioxacycloheptane

24 25 26

Chart IV
Conformers of
CIS-2-ieri-BuTYL-4-METHYL-I,3-DIOXACYCLOHEPTANE

27 28 29 30

methyl-1,3-dioxacycloheptane and m-2-ierf-butyl-4-
methyl-1,3-dioxacycloheptane, respectively. Conform-
ers with an axial ¢erf-butyl group were excluded on the
basis of severe steric interactions. T wist-boat and boat
conformations were considered to be of sufficiently high
energy so as to provide only a minor contribution to the
conformational array. Only one twist-boat conforma-
tion could have been considered for the cis isomer but it
required a paramagnetic carbon-13 chemical shift at
C(7), which was not consistent with the spectrum. For
the trans isomer the most reasonable twist-boat re-
quired a paramagnetic carbon-13 chemical shift at
C(4), which was also not consistent with its spectrum.

A study of models for the conformers of the trans
isomer indicated that conformations 20, 21, 23, and 25
would make little contribution to the conformational
array by virtue of the severe steric interactions. For
example, conformer 20 showed one synO-diaxial 1,3-
M e-H interaction and one syn-diaxial 4,7-Me-H inter-
action. Accordingly, only conformers 22, 24, and 26
were left to account for the proton and carbon-13 nmr
spectra.
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Conformers 22 and 24 were expected to give low-field
chemical shifts for the axial methine C(4) protons be-
cause they were directly opposed to an oxygen atom
across the ring and conformer 26 had an equatorial
proton, which normally absorbs at lower field than an
axial proton. The high-field C(4) proton absorption
for the cis isomer was consistent with that conforma-
tional array, since the proton was axial for five of the
conformations and was not found in a position opposed
to oxygen.

The carbon-13 data were consistent with this in-
terpretation, since the C(2) absorption for the trans
isomer indicated a paramagnetic shift from conformer
26. Examination of models for the conformers of the
cis isomer dictated that none of the conformers could be
discarded due to severe steric interactions and none of
the conformers would give a paramagnetic shift at
C(2). Accordingly, the assignments were made as
indicated in the tables with the C(2) chemical shift for
the trans isomer at 106.39 ppm. The remaining chemi-
cal shifts were found to be consistent with parameters
from Eliel, Grant, and Roberts.

Equilibrium Studies, cis- and £rans-2-£frE-Butyl-5-
methyl-1,3-dioxacycloheptane.~All attempts to sepa-
rate the isomers of 2-feri-butyl-5-methyl-l,3-dioxacyclo-
heptane were unsuccessful. The carbon-13 nmr in-
dicated that both isomers were present in equal con-
centration. This isomer mixture was equilibrated (see
Experimental Section) until the carbon-13 nmr spectra
gave consistent areas19 for the methyl, C(4), and C(7)
peaks. Fortunately, the peaks were of equal area, so
that it was not necessary to make unequivocal assign-
ments for each of the absorptions. A —AG°& of
0.0 £ 0.5 kcal/mol was calculated for the 1:1 mixture.2

cis- and hw(s-2-terf-Butyl-4-methyl-l,3-dioxacyclo-
heptane.—Equilibrium for the cis- and tians-2-tert-
butyl-4-methyl-1,3-dioxacycloheptane was approached
from both directions using samples of 95% purity.
Relative concentrations of isomers were determined by
integration of each of the nmr peaks for the C(2) axial
proton and by integration of the appropriate peaks of
the gas chromatograms. The cis:trans equilibrium
ratio was found to be 1.9:1 and the —A(7°3% value was
calculated to be 0.45 + 0.05 kcal/mol.

Discussion

The low —A(7° values for the 2-ierf£-butyl-4-methyl-
and 2-Eerf-butyl-5-methyl-1,3-dioxacycloheptane isom-
erizations indicate that there are numerous low-energy
conformations available for each of the systems. The
—AG® of 0.45 kcal/mol for 2-ierf-butyl-4-methyl-1,3-
dioxacycloheptane isomerization compares favorably
with Eliel'’s —AG® value of 0.27 kcal/mol for the isom-
erization of 2-ferf-butyl-4-methyl-1,3-dioxolane,2l for
which he suggested the availability of numerous low-
energy conformations. The —AG° values of 2.9

(19) To reduce the probability that areas for the C(2), C(7), and methyl
sets of absorptions were not the results of different relaxation rates, the spec-
tra were run at three different pulse rates. The ratios of the areas remained
constant.

(20) These equilibrations were run for 8, 24, and 148 hr in order to give
reasonable assurance that equilibrium had been reached. These times ex-
ceed those required for the equilibration of 2-ferf-butyl-4-methyl-1,3-dioxa-
cycloheptanes and the 1,3-dioxolanes.

(21) w. E. Willy, G. Bensch, and E. L. Eliel, 3. Amer. Chem. Soc., 92,
5394 (1970).

Gianni, Saavedra, and Savoy

kcal/mol for 2-ferf£-butyl-4-methyl-l,3-dioxacyclohex-
anell and 1.96 kcal/mol for 1,4-dimethylcyclohexane
are high in contrast to those mentioned above, since
they are restricted to chair conformations in which the
substituent must assume either axial or equatorial
positions.

The enthalpy difference between cis- and trans-1,3-
dimethylcycloheptane is approximately zero.9 Calcula-
tion of the enthalpy difference between cis- and trans-
2-ferf-butyl-4-methyl-l,3-dioxacycloheptane gives a
value of 0.14 kcal/mol, assuming that the entropy con-
tribution is due entirely to entropy of mixing (R In 7 3.
All allowable conformers in Charts | and || were given
equal weight for this calculation.2324

The AG° value of 0.0 kcal/mol for 2-ferf-butyl-5-
methyl-l,3-dioxacycloheptanes contrasts with a AG°
value of —0.84 kcal/mol for 2-fer£-butyl-5-methyl-Il,3-
dioxacyclohexanes and a AG° of —1.9 kcal/mol for
1,4-dimethylcyclohexanes. The enthalpy difference for
the 1,4-dimethylcyclohexanes is also close to zero.
Calculation of the enthalpy difference for the 2-tert-
butyl-5-methyl-1,3-dioxacycloheptanes, assuming that
the entropy contribution is due to mixing (R In 759,
gives a value of 0.24 kcal/mol, in good agreement with
the value for 1,4-dimethylcyclohexanes.

The data support the concept of numerous low-
energy conformations as an explanation for the low
AG° values in pseudorotating systems. The suggestion
that a combination of any two of the steric interactions
is sufficiently severe to prohibit a pseudorotational
sequence or severely limit the conformational array is
strengthened by the enthalpy calculations.

Experimental Section

Proton nmr spectra were recorded on a Varian A-60A instru-
ment. Samples were run as 10% solutions in carbon tetrachloride.
All chemical shifts are reported in r units. The carbon-13 nmr
spectra were recorded at 25.15 MHz on a HA-100D nmr spec-
trometer interfaced to a Digilab NMR-FTS-3 pulse and data
system. The samples were neat liquids. The number of data
points was 8K or 16K as required to obtain satisfactory resolu-
tion. Spectra were recorded with broad band decoupling. All
chemical shifts were referenced to internal TMS and reported
in parts per million. All m/e values were determined on a AEI
MS-9 high-resolution mass spectrometer. Separations were

(22) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, “Con-
formational Analysis,” Interscience, New York, N. Y., 1965.

(23) The steric interaction energies required to estimate the percentages
of each of the conformers are not available. The best (or worst) that can
be done is to assume equal concentrations. This assumption is consistent
with the values calculated for theC(2) carbon-13 chemical shifts.

(24) A reviewer has expressed concern that the anomeric effect may have
a major role in the determination of conformer concentrations [G. Baddely,
Tetrahedron Lett., 1645 (1973), and references cited therein]. A study of
models indicates that the anomeric effect will disfavor 5 and 7 (Table I).
Conformer 5 is probably best represented as atwist-chair, asindicated earlier,
but a twist—hair for 7 will severely diminish the required paramagnetic
shift at C(2). A twist-boat for 5 makes the anomeric effect less significant
while a twist-boat for 7 reduces the anomeric effect but creates new steric
interactions at C(4) and C(7). Anomeric effects for 8, 9, 10, and 11 (Table
1) are probably small compared with the highly unfavorable steric interac-
tions for both the chair and twist-chair conformations. Conformations
16, 17, 18, and 19 (Table I1) have been rejected on the basis of steric effects
and the nmr spectra. The twist-chair conformations must be rejected on
the same basis, ref 15. The anomeric effect will disfavor 12, 13, and 14.
Twist-chair conformations for 12 and 14 relieve the 4,7-diaxial interactions
and the anomeric effects would be less significant. However, conformer 14
accounts very well for the paramagnetic shift at C(5). There is no evidence
that only one conformer in any of these compounds predominates. It is
not clear how important energetically the anomeric effect is in these com-
pounds. The chemical shift parameters would indicate that the anomeric
effect is not strong enough to completely disfavor conformations such as 7
and 14.
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carried out on a Hewlett-Packard F & M 5752 gas chromatograph.
The infrared spectra were recorded on a Beckman IR-8 instru-
ment and the absorpton values are reported in microns.

1.3- Dioxacycloheptane, 1,3-dioxacyclohept-4-ene,5 2-methyl-

1,4-butanediol,Band 1,4-pentanediolZwere prepared as described
in the literature.

13- Dioxacycloheptanes.
tion of 4-methyl-1,3-dioxacycloheptane is described as a repre-
sentative example. A mixture of 10.4 g (0.1 mol) of 1,4-pentane-
diol, 3.0 g (0.1 mol) of paraformaldehyde, 100 ml of benzene, and
50 mg of p-toluenesulfonie acid was refluxed using a Dean-Stark
distillation trap. The reaction was terminated when 1.8 ml of
water was evolved. The mixture was fractionally distilled at
atmospheric pressure to give 10.8 g (89%) of the desired product:
bp 105-107° (760 Torr); raxd 1.4226; ir (neat) 3.41, 8.46, 8.71,
8.90_ N;. M/€ 116 (parent peak).

4,7-Dimethyl-1,3-dioxacycloheptane.— The mixture of isomers
had bp 65° (760 Torr) and the yield was 37%. The relative
concentrations of the isomers were 78% eis and 22% trans. The
diastereoisomers were separated by glpc (8 ft 10% Apiezon-
Chromosorb column). The trans isomer was the first peak:
nX&d 1.4269; ir 3.43, 3.49, 7.32, 8.68, 8.87, 9.09, and 9.26 p;
HI nmr CH2(5,6) 8.27 ppm; m/e 130 (parent peak).

The cis isomer was the second peak: nZd 1.4214; ir (neat)
3.38, 3.44, 7.35, 8.68, 8.87, and 9.06 PI; mle 130 (parent peak).

2-terf-Butyl-4-methyl-1,3-dioxacycloneptane.—The mixture of
isomers was distilled at 35° (1 Torr) and the yield was 72%.
The isomers were separated by glpc (8 ft 10% Apiezon-Chromo-
sorb column) and the cis isomer was the first peak: nao 1.4291;
ir 3.43, 3.49, 6.74, 8.77, 9.15, and 9.52 p; *H nmr £«rf-butyl 9.15,
CH2 (5,6) multiplet 8.30 ppm; I13C nmr ferf-butyl (C) 36.64,
Zerf-butyl (CH3) 25.10 ppm; mle 116 (P — fer£-butyl).

The trans isomer was the second peak: nZd 1.4304; ir (neat)

(25) K.C.Branncock and G. Lappin, J.Org. Chem.,21, 1366 (1956).

(26) R. Rossi, P. Diversi, and G. Ingrosso, Gazz. Chim. Ital., 98, 391
1968).

(27) C. Fugantiand D. Ghiringhelli, Gazz. Chim. Ital., 99, 316 (1969).

Nonclassical Condensed Thiophenes. 1llI.
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3.41, 3.49, 6.73, 8.82, 9.03, 9.21, and 9.47 p; HI nmr (CC1,)
ferf£-butyl 9.15, CH25,6) multiplet 8.33 ppm; 13 nmr ieri-butyl
(C} 36.21, terl-butyl iCH3) 25.36 ppm.

-ferf-ButyI-S-me?hy -1,3-d|oxacycfoheptane._The mixture of
isomers was isolated in 45% yield: bp 44° (1 Torr); nZ&d 1.4323;
ir (neat) 3.38, 3.48, 6.79, 6.90, 7.38, 8.33, and 8.93 p; HI nmr

General Procedure.—The prepara- (CCh) £eri-butyl 8.92; 13 nmr £crt-butyl (C) 36.57, £erf-butyl

(CH3) 25.17; m/e 116 (P —.erl-butyl).

4- MethyI-I,3-||0xacycloheptane._The product was isolated in

89% yield: bp 105° (760 Torr); ra"D 1.4226; ir (neat) 3.41,8.46,
8.71, and 8.90 p\ HI nmr (CCh) Me 8.83, 0CH® 5.32, CH 6.15,
OCHZC multiplet at 6.26 ppm; m/e 116 (parent peak).

5 Methyl-l,3-d|0xacycloheptane._The product was isolated in
44% yield: bp 48° (0.3 Torr); nZ&d 1.4266; ir (neat) 3.41, 8.71,
8.90, and 9.43 p; HI nmr (CCh) Me 9.33, OCH® 5.37, CHj-
OCHD multiplet 6.49, CH 8.41, CH2multiplet 8.35 ppm; m/e
116 (parent peak). .

Equilibration of cA-2-ter£-Butyl-4-methyH,3-dioxacyclohep-
tane.—A 50-ml three-neck flask equipped with a condenser,
thermometer, and drying tube was charged with 0.54 gof cis-2-
<eri-butyl-4-methyl-1,3-dioxacycloheptane, 5 mg of p-toluene-
sulfonic acid, and 10 ml of dry benzene. The mixture was heated
to reflux for periods of 8, 24, and 148 hr and analyzed by glpc.
The response ratio for the glpc was found to be 1.0. The equilib-
rium ratios were identical with those found by integrating the
C(2) proton areas of the nmr spectra. The cis: trans equilibrium
ratio was found tq be 1.91:1. i

Eqmﬁbratlon of £r«ns-2-f1cr£-ButyI-4-methyI-I,3-d|oxacyclohep-
tane.—The procedure for this equilibration was the same as
described for the cis isomer. The cis:trans equilibrium ratio
was 1.9:1.
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The reaction of phosphorus pentasulfide and xylene with 1,2,4,5-tetrabenzoylbenzene (13) and with 1,3,6,7-

tetraphenyl-4,5-dibenzoylisothianaphthene
thiophene 61
of 14 and 20 affords diketones 18 and

4) and 4,8-dihydrohexaphenylbenzo[l,2-c:4,5-c'ldithiophene (20 , respectively.
The intermediacy of J and 10in these transformations is consistent with

affords 4,8-dihydro-1,3,5,7-tetraphenylbenzo[l,2-c:4,5-c']di-

Dehydrogenation

similar reactions carried out on the recently synthesized compound 10.

We have reported the synthesis of a number of non-
classical isocondensed thiophenes for which the only
uncharged resonance contributors are those structures
containing tetracovalent sulfur (1-3).1 Other five-
membered heterocycles containing tetracovalent sulfur
have been reported. In these compounds, at least one
sulfur is directly bonded to a heteroatom (4-6)2'3or
is in conjugation with a heteroatom whose lone elec-
tron pair is not used in irbonding (7 and 8).4 We have
now examined an approach to the synthesis of several

(1) (& M. P. Cava and G. E. M. Husbands, J. Amer. Chem. Soc., 91,
3952 (1969), and references cited therein; (b) M. P. Cava and M. A. Sprecker,
ibid., 94, 6214 (1972); (c) for a general review of this work see M. P. Cava,
Int. J. Sulfur Chem,, in press.

(2) M. Carmack, R. W. Street, and R. Y. Wen, 158th National Meeting of
the American Chemical Society, New York, N. Y., Sept 1969, Abstract
ORGN-54.

(3) J. D. Bower and R. H. Schlessinger, J. Amer. Chem. Soc., 91, 6891
(1969).

(4) K. T. Potts and D. McKeough, J. Amer. Chem. Soc., 94, 6215 (1972).

derivatives (9 and 10) of the benzo[1,2-c:4,5-c']dithio-
phene system which, although unsuccessful, involves
the generation of compounds 9 and 10 as reaction inter-
mediates.6

Tetrakisbromodurene (11)6was converted to 1,2,4,5-
tetrabenzylbenzene (12) by reaction with benzene in
the presence of anhydrous ferric chloride.7 Chromic
acid oxidation of 12 afforded the corresponding tetra-
ketone 13 in 70% yield.8 Treatment of 13 with phos-
phorus pentasulfide in boiling xylene yielded, as the

(5) The isolation of crystalline compound 10 was reported after the writing
of the first draft of this paper: K. T. Potts and D. McKeough, J. Amer.
Chem. Soc., 95, 2750 (1973).

(6) W. Reid and H. Boden, Ber., 89, 2328 (1956).

(7) The preparation of 12 from the less readily available tetrakischloro-
durene has been reported: V. G. Dreschler and W. Genill, J. Prakt. Chem.,

26, 24 (1964).
(8) E. Profit, V. G. Dreschler, and H. Oberender, Chem. Abstr., 55, 2564

(1961).
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Ph Ph Ph Ph Ph Ph

Ph Ph  ph

only isolable product (15%), 4,8-dihydro-1,3,5,7-tetra-
phenylbenzo [1,2-c: 3,4-c']dithiophene (14).

The assigned structure of dithiophene 14 was sup-
ported by its spectral properties, which were incon-
sistent with the anticipated isothianaphthene structure
15. Compound 15 would be expected to show visible
adsorption near 388 nm, which is the observed value
for 1,3-diphenylbenzo[c]thiophene 16.9 The observed
uv spectrum for 14, however, is quite similar to that
of 1,3-dihydrotetraphenylthieno[3,4-c]thiophcne (17),
which has a similar chromophore. Furthermore, the
benzylic protons of 14 appear at $4.05 (four-proton
singlet), as compared to the corresponding protons at
6 5.80 (two proton singlet) observed for the dihydro-
thienothiophene 17, a model for the isomeric sulfide
15.9

Attempted dehydrogenation of 14 to the fully aro-
matic compound 9 by DDQ in boiling o-dichlorobcn-
zene resulted in the partial conversion of 14 to di-

XC

11, R=CH,Br
12, R= CH,Ph
13, R = COPh

Ph R Ph

Ph R Ph
1I5R=H
25, R= Ph

(9) M. P.cavaandJ McGrady, Chem. Commun., 1648 (1968).
(10) M. P. Cava, M. Behforouz, G. E. M. Husbands, and M. Srinivasan,
J. Amer. Chem. Soc., 90, 2561 (1973).

Cava and Sprecker

ketone 18.11 Similar treatment of degassed solutions
of 14 with DDQ and tetracyanoethylene,12 respec-
tively, resulted only in the isolation of small amounts
of starting material.

The reaction of dibenzoylacetylene with thienothio-
phene lla yielded 4,5-dibenzoyltetraphenylisothia-
naphthene (19).13 When diketone 19 was refluxed for a
short time with phosphorus pentasulfide in xylene un-
der nitrogen, the solution exhibited a deep blue color.
The blue product, which was apparently benzodithio-
phene 10, could not be isolated chromatographically
owing to its sensitivity to oxygen. When the original
reaction was run for several hours, the blue color slowly
faded and the colorless 4,8-dihydrohexaphenylbenzo-
[1,2-c:4,5-c']dithiophene (20) was formed in 70%
yield. 4

Molecular models indicate that the least hindered
configuration of 20 is the cis-i,8-diphenyl isomer with
the central phenyl groups occupying axial positions as
shown in 20a. The nmr exhibits a singlet at § 5.80
(2 H) and two aromatic multiplets at 6.55-6.70 (10 H)
and 7.02-7.42 (20 H). The benzylic protons absorb
approximately 0.5 ppm downfield from the observed
signal in 9,10-dihydro-9,10-diphenylanthracene, indi-
cating that they are deshielded by adjacent phenyl
groups.’6 Furthermore, the aromatic adsorptions cor-
respond to four normal and two shielded (axial) phenyl
groups, fully consistent with the structure assigned in
20a.

The attempted aromatization of 20 by DDQ in
boiling o-dichlorobenzene resulted in partial oxidation
to isothianaphthene 19. Treatment of degassed solu-
tions of 19 with DDQ and tetracyanoethylene, as be-
fore, resulted only in the isolation of small amounts of
starting material.

Discussion

After the completion of the work described above,
other workers reported that the reaction of diketone 19

(11) DDQ has been used to generate and trap pleiadene as a Diels-Alder
adduct: J. W. Loun and A. S. K. Aidoo, CanJ. Chem., 49, 1848 (1971).

(12) Tetracyanoethylene has been used to generate and trap anthracene
from 9,10-dihydroanthracene: D. T. Longone and G. L. Smith, Tetrahe-
dron Lett., 205 (1962).

(13) The reaction of tetravalent thiophene derivatives with dienophiles is
well documented. Seerefland4.

(14) The unsubstituted 4 8-dihydrobenzo[l,2-c: 4,5-c']ldithiophene has
been synthesized by D. W. H. MacDowell and J. C. Wisowaty, J. Org.
Chem., 37, 1712 (1972).

(15) The benzylic protons of 9,10-dihydro-9,10-diphenylanthracene are
found at S5.28: W. Theilacker, K. Albrecht, and H. Uffman, Ber., 98, 428
(1965).
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with phosphorus pentasulfide in pyridine afforded 10
as a blue, crystalline solid.6 We have repeated the
preparation of 10 and found that, when 10 was refluxed
with phosphorus pentasulfide in xylene, decolorization
took place with the formation of the dihydro com-
pound 20. This reaction is analogous to the reduction
of the stable thienothiophene 1 under similar condi-
tions.10

The reduction of 9 and 10 could theoretically pro-
ceed in either of two ways to yield isothianaphthenes
(25 and 15) or dithiophenes (14 and 20). The forma-
tion of the dithiophenes as the only isolable products is a
consequence of the greater delocalization energy of two
isolated thiophene units as compared with a single iso-
thianaphthene unit.®6 Thus the conversion of dike-
tones 13 and 19 to the reduced dithiophenes provides
good evidence for the intermediate formation of benzo-
dithiophenes 9 and 10.

The oxidative dehydrogenation of dihydro com-
pounds 14 and 20 to diketones 18 and 19 is also most
readily explained as proceeding via benzodithiophenes
9 and 10. In the tetraphenyl case, dehydrogenation to
the fully unsaturated heterocycle 9, followed by addi-
tion of oxygen across the central ring, would yield dione
18 via peroxide 21, a process analogous to the photo-
oxidation of anthracene to anthraquinone.7 In the
hexaphenyl case, the addition of oxygen could proceed
reversibly to afford the corresponding peroxide (22),
as is observed for hexaphenylanthracene (23).18 How-
ever, addition of oxygen across either five-membered
ring would yield diketone 19 via the formation of an
unstable thioozonide intermediate.9 A similar reac-
tion is observed in the oxidation of thienothiophene 1
to the dibenzoylthiophene 24.10

Ph  Ph Ph Ph 0
Ph Ph Ph
21, R=H 23 24

22, R=Ph

With the recent availability of crystalline 10, we in-
vestigated the behavior of this compound under our
oxidation conditions. When a benzene solution of 10
was warmed with DDQ in the presence of air, rapid oxi-
dation was observed with the formation of diketone
19. Indeed, a solution of 10 in xylene was oxidized
slowly to 19 by air alone at room temperature.2

In view of the high reactivity of the isolable hcxa-
phenyldithiophene 10, it is not surprising that the less
substituted tetraphenyl analog, 9, would be an even
more reactive species. Indeed, an attempted synthesis

(16) Dewar has calculated that the resonance energy of thiophene is 6.5
kcal/mol as compared with 9.3 kcal/mol calculated for isothianaphthene:
M. J. S. Dewar and N. Trinajstic, J. Amer. Chem. Soc., 92, 1453 (1970).

(17) A. Schonberg, “Preparative Organic Photochemistry,” Springer-
Verlag, New York, “N. Y., 1968,” p389.

(18) Y. Lepage and O. Pouchot, Bull. Soc. Chim. Fr., 2342 (1965).

(19) (a) C. N. Skold and R. H. Schlessinger, Tetrahedron Lett., 791 (1970);
(b) H. H. Wasserman and W. Streklow, ibid,, 795 (1970); (c) J. M. Hoffman,
Jr., and R. H. Schlessinger, ibid., 797 (1970).

(20) Both crystalline 10 and its dark blue toluene solution exhibited an esr
signal at liquid nitrogen temperatures. A referee has pointed out that this
signal (sharp peak, g = 2.0024) is almost certainly not that of the thermally
excited triplet of 10, but is most likely due to a small amount of a radical
formed by oxidation of the easily oxidized 10.
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of 9 from tetrabenzoylbenzene (13) and the phosphorus
pentasulfide-pyridine reagent gave only a complex
mixture of unidentified yellow products under condi-
tions which convert 19 into 10 in virtually quantitative
yield.

Experimental Section

General.—Melting points are uncorrected. Elemental analy-
ses were carried out by Midwest Microlabs, Indianapolis, Ind.
Spectra were recorded on a Perkin-Elmer Model 137 ir spectro-
photometer, a Perkin-Elmer Model 202 uv-visible spectro-
photometer, a Varian Model HA-100D nmr spectrometer, a
Perkin-Elmer Model 270B mass spectrometer, and a Varian
V-4502 esr spectrometer. Recovered starting materials were
identified (ir, tic) by comparison with authentic samples.

1.2.4.5-
ferric chloride (1.0 g) and 11 (10 g) in benzene (150 ml) was
refluxed overnight. Evaporation and chromatography (300 g
of neutral grade | alumina, 10% benzene-hexane) yielded 12
as a white, crystalline solid (4.9 g, 48%), mp 132-135° (lit.7mp
140°).

1.2.4.5- Tetrabenzoylbenzene (13).—The oxidation of 12 to 13
has been previously reported, but without experimental details.8

A slurry of 12 (1.79 g, 3.9 mm) and chromium trioxide (3 g, 30
mm) in acetic ac:d (200 ml) was refluxed for 2hr. Up°n addition
of water, a light green powder was recovered. Recrystallization
from acetic acid yielded 13 as colorless plates (1.25 g, 70%), mp
259-261° (lit.8mp 261-263°).

1,3,5,7-Tetraphenyl-4//,8//-benzo [1,2-c:4,5-c'] dithiophene
(14).—A mixture of tetrabenzoylbenzene (2 g) and phosphorus
pentasulfide (2 g) was refluxed (N2 in 200 ml of xylene for 3 hr.
The solvent was evaporated in vacuo and the residue was dis-
solved in a small portion of benzene and chromatographed on
neutral grade | alumina (100 g) using benzene-hexane (1:10) as
the eluent. The resulting yellow solution afforded 14 as color-
less prisms (290 mg, 14.5%) after recrystallization from benzene:
mp >320°;, nmr (C4LI6at 180°) s4.05 (s, 4 H), 7.02-7.46 (m,
20 H); uv (CHALI2 Xmex 262 nm (log e4.53), 306 (4.50); mass
spectrum m/e 496 (M+).

Anal. Calcd for CIHZX52 C, 82.24; H, 4.87; S, 12.89.
Found: C, 82.50; H, 4.98; S, 13.17.
1.3.5.7- Tetraphenyl-4if,8if-benzo[l,2-c: 4,5-c"] dithiophene-4,8

dione (18).—A solution of DDQ (150 mg, 0.5 mmol) and
dithiophene 14 (100 mg, 0.2 mmol) was refluxed overnight in 15
ml of o-dichlorobenzene. The solvent was removed in vacuo
and the black residue was dissolved in a small portion of benzene
and chromatographed (40 g of grade | neutral alumina). Ben-
zene elution yielded 14 (10 mg, 10%). Chloroform elution
afforded an orange solution which upon evaporation and crystal-
lization from benzene yielded yellow crystals of 18 (40 mg,

37.5%): mp >320° uv (C2H4cI2) X™, 275 nm (log « 4.52),
348 (3.96); ir (KBr) 6.05 u (C=0); mass spectrum m/e 524
(M+).
Anal. Calcd for CIHDSD 22 C, 77.85; H, 3.84. Found:
C, 77.60; H, 4.06.
1.3.4.7-Tetraphenyl-5,6-dibenzoylisothianaphthene  (19).—A

solution of thienothiophene 1 (100 mg, 0.23 mmol) and di-
benzoylacetyler.e (61 mg, 0.26 mm) in 25 ml of xylene was re-
fluxed under nitrogen for 6 hr. The xylene was evaporated and
a yellow solid was recovered (silica gel ptlc, benzene). Crystal-
lization from benzene yielded yellow needles of 19 (90 mg, 61%):
mp 296-297°; uv (dioxane) Xmax240 nm (log t 4.37), 261 (4.58),
280 (4.35), 400 (3.92); ir (KBr) 6.0 m (C=0); mass spectrum
m/e 646 (M +).

Anal. Calcd for CA43B02 C, 85.43;
Found: C, 85.14; H, 4.81; S, 5.09.

Hexaphenyl-4#,8R-benzo [1,2-c:4,5-c"] dithiophene (20).—A
mixture of isothianaphthene 19 (1.00 g) and PZX5 (3 g) was re-
fluxed in 100 ml of xylene for 4 hr. The reaction was filtered
and the dark residues were extracted with hot benzene. Chro-
matography (neutral grade | alumina, benzene) yielded white
needles of 20 (730 mg, 73.6%,): mp 302°; nmr (CDCI3) « 5.80
(s, SH), 6.55-6.70 (m, 10H), 7.02-7.42 (m, 20 H); uv (C2H4C12
Xmex 233 nm (log e4.31), 258 (4.32), 300 (4.34); mass spectrum
m/e 648 (M +).

Anal. Calcd for C«<H352 C, 85.16;
Found: C, 84.90; H, 5.12; S, 9.67.

H, 4.68; S, 4.95.

H, 4.97, S, 9.87.

Tetrabenzylbenzene (12).—A mixture of anhydrous
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Reaction of 20 with DDQ.—A solution of DDQ (71 mg, 0.31
mmol) and 19 (100 mg, 0.155 mm) in 20 ml of o-dichlorobenzene
was refluxed overnight. The black solution was filtered and
evaporated in vacuo. Chromatography on grade 1 neutral
alumina yielded 20 (20 mg, 20%) upon benzene elution and 19
(65 mg, 65%) upon chloroform elution.

Attempted Reaction of 14 with DDQ in the Absence of Oxygen.
— A thoroughly degassed solution of 14 (100 mg, 0.2 mm) and
DDQ (150 mg, 0.6 mm) in o-dichlorobenzene (15 ml) was heated
at 180° overnight in a sealed tube. The dark solution was
filtered, reduced in volume (in vacuo), and chromatographed on
neutral grade | alumina. Benzene elution yielded 14 (20 mg,
28% recovery) as the only isolable compound.

Reaction of 14 with Tetracyanoethylene in the Absence of
Oxygen.—A degassed solution of 14 (150 mg, 0.3 mmol) and
TCNE (96 mg, 0.75 mmol) in o-dichlorobenzene (10 ml) was
heated in a sealed tube as above. Work-up yielded 14 (110 mg,
73%) as the only product.

Reaction of 20 with TCNE in the Absence of Air.—The above
procedure carried out using 20 (150 mg, 0.23 mmol) and TCNE
(74 mg, 0.58 mmol) resulted in the recovery of 20 (80 mg, 53%).

Reaction of 20 with DDQ in the Absence of Air.—Reaction of
20 (100 mg, 0.125 mmol) and DDQ (106 mg, 0.4 mmol) was
carried out as above, resulting in the recovery of 28 mg of starting
material.

Traynelis, et al.

Reaction of Pure 10 with Phosphorus Pentasulfide and Xylene.
—A mixture of crystalline 10s (200 mg), phosphorus pentasulfide
(400 mg), and xylene (10 ml) was refluxed for 30 min (N2).
Alumina chromatography (benzene) yielded white needles of 20
(145 mg, 73%).

Oxidation of Pure 10 with DDQ in the Presence of Air.—A
solution of 10 (100 mg) and DDQ (70 mg) in benzene (10 ml) was
warmed for 2 min on a steam bath. Chromatography (silica,
benzene) yielded diketone 19 (53 mg, 53%).

Air Oxidation of Pure 10.—A stream of air was passed through
a suspension of 10 (50 mg) in xylene (20 ml) at room temperature
for 2 hr with the exclusion of light. Chromatography (silica,
benzene) yielded diketone 19 (22 mg, 44%).
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The reaction of 2,3-dihydro-I-benzothiepin (7) and sulfuryl chloride at low temperatures gave approximately
equal amounts of cis- (10) and irares-4,5-dichloro-2,3,4,5-tetrahydro-l-benzothiepin (11), characterized as their
corresponding sulfones 12 and 13, respectively. Chromatography of cis-12 or reaction with KOH produced 5-
chloro-2,3-dihydro-I-benzothiepin (14). Elimination reactions and nmr spectra were used to assign stereochem-
istry. When 7 was treated with 1or 2 equiv of A-chlorosuccinimide, 2-chloro- (8) or 2,2-dichloro-2,3-dihydro-I-
benzothiepins (19) were formed and converted to their sulfones 18 and 20, respectively. An explanation for the
different outcome of these two reactions is presented. The reaction of 8, 19, or 2,4-dichloro-2,3-dihydro-1-benzo-
thiepin (24) with strong base gave 1-benzothiepin (9), 2-chloro-I-benzothiepin (27), and 4-chloro-I-benzothiepin
(28). All of these compounds decomposed slowly at room temperature with extrusion of sulfur and formation
of naphthalene. The I-benzot,hiepins were oxidized to their corresponding sulfones 25, 31, and 32, which were
also prepared by dihydrochlorination of the a-chloro sulfones 18, 20, and 2,4-diehloro-2,3-dihydro-I-benzothiepin
1,1-dioxide (33). The thermal stability, mass spectra, and nmr spectra are discussed for both the 1-benzothiepins
and their sulfones. The structure of these compounds appears to contain a puckered thiepin ring.

Several literature reports2-4 have appeared in recent
years which described the isolation of substituted 1-
benzothiepins 1-6. Most of these compounds 1742'3
were enol derivatives in which the parent enol preferen-
tially tautomerizes to the keto structure. One excep-
tion is 6,4 obtained by mild hydrolysis of 5, which
exists in the enol form, most likely owing to intra-
molecular H bonding with the adjacent methoxy-
carbonyl group. These 1-benzothiepin derivatives

(1) (a) For part V1 in this series see V. J. Traynelis, J. C. Sih, ard D. M.
Borgnaes, J. Org. Chem., 38, 2629 (1973). (b) Presented in part before the
Organic Division at the 164th National Meeting of the American Chemical
Society, New York, N. Y., Aug 1972, and at the 160th National Meeting
of the American Chemical Society, Chicago, 111, Sept 1970. (c) Abstracted
from a portion of the Ph.D. Dissertation submitted by Y. Y. in May 1973
and by J. C. S. in Dec 1971 at West Virginia University, (d) Abstracted
from a portion of the Ph.D. Dissertation submitted by J. R. L., Jr., in March
1962 at the University of Notre Dame.

(2) H. Hofmann and H. Westernacher, Chem. Ber., 102, 205 (1969).

(3) H. Hofmann, B. Meyer, and P. Hofmann, Angew. Chem., Int. Ed.
Engl., 11, 423 (1972).

(4) D. N. Reinhoudt and C. G. Kourvenhoven, Chem. Commun., 1233
(1972).

appear to be stable at room temperature but extrude
sulfur at elevated temperatures.

In this paper we wish to report the successful synthe-
sis of the parent heterocycle 1-benzothiepin (9) and
some of its chlorinated derivatives and their subsequent
conversion to the corresponding 1-benzothiepin 1,1-
dioxides. These synthetic approaches reflect a general
method for producing this class of condensed thiepins.

The key precursor in these synthetic schemes was
2-chloro-2,3-dihydro-I-benzothiepin (8). In a previous
publication5 we examined the use of sulfuryl chloride
for the a-chlorination6 of 2,3-dihydro-l-benzothiepin
(7). When these reactants were refluxed in petroleum
ether (bp 30-60°) and NaHCO03 the products isolated
were sulfur (3-5%), naphthalene (5-10%), and un-
identified chlorinated compounds. The origin of sulfur

(5) V. J. Traynelis and J. R. Livingston, Jr., J. Org. Chem., 29, 1092
(1964).

(6) (a) F. G. Bordwell and B. M. Pitts, J. Amer. Chem. Soc., 77, 572
(1955); (b) L. A. Paquette and L. S. Wittenbrook, ibid., 90, 6790 (1968).
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OR CeH, OR CeH,
OCCH,
S’ € r 'S T 0
L R=CH, 3, R = CH3
2, R=CHX =0 4, R = CHX =0
6, R = OH

and naphthalene was rationalized by a-chlorination of 7
to give 8, which lost hydrogen chloride to form 1-

benzothiepin (9), and subsequent sulfur extrusion in 9
gave sulfur and naphthalene.

The reaction of 7 and sulfuryl chloride was repeated,
in which the reagents were mixed at —78° and kept at
—20° for 1 week. The major products obtained by this
procedure were Cis- and /rans-4,5-dichloro-2,3,4,5-tetra-
hydro-l-benzothiepin (10 and 11, respectively) in a
ratio of 34:66 cis:trails (determined by nmr analysis).
No evidence for the presence of naphthalene was ob-
served. Since these dichloro adducts 10 and 11 were
thermally sensitive, they were not separated but the
mixture was converted to the corresponding sulfones 12
and 13 (ratio 35:65 cis:trans) for characterization and
structural assignment. Column chromatography of the
sulfone mixture led to the pure trans isomer 13, but the
cis isomer 12 lost hydrogen chloride and was converted
to 5-chloro-2,3-dihydro-l-benzothiepin 1,1-dioxide (14).
In an independent experiment 12 was exposed to
prolonged column chromatography on alumina and
gave 91% conversion to 14. Separation of sulfones 12
and 13 was accomplished by fractional crystallization,
and structural assignments for 12,13, and 14 were based
on proper elemental analysis and consistent ir and nmr
spectra for each.

The facile elimination of hydrogen chloride from cis-
12 by KOH in ethanol in contrast to the absence of
elimination from trans-13 by KOH in ethanol favored
the assignment of cis stereochemistry to 12. These
stereochemical assignments are further supported by
the coupling pattern of the C5 H, which was a singlet
in cis-10 and 12 (dihedral angle between the C4and C6
hydrogens was approximately 90°) and a doublet in
irons-11 and 13 (J = 8 and 7 Hz, respectively, dihedral
angle between the C4 and C5 hydrogens was approxi-
mately 0° or 180°). Similarly, the nmr spectra of
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s0..a (66%)

m-CIC6HJIC03H
(61% yield)

trans-4,5-dibromo-2,3,4,5 - tetrahydro -1 - benzothiepin
(16) and its sulfone 17 showed a doublet for the C5H.

The reaction of 7 and sulfuryl chloride appears to be
a simple addition of chlorine to the double bond. Similar
cis/trans ratios of chlorine adducts 12 and 13 resulted
from the reaction of sulfuryl chloride and chlorine with
15. Thus the a-chlorination of 7 by sulfuryl chloride
gave at best a very small amount of 85 and does not
provide a useful synthetic pathway to 8.

A second approach for the a-chlorination of 7 in-
volved reaction with A-chlorosuccinimide (NCS).7
When 7 and 1 or 2 equiv of NCS were allowed to react
at room temperature for an extended period of time,
2-chloro- (8) or 2,2-dichloro-2,3-dihydro-I-benzothiepin
(19), respectively, was formed in nearly quantitative
yield. Compounds 8 and 19 were each characterized by
their ir, nmr, and mass spectral characteristics; how-

m-CIC6
8 -

S
o,
18

(1 equiv)
4 days

| £1 mM-C1C6H4CO3H iNir
kJ
S 'S, \Y
19 Oo
20

(7) D. L. Tuleenand T. B. Stephen*, J. Org. Chem., 34, 31 (1969).
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ever, both were thermally sensitive and were converted
to their corresponding sulfones 18 and 20 for further
characterization. Sulfones 18 and 20 showed spectral
properties consistent with the assigned structures. A
second product formed in the oxidation of 8 was
assigned the epoxide structure 21 on the basis of ele-
mental analysis and unique nmr and ir spectra.

The observed difference between NCS and sulfuryl
chloride in the direction of chlorination of 7 can be
rationalized via the mechanistic interpretation of
Tuleen and Stevens.7 Path a reflects abstraction of an
acidic hydrogen to form an ylide which rearranges to an

"l a
a HX + RSCHR' — RS=CHR' a
REICH.R' RSéHR‘
X- HX + RS=CHR' RSCHR'
cr

a-chloro sulfide, while path b represents an ionization
to a thiacarbonium ion and chloride ion which re-
combine to produce the a-chloro sulfide. In the re-
action of 7 with either NCS or sulfuryl chloride the
initial intermediate proposed is the chlorosulfonium ion
22. Evidence for this species was obtained by hydroly-
sis to 2,3-dihydro-I-benzothiepin 1l-oxide.8 Formation
of a-chloro sulfide 8 with NCS parallels path a via ylide

s02CI2 NCS
10 and 11 3

id-

23 and may be attributed to the basic succinimidyl
anion. However, chloride ion (the anion present in the
sulfuryl chloride reaction) is not sufficiently basic to
initiate path a and thus 22 should rearrange according
to path b. However, in competition with the an-
ticipated path b, which would ultimately form 8,
intermediate 22 can undergo a simple Cl+ transfer to
the olefinic center and lead to chlorine adducts 10 and
11. Apparently the latter pathway, which may be
facilitated by a transannular Cl+ transfer, is preferred
to the conversion of 22 to 8.

Since 2-chloro-2,3-dihydro-I-benzothiepin (8) was
now available, we were able to confirm its thermal con-
version to sulfur and naphthalene.5 Although 8 could
be refluxed in pentane overnight without change, when
8 was refluxed in CCl14for 8 days, work-up led to the
isolation of naphthalene (29%) and sulfur (14%).
These reaction conditions appear more vigorous than
those described for the reaction of 7 and sulfuryl chlo-
ride; however, in the earlier report5sodium bicarbonate
was present during reflux of the reaction mixture.

(8) V.J. Traynelis, Y. Yoshikawa,, S. M. Tarka, and J. R. Livingston, Jr.,
J. Org., Chem., 38, 3986 (1973).

Traynelis, et al

A second avenue for the synthesis of 2-chloro-2,3-
dihydro-l-benzothiepins has been described previously
and entails the following ring contraction-ring expan-
sion sequence illustrated with the synthesis of 2,4-
dichloro-2,3-dihydro- 1-benzothiepin (24).la

The reaction of 8 with potassium ferf-butoxide in
DMSO at room temperature for 15 min followed by
chromatography on alumina provided a 39% vyield of
1-benzothiepin (9) as a yellow oil, mp '~15-19°.
1-Benzothiepin decomposed slowly at room temperature
(about 3-4 days for complete decomposition) to produce
sulfur and naphthalene; however, at Dry Ice tempera-
tures 9 was stable for long periods of time. The struc-
tural assignment for 9 was based on the above extrusion
reaction and nmr and mass spectral data (to be dis-
cussed later), and was confirmed by the oxidation of 9
with m-chloroperbenzoic acid to the known 1-benzo-
thiepin 1,1-dioxide (25).9 A second product isolated in
the oxidation reaction was naphthalene. The source of
naphthalene is most likely from decomposition of 1-
benzothiepin, since 1-benzothiepin 1,1-dioxide is ther-
mally quite stable even at temperatures over 200° ;9how-
ever, one cannot exclude the oxidative intermediate, 1-
benzothiepin 1-oxide (26), as a potential source of
naphthalene via SO elimination.0 A third method for

overall yield from 8

the synthesis of 1-benzothiepin 1,1-dioxide, which re-

lates back to 8, involved the dehydrochlorination of 2-

chloro-2,3-dihydro-l-benzothiepin 1,1-dioxide (18).
Similarly, the syntheses of 2-chloro-1-benzothiepin

(9) V.J. Traynelisand R. F. Love, 3. org. Chem.,26, 2728 (1961).
(10) V. J. Traynelisand D. M. Borgnaes, J. org. chem., 37, 3824 (1972).
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(27) and 4-chloro-l-benzothiepin (28) were accom-
plished by treatment of 2,2-dichloro- (19) and 24-
dichloro-2,3-dihydro-l-benzothiepin (24), respectively,
with strong base. An alternate route to 27 was avail-
able by conversion of 2-chloro-5-hydroxy-4,5-dihydro-
1-benzothiepin (29)5to the 2,5-dichloro derivative 30
followed by dehydrochlorination of 30 with potassium
ieri-butoxide in THF. Structural assignments for 27
and 28 followed the above approach for 9 and included
thermal extrusion of sulfur with the formation of a-
and /3-chloronaphthalenc, respectively, nmr and mass
spectral data, and the oxidation of 27 and 28 to their
corresponding sulfones 31 and 32. The physical and
spectral properties of 31 were identical with those re-
ported in the literature.d Again the oxidation reac-
tion of the chloro-l-benzothiepins provided the corre-
sponding chloronaphthalenes; however, the yields of the
chloronaphthalenes were of such magnitude that one
cannot rationalize their total origin from thermal de-
composition of 27 or 28 alone. Since the 2- and 4-
chloro-l-benzothiepins are also thermally stable, one
must again consider the intermediate chloro-l-benzo-
thiepin 1-oxides as potential precursors to the chloro-
naphthalenes via SO extrusion.
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An alternate synthesis of 2-chloro- (31) and 4-
chloro-lI-benzothiepin 1,1-dioxide (32) was accom-
plished by treatment of 20 and 33 (synthesis described
in a prior paper®) with strong base. In the latter case
the yield was extremely poor. Thus in summary of the
synthetic procedures, the 2-chloro-2,3-dihydro-1-benzo-
thiepins provide an excellent starting point for the syn-
thesis of either 1-benzothiepins or their sulfone deriva-
tives.

The thermal stability of the 1-benzothiepins 9, 27,
and 28 is summarized in Table IIl. All compounds
slowly decompose at room temperature to give sulfur
and the corresponding naphthalene, while storage in the
cold prolongs the lifetime of these compounds. When
these 1-benzothiepins were heated to 60-80°, the sulfur
extrusion reaction was very rapid and thus precludes
use of elevated reaction temperatures in preparation or
purification of these thiepins. Comparison of the
thermal stability of the chloro-lI-benzothiepins to the
parent compound 9 suggests a slight increase in thermal
stability when electron-withdrawing groups are pres-
ent.4 In contrast to the 1-benzothiepins, their re-
spective sulfones are stable crystalline solids, which in
some cases9 can be heated to 300° for short periods of
time. When decomposition does occur, the extrusion
of sulfur dioxide and formation of naphthalene is at
best minimal.9

The mass spectra of 9, 27, and 28 each showed an
appreciable imensity for the parent molecule ion (56,
40, and 38%, respectively) and had the corresponding
naphthalenes as the base peak. In view of the thermal
instability of these 1-benzothiepins the high concen-
tration of the parent molecule ion was somewhat sur-
prising. The naphthalene radical ions can arise by
sulfur extrusion of the 1-benzothiepin followed by ion-
ization of the naphthalene or by ionization of the 1-
benzothiepins followed by sulfur extrusion. Support
for the presence of the latter pathway was found in 1-
benzothiepin with the appearance of a metastable peak
at ra/e 102.4. Other important avenues of fragmenta-
tion included loss of Cl (in the chloro-l-benzothiepins
and chloronaphthalenes) and the loss of CHS (from 1-
benzothiepin) or CS and Cl (from the chloro-l-benzo-
thiepins) to form the indenyl radical ion (m/e 115).
The mass spectral fragmentation of the 1-benzothiepin
sulfones 25, 31, and 32 was much simpler than that of
the corresponding 1-benzothiepins and showed pri-
marily the parent molecule ion peak and the respective
naphthalene radical cations as the base peaks. In the
chloro-l-benzothiepin dioxides there was also fragmen-
tation entailing the loss of Cl. Since the 1-benzo-
thiepin dioxides do not thermally extrude sulfur di-
oxide to any appreciable extent, the origin of the naph-
thalene base peaks requires sulfur dioxide loss from the
parent molecule ion.

Table I shows a comparison of nmr spectral data for
the known 1-benzothiepins and their sulfones. The
thiepin ring protons appear downfield but are generally
located in the olefinic region, except in a few cases
where the C; hydrogen overlaps with aromatic hy-
drogens. These observations are consistent with the
nonaromatic character and nonplanarity of the thiepin
ring. The magnitude of the nmr coupling constants
across the formal single bonds in fully unsaturated seven-
membered cyclic compounds has been correlated to ring
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Tablel

Nmr Data of 1-Benzothiepins and 1-Benzothiepin Dioxides

IS

Substituent ’ C2H CiH C4H CiH
A >=<
gf Jr2
, X SX
1
I-Benzothiepin
None 5.81 6.12-6.44 6.82-7.31"
2-Chloro 6.45 6.18 7.01
4-Chloro 5.78 6.15 6.8-7.15"
5-Methoxy-4-phenyl6 6.04 6.40
5-Acetoxy-4-phenyl6 6.08 6.43
3,5-Diacetoxy-4-phenyl6 6.0
3-Acetoxy-5-met.hoxy- 5.90
4-phenyl6

3,4-Dimethoxycarbonyl-  7.00
5-(N-pyrrolidino)“

b Iy
A0 ) :
1 X SX
0-
I-Benzothiepin 1,1-Dioxides
None 6.56-7.00d 7.33
2-Chloro 7.10 6.70 7.56
4-Chloro 6.94 6.97 7.62-8.41'
3,5-Diacetoxy-4- 6.75
phenyl6

* These values represent the C5 Il and aromatic hydrogens.
6See ref 3. 'See ref 4. dThese values represent C2H, C3H,
and C4H.

planarity;11'12 see Table Il. The monocyclic systems
in Table Il show an increase in the coupling constant
across the formal single bonds as the ring becomes more
planar. The benzocycloheptatrienium ion («/ = 9.8
Hz),22 benzotropone (J = 8.3 Hz),22 and benzotrop-
olone (J34 = 9.8 Hz)11 are proposed as planar struc-
tures. In comparison, 2-chloro-1-bcnzothiepin (27)
(*/34 = 6.0 Hz) and 2-chloro-lI-benzothiopin 1,1-di-
oxide (31) (34 = 7.5 Hz) show a marked decrease in
the coupling constants and resemble more closely the
coupling constants for cycloheptatriene (./23 = 5.6
Hz) 13 and thiepin 1,1-dioxide (J34 = 7.0 Hz).4* Thus
one is led to the conclusion that 27 and 31 have a puck-
ered heterocyclic ring most likely in a boat conforma-
tion as observed in thiepin 1,1-dioxide. Unfortunately,
the nmr spectra (60 MHz) for 1-benzothiepin and its
sulfone have a complex multiplet in the region of the
C3H and C4H absorptions and thus precluded analysis
of the coupling constants. However, by analog} to 27,
one would expect 1-benzothiepin to have a boat con-
formation for the thiepin ring moiety and approach the
model used by Hofmann and coworkers3in their theo-
retical treatment of the structure of 1-benzothiepin.
Final structural assignments await further physical
measurements and X-ray analysis.

(11) D. J. Bertelli, T. G. Andrews, Jr., and P. O. Crews, J. Amer. Chem.
soc., 91, 5286 (1969).

(12) D. J. Bertelli, J. T. Gerig, and J. M. Herbelin, 3. Amer. chem. Soc.,
90, 107 (1968).

(13) H. Gunther and H. H. Hinrichs, Tetrahedron Lett., 787 (1966).

(14) W. L. Mock, M. P. Williamson, and s. M. Castellano, quoted in
A. A. Bothner-Byand E. M oser,Amer. Chem. Soc., 90, 2347 (1968;.

Traynelis, et al

Table ”

Coupling Constants in Unsaturated

Seven-M embered Rings

H
n-
XX
Angular deviation® d
X Jh-H, Hz Ref Stern Bow
CH® 5.6 c 40.5 36.5
S02a 7.0 e 22.8 44.6
NSOXEHBr-p' 5.4 9 23 256
c=0" 8.3 h 0 0
c=0, 2-chloro’ 9.5 h 0 0
X "H
j—H
X Y
X Y Hz Ref
CHs H 9.8 k
CcC=0 H 8.3 h
c=0 OH 9.8 h
S (27) cl 6.0
s02(31) cl 7.5

“The angles are the deviation of the stern and bow of the
boat from the plane of the remaining four carbon atoms. 6M.
Traet.teberg, J. Amer. Chem. Soc., 86, 4265 (1964). eSee ref
13. dH. L. Ammon, P. H. Watts, Jr., J. M. Stewart, and W. L.
Mock, J. Amer. Chem. Soc., 90, 4501 (1968). *See ref 14.
11. C. Paul, S. M. Johnson, L. A. Paquette, J. H. Barrett, and
R. J. Haluska, J. Amer. Chem. Soc., 90, 5023 (1968). “ This
coupling constant was determined for carboethoxyazepine; see
ref 13. 6See ref 11. ' K. Kimura, S. Suzuki, M. Kimura, and
M. Kubo, J. Chem. Phys., 27, 320 (1957). >E. J. Forbes, M. J.
Gregory, T. A. Hamor, and D. J. Watkin, Chem. Commun.,
114(1966). * See ref 12.

Experimental Section®

Reaction of 2,3-Dihydro-I-benzothiepin with Sulfuryl Chloride.
— Sulfuryl chloride (1.67 g, 12.3 mmol) in CHZ12 (10 ml) was
added over a 10-min period to a stirred solution of 2,3-dihydro-1-
benzothiepin9 (2.00 g, 12.3 mmol) in CHZC12 (15 ml) cooled to
—78°. After the reaction mixture was stirred at —20° for 1
week, the solvent was removed and gave a mixture of cis- (10)
and ira?is-4,5-dichloro-2,3,4,5-tetrahydro-I-benzothiepin  (11):
nmr (CDCI3) 57.70-7.08 (m, 4, aromatic H's), 5.90 [s, 1 (com-
bined weight with Ci, H of the trans isomer), C5H, cis isomer],
5.50 [d, 1 (combined weight with C5II of the cis isomer), Jcs-c4=
8 Hz, C6lI, trans isomer], 4.65 [t, 1 (combined weight with C4H
of the trans isomer), Jc4c3 = 5 Hz, C4H, cis isomer], 4.34
[double t, 1 (combined weight with the C4H of the cis isomer),
Jci-Ch = 8, Jci-Ci = 3.5 Hz, C4H trans isomer], 3.36-2.07
(m, 4, -SCHZH2, both isomers). Comparison of the C5H
intensities for the cis and trans isomers showed a ratio of 34:66
cis:trans. These halides were thermally sensitive and thus were
converted to their sulfones.

After the above mixture of isomers in CHCI13(10 ml) was added
to m-chloroperbenzoic acid (5.0 g, 29 mmol) in CIIC13 (30 ml)
and the mixture was kept at 0° for 3 days, the reaction mixture
was washed with 10% NaHCO03and HD and dried and the sol-
vent was removed. The residue was chromatographed quickly
from alumina (Alcoa F-20) using benzene as eluent and gave 2.0
g (61%) of a 35:65 mixture of cis- (12) and frans-4,5-dichloro-
2,3,4,5-tetrahydro-I-benzothiepin 1,1-dioxide (13 The analysis
of the mixture was by nmr using the intensities of the C5H peaks
(8 6.4 singlet for cis and 5.6 doublet for trans).

(15) All melting points and boiling points are uncorrected. Elemental

analyses were carried out by Galbraith Laboratories, Inc., Knoxville, Tenn.
Ir spectra were determined on a Beckman IR-8 spectrophotometer, uv spec-
tra were measured on a Bausch and Lomb 505 spectrophotometer, nmr
spectra were recorded on a Varian Associates Model HA-60 or Model T-60
spectrometer, and the mass spectra were obtained on a Nuclide Corp. 12-90G
high-resolution mass spectrometer.
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Column chromatography of 1g of the sulfone mixture on A10 3
(A-540, 120 g) and elution with hexane-CHCI3 (increasing con-
centration of CHC13from 0 to 100%) gave first the trans isomer
13, mp 165-166°, after two recrystallizations from CHC13
hexane. Sulfone 13 had identical nmr and ir spectra with those
of trans dichloro sulfone 13 described below. The second fraction
eluted was recrystallized three times from CHCI3hexane and was
identified as 5-chloro-2,3-dihydro-lI-benzothiepin 1,1-dioxide
(14): mp 131-132° ir (CHC13) 1320, 1310, 1155, 1140, 1120
cm-1 (>S02); nmr (CDC13) 58.19-8.02 (m, 1, C9H), 7.80-7.30
(m, 3, C6, C7, C8H's), 6.45 (t, 1, JCt-c3= 7.5 Hz,-CC1=CH~-),
3.76 (t, 2, J2€3 = 7.0 Hz, -SO0ZXH2), 2.53 (two overlapping
t, 2, Jc,-¢, = 7.5, Jca-C2= 7.0 Hz, -SOXHZXH2).

Anal. Calcd for CIHCIOXS: C, 52.51; H, 3.97; CI, 15.51.
Found: C, 52.40; H, 3.75; CI, 15.60.

Reaction of 2,3-Dihydro-l-benzothiepin 1,1-Dioxide with
Sulfuryl Chloride.—After sulfuryl chloride (3.96 g, 29.7 mmol)
in CHZC12 (10 ml) was added dropwise to a stirred solution of 2,3-
dihydro-l-benzothiepin 1,1-dioxide9 (5.80 g, 29.7 mmol) in
CH2ZC12 (30 ml) at —5 to —10°, the reaction mixture was stirred
for 2 days and poured carefully into 5% NaHCO03solution, and
the CHZC12 layer was separated, washed with H2, and dried
(MgS04). The solvent was removed and left 7.6 g (99%) of a
43:57 mixture of cis- and ;rans-4,5-dichloro-2,3,4,5-tetrahydro-I-
benzothiepin 1,1-dioxide. Analysis was made by nmr using the
intensities of the C5H peaks (6 6.4 singlet for cis and 5.6 doublet
for trans).

Fractional crystallization of the mixture of isomers from
CHCI3hexane gave pure cis-12, mp 169-170°, ir (CHC13) 1330,
1320, 1300, 1160, 1130, 1120 cm-' (-S02), nmr (CDC13) 5
8.15-7.23 (m, 4, aromatic H's), 6.41 (s, 1, 65 H), 4.90 (m, 1,
C4H), 3.47-2.14 (m, 4, -SOXHZH2), and pure trans-13, mp
165-166°, ir (CHC13), 1330, 1325, 1305, 1160, 1140, 1125 cm-1
(-S02), nmr (CDC13) 58.28-8.10 (m, 1, C9H), 7.73-7.54 (m,
3, C6 C7 C8H's), 5.59 (d, 1, JCi-G = 7.0 Hz, C5H), 4.70-4.48
(m, 1, C4H), 4.08-2.2 (m, 4, -SOXHZXH2).

Anal. Calcd for CidHicC1D B: C, 45.29; H, 3.80; ClI, 26.74.
Found for cisisomer: C, 45.24; 11,3.91; CI, 26.53. Found for
trans isomer: C, 45.45; H, 3.66; Cl, 26.76.

Addition of Chlorine to 2,3-Dihydro-lI benzothiepin 1,1-
Dioxide.— Chlorine gas was bubbled for 10 min into a solution
of 2,3-dihydro-l-benzothiepin 1,1-dioxide9 (257 mg, 1.32 mmol)
in CHZC12 (5 ml) at room temperature and after 10 additional
min the excess chlorine was removed under a stream of nitrogen.
The solvent was evaporated and gave 352 mg (100%) of a white
solid which was shown by nmr to be a 50:50 mixture of cis- and
irans-4,5-dichloro-2,3,4,5-tetrahydro-l-benzothiepin 1,1-dioxide.

5-Chloro-2,3-dihydro-l-benzothiepin 1,1-Dioxide (14). Method
A.—cis-4,5-Dichloro-2,3,4,5-tetrahydro-I-benzothiepin 1,1-diox-
ide (12, 100 mg, 0.38 mmol) was placed on an alumina column
(A-540, 20 g) and washed with 250 ml of 1:1 CHCI3pentane.
The recovered solid was starting material.

When 12 was allowed to remain on the column for approxi-
mately 9 days, elution from the column as described above gave
78 mg (91%) of crude 5-chloro-2,3-dihydro-l-benzothiepin 1,1-
dioxide, mp 122-125°. Recrystallization from CHCI3pentane
gave pure 14, mp 130-131°, which had an nmr spectrum identical
with that of the above sample of 14.

Method B.—A solution of cis-4,5-dichloro-2,3,4,5-tetrahydro-
1-benzothiepin 1,1-dioxide (160 mg, 0.60 mmol) and KOH (34
mg, 0.62 mmol) in 95% ethanol (18 ml) was stirred at room tem-
perature for 1 hr and the reaction mixture was poured into HD
(30 ml) and extracted with CHClIs. After the C11C13extract was
washed with HD and dried (MgS04), the solvent was removed
and gave 104 mg (76%) of crude 14, mp 110-118°. Recrystal-
lization from 95% ethanol gave pure 14, mp 129-130°, which had
an nmr spectrum identical with that of the above sample.

In a second experiment 2rares-4,5-dichloro-2,3,4,5-tetrahydro-
1-benzothiepin 1,1-dioxide (160 mg, 0.60 mmol) and KOH (34
mg, 0.62 mmol) in ethanol (18 ml) after 2 hr at room temperature
gave 131 mg (82%) of unreacted starting material, mp 163-164°,
identified by its nmr.

¢ran.s-4,5-Dibromo-2,3,4,5-tetrahydro-1-benzothiepin (16).16—
Solid pyridinium hydrobromide perbromideX (9.95 g, 31 mmol)
was added slowly to a solution of 2,3-dihydro-l-benzothiepin6é
(4.8 g, 30 mmol) in CHC13(30 ml) at 5°. After the reaction mix-
ture was stirred for 30 min at room temperature, washed with

(16) R. F. Love, Ph.D. Dissertation, University of Notre Dame, 1960.
(17) L. F. Fieser, J. Chem. Educ., 31, 291 (1954).
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H2D (50 ml) containing sodium thiosulfate, washed with 1120,
and dried (MgSO.), the solvent was removed and the residue (8.13
g, 85%) was recrystallized from ether to give 7.1 g (75%) of
/rans-4,5-dibromo-2,3,4,5-tetrahydro-I-benzothiepin (16): mp
107-108°; nmr (CDC13) S7.58-7.08 (m, 4, aromatic H's), 5.60
(d, 1,J = 6Hz, C6H), 4.81 (m, 1, C4H), 3.27-2.13 (m, 4, C2l1I’s
and C3H's).

Anal. Calcd for Cn>HIBrS: C, 37.29; H, 3.13; Br, 49.62.
Found: C, 37.40; H, 3.46; Br, 49.39.

Irails-4,5-Dibromo-2,3,4,5-tetrahydro-I-benzothiepin  1,1-Di-
oxide (17).—The procedure described in the literature9 was re-
peated and gave 83% irans-4,5-dibromo-2,3,4,5-tetrahydro-I-
benzothiepin 1,1-dioxide (17): mp 197-199° (lit.9mp 195-196°);
ir (CHCIj) 1325, 1300, 1150, 1120 cm“1(-S02); nmr (CDCIj) 5
8.40-8.07 (m, 1, C9H), 7.95-7.25 (m, 3, C6 C7, CsH’s), 5.68
(d, 1,J = 55Hz, C5H),490(dt, 1, JCcs= 5.5, JCt-c3= 2
Hz, C4H), 4.15-3.18 (m, 3, C2H’'s and C3Hb), 2.70-2.20 (m,
1, C3Ha).

2-Chloro-2,3-dihydro-I-benzothiepin (8).—After a mixture of
AAchlorosuccinimide (5.0 g, 37.4 mmol), 2,3-dihydro-l-benzo-
thiepin5 (5.1 g, 31.5 mmol), and CC14 (40 ml) was stirred at
ambient temperature for 4 days, the solid was removed by filtra-
tion and the solvent was removed under reduced pressure. The
residue was exposed to high vacuum and gave 6.19 g (100%) of
2-chloro-2,3-dihydro-I-benzothiepin (8): ir (neat) 3030 (m),
2920 (m), 1710 (m), 1465 (m), 1430 (m), 1270 (w), 1190 (w),
1150 (w), 1055 (w), 930 (w), 825 (w), 765 (s), 740 (s), 720 (s),
685 (s), 670 cm“1(s); nmr (CDC13 57.70-7.53 (m, 1, CO9H),
7.35-7.04 (m, 3. C§ C7 C8H's), 6.71 (d, 1, Jc~c, = 11 Hz,
C511), 6.07 (d t, 1, 3Ct-ci = 11, /c.-c, = 6.5 Hz, C4 H), 5.62
(dd, 1, dcjes» = 5.3, dcj-csb = 10 Hz, -SCHC1-), 2.93 [two
d d, 2 (total weight for Cand Cd®),/cja-0j = 5.3, Jcja-c4= 6.5,
dcia-C» = 14 Hz, -SCHCICHjib-], 2.50 [two d d, 2 (total
weight for C3aand C3y),/c bC2= 10,/c d-c4 = 6.5, JcN-cN =
14 Hz, -SCHCICHaHb); mass spectrum (70 eV) m/c (rel
intensity) 196 (4), 161 (31), 160 (43), 147 (29), 134 (100), 128
(71), 119 (29), 117 (27), 115 (31), 106 (34), 105 (36), 91 (77), 77
(44), 63 (21).

Completion of reaction was conveniently followed by nmr.
Elemental analysis was performed on the corresponding sulfone
(see following experiment).

2-Chloro-2,3-dihydro-I-benzothiepin  1,1-Dioxide (18).—2-
Chloro-2,3-dihydro-I-benzothiepin (3.39 g, 17.2 mmol) prepared
from the reaction of 2,3-dihydro-l-benzothiepin5 (3.24 g, 20
mmol) and Al-chlorosuecinimide (3.48 g, 26.2 mmol) was dis-
solved in CHCI13(10 ml) and the solution was added dropwise over
15 min to a stirred solution of m-chloroperbenzoic acid (8.63 g,
50 mmol) in CHC13 (40 ml) cooled to —20°. After the reaction
mixture was warmed to room temperature and stirred for 1 day,
the reaction mixture was filtered and the filtrate was washed with
10% NazZC 03solution and HD and dried (MgS04). The solvent
was evaporated and gave 3.44 g of a 55:45 mixture of 2-chloro-
2,3-dihydro-I-benzothiepin 1,1-dioxide (18) and 2-chloro-4,5-
oxido-2,3-dihydro-I-benzothiepin 1,1-dioxide (21). The analysis
of the mixture was made by comparison of the intensities of the
nmr peaks for the C5hydrogen in each compound. Fractional
recrystallization from 95% ethanol provided 0.38 g (10%) of
pure 2-chloro-2,3-dihydro-I-benzothiepin 1,1-dioxide (18): mp
114-115°; ir (CI1C13) 1310, 1145, and 1120 cm“1(-S02); nmr
(CDCIj) $8.24-8.07 (m, 1, CO9H), 7.76-7.24 (m, 3, C6 C7, C8
H’s), 6.66 (d t, 1, JCs-c4= 13, Jcs-Ch.b = 1.8 Hz, C6H), 5.93
(d t, 1, Jci-ci = 13, Jc4-CAil= 5Hz, C4H), 513 (t, 1,/ = 5
Hz, -S0ZHC1-), 2.45 [two d t, 2 (combined weight for CaH
and Cb H), Jesa—€4c2 = 5, JC3-Cs = 1-8, i\, = 19 Hz,
-SOXHCICHaHb-], 2.99 [two d t, 2 (combined weight for CaH
and Cb H), /o,b-c4c2 = 5, /cab-Ci = 1.8, /cab-Ca, = 19 Hz,
-SOXHCICHaHb-]; mass spectrum (70 eV) m/e (rel intensify)
228 (46), 193 (64), 175 (25), 163 (18), 153 (95), 147 (50), 137
(54), 129 (41), 128 (100), 127 (57), 115 (25).

Anal. Calcd for C,dHC10X5: C, 52.51; H, 3.97; CI, 15.51.
Found: C, 52,85; H, 3.92; CI, 15.37.

The second product from fractional crystallization with 95%
ethanol was further purified by recrystallization from CHC13and
gave 0.32 g (8%) of 2-chloro-4,5-oxido-2,3,4,5-tetrahydro-I-
benzothiepin 1,1-dioxide (21): mp 169.5-171°; ir (CHCI13) 3030
(m), 1425 (m), 1330, 1150, 1120 (-SO*-), 950 (w), 870 (w), 800
cm“1l(w); nmr (CDC1,) i 8.11-7.93 (m, 1, C91l), 7.80-7.40
(m, 3, C6 C7,C8H’s), 5.03 (d d, 1, Jc*-c*. = 2.5, Jc*-c.b = 5.2
Hz, -SOjCHCi-), 4.32 (d, 1, JCt-c, = 4.2 Hz, C5H), 3.71 (two
dd, 1, Jci-Ci = 4.2, Jct-Cia = 4.4, Ja-Cib = 9-0 Hz, C4 H),
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2.83 (two dd, 1, JC3-C2= 2.5, Jcja-ct = 4.4, Joa-Ost = 15.6
Hz, -SOZHCICHM,-), 1.68 (two d d, 1, JOb-c2 = 5.2,
/c,b-0, = 9, Jo.b-0,. = 15.6 Hz, -SO0CHCICH.Hb-).

Anal. Calcd for CIHITIOSS: C, 49.08; H, 3.71; 01,14.49;
S, 13.10. Found: C, 49.09; H, 3.55; Cl, 14.62; S, 12.85.

The remainder of the product mixture showed the presence of
olefin sulfone 18 and epoxide 21 and was not separated further.

2,2-Dichloro-2,3-dihydro-l-benzothiepin  (19).—Using the
procedure described above for the preparation of 8, the mixture
of 2,3-dihydro-I-benzothiepin6 (4.86 g, 30 mmol) and iV-chloro-
succinimide (9.6 g, 66 mmol) in CC14 (40 ml) was stirred with
a Hershberg stirrer at room temperature for 4 days and afforded
6.8 (98%) of 2,2-dichloro-2,3-dihydro-I-benzothiepin (19) as a
brown oil: ir (CC1<) 3060 (w), 1740 (m), 1460 (m), 1425 (m),
1300 (w), 1230 (w), 1200 (w), 1150 (w), 1000 (w), 945 cm-1 (w);
nmr (CC14) 57.67-7.08 (m, 4, aromatic H's), 6.90 (d, 1, Jcs-c* =
11 Hz, C5H), 6.26 (d t, 1, Jo-0, = 11, Jo-c* = 7 Hz, C4H),
3.10 (d, 2,3 = 7 Hz, -SCCUCHj-); mass spectrum (70 eV) m/e
(rel intensity) 230 (3), 194 (24), 162 (23), 160 (26), 159 (26),
147 (6), 134 (100), 127 (10), 126 (9), 115 (57). Elemental
analysis was performed on the corresponding sulfone (see follow-
ing experiment).

When the above reaction is performed with ordinary stirring,
the reaction time is doubled.

2,2-Dichloro-2,3-dihydro-I-benzothiepin 1,1-Dioxide (20).—A
solution of 2,2-dichloro-2,3-dihydro-I-benzothiepin (2.31 g, 10
mmol) in CHC13(15 ml) was added over 10 min to a stirred solu-
tion of TO-chloropcrbenzoic acid (3.46 g, 20 mmol) in CHC13 (15
ml) maintained at —5° and the reaction mixture was stirred at
room temperature overnight. The reaction mixture was pro-
cessed as described in the preparation of 18 and gave, after re-
crystallization from CHCI3hexane, 1.16 g (44%) of 2,2-dichloro-
2,3-dihydro-I-benzothiepin 1,1-dioxide (20): mp 164-165°; ir
(CHC13 1330, 1310, 1210, 1155, 1130 cm“l (-S02); nmr
(CDC13) s$8.33-8.13 (m, 1, C9H), 7.76-7.20 (m, 3, C6 C7, C8
H's), 6.65 (d t, 1, /cs-ci = 13, Jc,-cj = 2 Hz, C5H), 5.83 (d t,
1, Jet-Ci = 11, Jci-c, = 5 Hz, C<H), 364 (d d, 2, Jo-ci = 5,
Jci-Cs = 2 Hz, -S0ZXC1XH2); mass spectrum (70 eV) ml/e
(rel intensity) 26.4 (19), 262 (26), 245 (7), 227 (16), 209 (24), 181
(33), 162 (42), 153 (100), 137 (59), 128 (56), 127 (53).

Anal. Calcd for CH&EI2DXS: C, 45.80; H, 2.69; CI, 27.05.
Found: C, 45.66; H, 2.92; CI, 27.08.

1-Benzothiepin (9).—A solution of powdered potassium lert-
butoxide (0.672 g, 6 mmol) in dimethyl sulfoxide (10 ml) was
added in several portions to a solution of 2-chloro-2,3-dihydro-I-
benzothiepin (0.985 g, 5 mmol) in dimethyl sulfoxide (10 ml) at
room temperature. After the reaction mixture was stirred for 15
min at room temperature, the reddish-black solution was poured
into HD (30 ml) and the aqueous solution was extracted with
CHC13(30 ml). The extract was washed with HD, dried (Mg-
SO(), and concentrated in vacuo (below room temperature).
The residual heavy black oil (0.80 g) was chromatographed on
alumina (A-540, 40 g) with Skelly F as the eluent and the com-
bined yellow fractions gave 308 mg (38.5%) of 1-benzothiepin (9)
as ayellow liquid: solidifies between 15 and 20°; ir (CHCI3) 3060
(m), 3000 (s), 1575 (m), 1470 (s), 1430 (s), 1330 (s), 1290 (w),
1255 (s), 1120 (w), 1060 (m), 1030 (w), 940 (w), 875 (m), 665
cm-1 (s); nmr (CDC13) 5 7.31-6.82 (m, 5, aromatic H's and
C5H), 6.44-6.12 (m, 2, C4H and C3H), 581 (d, 1,J = 85
Hz, C2H); mass spectrum (70 eV) m/e (rel intensity) 160 (56),
134 (12), 129 (22), 128 (100), 116 (16), 115 (40), 102 (7).

The work-up process must be performed rapidly to avoid
thermal decomposition of 1-benzothiepin to naphthalene and
sulfur.

1-Benzothiepin 1,1-Dioxide (25). Method A.—To a stirred
solution of 2-chloro-2,3-dihydro-l-benzothiepin 1,1-dioxide (18,
0.19 g, 0.83 mmol) in dimethyl sulfoxide (3 ml) was added at
room temperature two portions of powdered potassium tert-
butoxide (200 mg, 1.16 mmol). After the reaction mixture was
stirred for 15 min at room temperature, the dark green solution
was poured into HD (20 ml) and CHC1S(20 ml) and the CHC13
layer was separated, washed with H2, and dried (MgS04).
The CHC13was removed under reduced pressure and left 0.06 g
(38%) of crude 1-benzothiepin 1,1-dioxide, mp 131-134°. Re-
crystallization of the crude product gave pure 25: mp 140-141°
(lit.9mp 140-141°); ir (CHC13) 3015 (w), 1610 (w), 1575 (w),
1545 (w), 1465 (w), 1335, 1305, 1160, 1150, 1120 (-S02), 1060
(m), 785 (w), 680 cm-1 (w); nmr (CDCI3) S8.27-8.07 (m, 1,
C9H), 7.81-7.53 (m, 3, C6 C,  C8H’s), 7.33 (d, 1, J = 13 Hz,
C5H), 7.00-6.56 (m, 3, C2H, C3H, C4H); mass spectrum (70
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eV) m/e (rel intensity) 192 (26), 163 (10), 149 (14), 147 (10), 129
(15) , 128 (100), 115 (13), 102 (13). A mixture melting point with
an authentic sample9of 25 was not depressed.

Method B.—Crude 1-benzothiepin obtained from the reaction
of 2,3-dihydro-I-benzothiepin (5.0 g, 30.9 mmol) and A”-chloro-
succinimide (4.6 g, 34.4 mmol) followed by dehydrochlorination
with potassium fert-butoxide (3.7 g, 36 mmol) was dissolved in
CHC13(30 ml) and the solution was added over a 15-min period
to a solution of m-chloroperbenzoic acid (12.0 g, 59.1 mmol) in
CHC13(20 ml) maintained at —50°. The reaction mixture was
stirred at —50° for 30 min and allowed to remain at 0° for 3 days.
After the reaction mixture was filtered and the solvent was
removed, a quick chromatography on alumina of the black,
viscous residue (6.1 g) with elution by benzene gave 2.9 g of a
black paste. A second chromatography of the 2.9 g of black
material on alumina (A-540, 90 g) gave, upon elution with CHC13
Skelly F (1:1 v/v) first 0.45 g (11% based on 2,3-dihydro-I-
benzothiepin) of naphthalene, mp 70-73° (sublimed, mp 79-
80°), ir and nmr identical with those of an authentic sample, and
second 1.1 g (18% based on 2,3-dihydro-l-benzothiepin) of 1-
benzothiepin 1,1-dioxide, mp 134-136°. Recrystallization of the
crude product gave pure 25, mp 140-141°. A mixture melting
point with an authentic sample was not depressed and the ir and
nmr spectra were identical with those of an authentic sample.

Pyrolysis of 2-Chloro-2,3-dihydro-I-benzothiepin.— A solution
of 2-chloro-2,3-dihydro-l-benzothiepin (8) (1.5 g, 7.6 mmol) in
CC14 (10 ml) was refluxed for 9 days, after which time the nmr
spectrum of the reaction mixture showed the absence of 8. The
solvent was removed under reduced pressure and the residual
dark oil (1.4 g) was chromatographed on alumina (A-540, 150 g),
and elution with Skelly F gave 407 mg of a white solid. A second
chromatography of the white solid on alumina (A-540, 50 g) and
elution with Skelly F gave 33 mg (14%) of sulfur, mp 112-121°.
Recrystallization from ethyl acetate afforded 15 mg (7%) of
sulfur, mp 118-120°, which gave no depression in melting point
when mixed with an authentic sample. Naphthalene (292 mg,
29%), mp 79-80°, was eluted next. A mixture melting point
with an authentic sample was not depressed and the nmr spectra
of the two samples were identical.

2-Chloro-l-benzothiepin (27). Method A.—A solution of po-
tassium iert-butoxide (3.55 g, 31.7 mmol) in tetrahydrofuran
(35 ml) was added dropwise over a 40-min period to a stirred
solution of 2,2-dichloro-2,3-dihydro-l-benzothiepin (6.9 g, 30
mmol) in tetrahydrofuran (25 ml) at 3°. The mixture was
allowed to come to room temperature and stirred vigorously for
4 hr. After the reaction mixture was concentrated (below 25°)
under reduced pressure, HD (20 ml) was added and the aqueous
solution was extracted with Skelly F. The extract was washed
with HD and dried (MgS04) and the solution was chromato-
graphed on alumina (A-540, 100 g) using Skelly F as the eluent.
The initial yellow-colored fractions were combined and rapid
removal of the solvent (below 15°) under reduced pressure gave
2.25 g (39%) of 2-chloro-I-benzothiepin (27) as a yellow oil:
ir (CC14) 3070 (m), 3030 (m), 1920 (w), 1810 (w), 1710 (w), 1680
(w), 1610 (w), 1570 (m), 1470 (m), 1430 (m), 1300 (w), 1280 (w),
1260 (w), 1220 (w), 1180 (w), 1120 (w), 1060 (w), 1030 (w),
1000 (w), 960 (w), 910 (s), 860 (m), 820 (m), 710 cm*“1l (m);
nmr (CDC13) S7.34-7.18 (m, 4, aromatic H's), 7.01 (d, 1, J =
115 Hz, C5H), 6.45(d, 1,J = 6Hz, C3H), 6.18(dd, 1, Ja-c, =
11.5, Jci-ci = 6 Hz, C4H); mass spectrum (70 eV) m/e (rel
intensity) 196 (16), 194 (40), 164 (38), 162 (100), 159 (29), 128
(16) , 127 (31), 126 (17), 115 (31), 105 (17).

Method B.—Redistilled thionyl chloride (2.4 g, 0.02 mol) in
CHZC12 (10 ml) was added dropwise over 45 min to a refluxing
solution of 2-chloro-5-hydroxy-4,5-dihydro-l-benzothiepin6 (29,
3.0 g, 0.013 mol) and the reaction mixture was refluxed for 3 hr.
After the CHZC12was removed, mixed octanes (25 ml) were added
and the solution was refluxed for 16 hr. The solvent was removed
under reduced pressure and left a residue of 2.6 g (87%) of crude
2,5-dichloro-4,5-dihydro-I-benzot.hiepin (30); ir (neat) showed
the absence of OH.

The sample of 2,5-dichloro-4,5-dihydro-I-benzothiepin pre-
pared as described above from 29 (2.00 g, 0.0087 mol) and thionyl
chloride (1.60 g, 0.013 mol) was dissolved in THF (10 ml) and
to this solution was added dropwise a solution of potassium tert-
butoxide (0.98 g, 0.0087 mol) in THF (10 ml). After the reaction
mixture remained at room temperature for 6 hr, Skelly B (80
ml) was added and the mixture was filtered through Filter-Cel.
The material insoluble in THF was dissolved in HD and acidified
with nitric acid and upon treatment with silver nitrate gave an
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81% vyield of silver chloride. The Skelly B was removed from
the above filtrate and the black residue was chromatographed on
alumina (Alcoa F-20, 120 g), Elution with Skelly F gave 551 mg
(33%) of 2-chloro-1-benzothiepin as a yellow oil. The infrared
spectrum of this material was comparable with that of the sample
from method A.

Pyrolysis of this sample produced a-chloronaphthalene (85%)
and sulfur (19%); see the last experiment

2-Chloro-I-benzothigpin 1,1-Dioxide (31). Method A—pow-
dered potassium cerf-butoxide (67 mg, 0.65 mmol) was added in
one portion to a solution of 2,2-dichloro-2,3-dihydro-I-benzo-
thiepin 1,1-dioxide (132 mg, 0.5 mmol) in tetrahydrofuran (10
ml), and, after the mixture was stirred at room temperature for 3
hr, it was poured into H®D. The aqueous solution was extracted
with CHCU, and the extract was washed with HD and dried
(MgS04). The solvent was removed under reduced pressure and
left 85 mg of a residue. Recrystallization of the solid from 95%
ethanol gave 57 mg (58%) of 2-chloro-lI-benzothiepin 1,1-
dioxide: mp 139-140° (lit.Bmp 139.5-140°); nmr (CDC1,) S
8.28-8.05 (m, 1, C, H), 7.86-7.70 (m, 3, C6 C7, C8H's), 7.56
(d, 1, 3 = 12 Hz, C5H), 7.10 (d, 1, J = 7.5 Hz, C3H), 6.70
(dd, 1, Jci-d = 12, J&AC3= 7.5 Hz, C4H); mass spectrum
(70 eV) m/e (rel intensity) 228 (16), 226 (35), 181 (6), 164 (45),
162 (100), 127 (47), 126 (27), 115 (14). A mixture melting point
with an authentic sampleBof J1 was not depressed.

Method B.—A solution of 2-chloro-I-benzothiepin (584 mg, 3
mmol) in CHC13(5 ml) was added dropwise to astirred suspension
of m-chloroperbenzoic acid (2.07 g, 12 mmol) in CHC13 (20 ml)
maintained at —20°. The reaction mixture was allowed to come
to room temperature and stirred for 10 hr, and the insoluble
m-chlorobenzoic acid was filtered. The filtrate was washed with
10% NaHCO03solution and HD and dried (MgS04). After the
solvent was removed under reduced pressure, the residue (780
mg) was chromatographed on alumina (A-540, 120 g). Elution
with pentane gave 203 mg (42%) of a-chloronaphthalene, identi-
fied by its nmr spectrum, contaminated with some sulfur. Fur-
ther elution with 20-100% of CHCI3pentane gave 112 mg (16%)
of crude 2-chloro-1-benzothiepin 1,1-dioxide, mp 132-134°, which
after recrystallization from 95% ethanol afforded 70 mg (10%)
of pure 31 mp 139-140° (lit.18Bmp 139.5-140°). A mixture melt-
ing point with an authentic sample was not depressed and the
spectral properties of this sample were identical with those from

method A. L

4-Ch|oro-|-benzoth|ep|n (28)—A solution of 2,4-dichloro-2,3-
dihydro-I-benzothiepinla (500 mg, 2.16 mmol) in ;erf-butvl alcohol
(14 ml) was added in one portion to a solution of potassium tert-
butoxide (246 mg, 2.20 mmol) in erf-butyl alcohol (24 ml).
After the reaction mixture was stirred for 50 min, the turbid
orange solution was poured into HD (150 ml), the agueous solu-
tion was extracted with CHC13 and the extract was washed with
HD and dried (MgS04). The solvent was removed under
vacuum and gave 330 mg (79%) of 4-chloro-I-benzothiepin 28)
as a yellow oil: ir (CHC13) 3070 (w), 3005 (w), 1610 (s), 1470
(s), 1370 (m), 1125 (m), 1005 (s), 945 (w), 890 (s), 855 (m), 840
cm-1(m); nmr (CDC13)57.5-6.8 (m, 5, aromatic H's and C5H),
6.15 (d, 1, ,/cs-C2= 9 Hz, C3H), 5.78 (d, 1, Jc,-c3= 9 Hz, C2
H); mass spectrum (70 eV) m/e (rel intensity) 196 (13), 194 (39),
164 (52), 162 (100), 159 (39), 127 (61), 126 (35), 115 (45), 105
(44). 4-Chloro-l-benzothiepin can be further purified by chroma-
tography on alumina with elution with Skelly F.

When a solution of 2,4-chloro-2,3-dihydro-l-benzothiepin (360
mg, 1.56 mmol) and potassium ;erf-butoxide (180 mg, 1.60 mmol)
in ¢erf-butyl alcohol (12 ml) was heated at 70° for 90 min and
processed as above, chromatography on Alcoa F-20 (20 g) with
elution by Skelly F provided 105 mg (40%) of /3-chloronaphtha-
lene, mp 56-57°. A mixture melting point with an authentic
sample was not depressed.

A reaction of 2,4-diehloro-2,3-dihydro-l-benzothiepin and LiCl
in DMF at 65° for 60 min also resulted in the formation of /3

chloro hthalene (22%

Chicro- Iabenzoﬁneplﬁ 11 Dioxide (32). Method A.—The
reactlon mixture of 2,4-dichloro-2,3-dihydro-l-benzothiepin 1,1-
dioxidela (1.00 g, 4.41 mmol) and potassium ierf-butoxide (0.49
g, 441 mmol) in DMSO (30 ml) was stirred for 15 min and pro-
cessed as described in the preparation of 1-benzothiepin 1,1-
dioxide (method A) and gave 0.40 g (40%) of crude 2,4-dichloro-
2,3-dihydro-1-benzothiepin 1,1-dioxide, mp 174-183°, and 0.17 g
(17%)' of crude 4-chloro-lI-benzothiepin 1,1-dioxide (32, mp

(18) V. J. Traynelis and D. M. Borgnaes, J. Org. Chem., 37, 3824 (1972).
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139.5-143°. Chromatography of 0.072 g of the latter product on
alumina (A-540, 40 g) gave a mixture which was recrystallized
from absolute ethanol to give 0.03 g (7% corrected from total
crude yield) of pure 32: mp 154-155°; ir (CHC13) 1320 and
1150 cm*1(-S02Il; nmr (CDC13) S8.41-8.10 (m, 1, C9H), 7.90-
7.62 (m, 3, C6 C7, C3H's and C5H), 6.97 [d, 2 (total weight of
C2H and C3H), Ja-ct = 14 Hz, C3H], 6.94 [d, 2 (total weight
of C3H and C2H), ./c2-cj = 14 Hz, C2H]; mass spectrum (70
eV) m/e (rel intensity) 228 (6), 226 (22), 164 (37), 162 (100),
127 (38).

Anal. Calcd for CIHTCIOZXS: 0,52.98; H, 3.11; ClI,
Found: C, 52.58; H, 3.00; CI, 15.70.

Method B.—A solution of 4-chloro-I-benzothiepin (281 mg,
1.45 mmol) in CHC13(3 ml) was added in one portion to a stirred
suspension of m-chloroperbenzoic acid (560 mg, 3.26 mmol) in
CHC13(7 ml) at —18°. The reaction mixture was stirred at 10°
for 21 hr and filtered, and the CHC13filtrate was washed with
NazZ03 and HXD and dried (MgS04). After the solvent was
removed under vacuum, the residue (174 mg) was treated with
Skelly F (2 X 3 ml) and gave 91 mg (40%) of 4-chloro-1-benzo-
thiepin 1,1-dioxide (32), mp 145-155°. Recrystallization of the
crude solid from 95% ethanol-benzene gave pure 32, mp 155-
157° dec. The ir spectrum of this sample was identical with that
of 32 from method A.

Concentration of the Skelly F washings afforded 63 mg (27%)
of O-chloronaphthalene identified by comparison of its ir spectrum
with that of an authentic sam

Thermal Decomposition of tﬁe 1-Benzothiepins. Method A—
Approximately 1 M solutions of 1-benzothiepin, 2-chloro-I-
benzothiepin, and 4-chloro-1-benzothiepin in CCl4were prepared
and the decomposition to sulfur and the corresponding naphtha-
lenes was monitored by nmr spectroscopy at room temperature.
The disappearance with time of the 1-benzothiepins is recorded in
Table 111.

15.64.

Table Il

Thermal Decomposition of 1-Bknzothiepivs"

-------------- Benzothiepin remaining, % ------------- =
1-Benzo- 2-Chloro-I- 4-Chloro-I-
Time, days thiepin benzothiepin benzothiepin
4.5 hr 80 91 80
1 35 67
2 12 a7 22
3 3 33 15
4 0 25 5
5 16 0
9 7
11 0

° See Thermal Decomposition of 1-Benzothiepin, Method A.
When 2-chloro-I-benzothiepin was stored in the cold, very little
decomposition occurred over a 3-month period.

After the decomposition of 1-benzothiepin (113 mg, 0.59 mmol)
was complete, the solvent was evaporated and the resulting solid
was triturated with pentane (2 X 10 ml). The pentane was
evaporated and left 0.069 g (78%) of naphthalene, mp 63-65°.
The nmr spectrum was identical with that of an authentic sample.

A similar work-up from the decomposition of 2-chloro-I-
benzothiepin (0.113 g, 0.59 mmol) gave 0.05 g (68%) of sulfur,
mp 118-119°, mmp with authentic sample 118-119°, which
precipitated from the residue after removal of CC14. The pentane
solution of the residual oil was dried and upon removal of the
solvent gave 0.103 g (93%) of a-chloronaphthalene; ir and nmr
spectra were identical with those of an authentic sample.

Metho .—2-Chloro-I-benzothiepin (551 mg, 2.83 mmol) was
heated neat in a free flame for a few seconds and the pyrolysate
was chromatogriphed on alumina (Alcoa F-20, 60 g). Elution
with pentane gave 17 mg (19%) of sulfur, mp 120-121°, mmp
with an authentic sample 120-121°, and 389 mg (85%) of a-
chloronaphthalene, ir spectrum identical with that of an au-
thentic sample.

A solution of 4-chloro-I-benzothiepin (172 mg, 0.89 mmol) in
benzene (15 ml) was refluxed for 30 min, the solvent was removed
under vacuum, and the residue (160 mg) was chromatographed
on alumina (Alcoa F-20, 20 g). Elution with Skelly F gave 137
mg of /l-chloronaphthalene, mp 56-57°. A mixture melting point
with an authentic sample was not depressed and the ir spectrum
was identical with that of an authentic sample.
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The following sulfoxides were prepared by the oxidation of the corresponding sulfides with a nitric acid-acetic

anhydride mixture:

5-hydroxy-2,3,4,5-tetrahydro-I-benzothiepin 1-oxide (2, 64% yield), 5-chloro-2,3,4,5-tetra-

hydro-l-benzothiepin 1-oxide (5, 43% yield), and 3,4-dihydro-l-benzothiepin-5(2if)-one 1-oxide (8, 45% yield).
2,3-Dihydro-I-benzothiepin 1-oxide (11) was available by oxidation of the sulfide 10 with sodium metaperiodate

or sulfuryl chloride (—78°) followed by hydrolysis.
for the synthesis of sulfoxides in high yields.

The latter method has been shown to be a general procedure
The intermediate in this synthesis appears to be a chlorine sulfide

complex which at low temperature is best represented by the tetracovalent sulfur structure 14b.

In the course of our synthetic studies in the 1-benzo-
thiepin system15-8 we became interested in 1-benzo-
thiepin sulfoxides as potentially useful synthetic inter-
mediates, particularly 2,3-dihydro-l-benzothiepin 1-
oxide (11). We now wish to report the synthetic
methods used to produce these sulfoxides and the de-
velopment of a new technique which appears to be a
general and simple sulfoxide synthesis.

1-Benzothiepin Sulfoxides.—The initial sulfoxides
prepared were 5-hydroxy-2,3,4,5-tetrahydro-I-benzo-
thiepin 1-oxide (2) and 5-chloro-2,3,4,5-tetrahydro-I-
benzothiepin 1-oxide (5). The reaction entailed oxida-
tion of sulfides 1 and 4 with fuming nitric acid and
acetic anhydride as initially reported by Pollard and
Robinson9 and further developed by Bordwell and
Boutan.D The yields of products were moderate and
the structural assignments were based on elemental
analyses, spectral data, and the conversion of the sulf-
oxides to the corresponding sulfones 3 and 6. A sim-
ilar reaction sequence was performed in the conversion
of ketone 7 to 3,4-dihydro-l-benzothiepin-5(2/7)-one
l-oxide (8) and subsequent oxidation to sulfone 9.

Attempts to dehydrate alcohol sulfoxide 2 or to de-
hydrochlorinate sulfoxide 5 were all unsuccessful in
leading to 2,3-dihydro-l-benzothiepin 1-oxide (11).
Synthesis of 11 was initially achieved by sodium meta-
periodate oxidationll of 2,3-dihydro-lI-benzothiepin

(1) For part VII in this series see V. J. Trayneiis, Y. Yoshikawa, J. C.
Sih, L. J. Miller, and J. R. Livingston, Jr., J. Org. Chem., 38, 3978 (1973).

(2) (a) Presented in part at the 4th Central Regional Meeting of the
American Chemical Society, Pittsburgh, Pa., May 1972. (b) Acknowledg-
ment is made to the donors of the Petroleum Research Fund, administered
by the American Chemical Society, for partial support of this research.

(3) Abstracted from a portion of the Ph.D. Dissertation submitted by
Y.Y.in May 1973 at West Virginia University.

(4) Abstracted from a portion of the Ph.D. Dissertation submitted by
J.R. L., Jr.,in March 1962 at the University of Notre Dame.

(5) V. J. Traynelis and J. R. Livingston, Jr., J. Org. Chem., 29, 1092
(1964).

(6) V.J.Traynelisand D. M. Borgnaes, J. Org. Chem., 37, 3824 (1972).

(7) V. J. Traynelis, J. C. Sih, Y. Yoshikawa, R. F. Love, and D. M.
Borgnaes, J. Org. Chem., 38, 2623 (1973).

(8) V. J. Traynelis, J. C. Sih, and D. M. Borgnaes, J. Org. Chem., 38,
2629 (1973).

(9) A. Pollard and R. Robinson, J. Chem. Soc., 3090 (1926).

(10) F. G. Bordwell and P. J. Boutan, J. Amer. Chem. Soc., 79, 717 (1957).

(11) N.J.Leonard and C. R. Johnson, J. Org. Chem., 27, 282 (1962).

(10). Sulfoxide 11 was an oil with ir and nmr spectra
consistent with the assigned structure and was further
characterized by conversion to I-methoxy-2,3-dihydro-
1-benzothiepinium tetrafluoroborate (12).

Convenient Synthesis of Sulfoxides.—A new method
for the synthesis of sulfoxides emerged from a study of
the chlorination of ketone 7Band 2,3-dihydro-I-benzo-
thiepin (10)1with sulfuryl chloride. The reaction of
sulfides with sulfuryl chloride readily produces a-chloro
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Table |

Oxidation of Sulfides to Sulfoxides

Sufodde SeooN NO®

2,3-Dihydro-I-benzothiepin 79 m

1-oxide (11)
3,4-Dihydro-l-benzothiepin- 91

5(2/7)-one 1-oxide (8)
Phenyl sulfoxide 95 98
Phenyl methyl sulfoxide 97 99
Benzyl sulfoxide 99 96
Ji-Octadecyl ethyl sulfide 90
Tetramethylene sulfoxide 60

° See ref 11-
F. Montanari, J. Chem. Soc., 659 (1968).
Tagaki, Bull. Chem. Soc. Jap., 39, 364 (1966).

oxide.

sulfoxide. *This yield represents that of »-propyl sulfoxide.

sulfides12 and has been proposed to proceed by a polar
mechanism involving chlorosulfonium salts as initial
intermediates.12813 These chlorine sulfide salts or
complexes are more commonly generated by the direct
reaction of chlorine with sulfides.1419 In addition to
the ease with which these complexes decompose to a-
chloro sulfides, the complexes can also be hydrolyzed to
sulfoxides. 4

Thus the reaction of sulfuryl chloride and sulfides at
low temperatures (—40 to —70°) led to chlorine
sulfide complexes which were stable at these tempera-
tures, and low-temperature hydrolysis with 95%
ethanol converted the complexes to the corresponding
sulfoxides. This technique was first applied with 3,4-
dihydro-I-benzothiepin-5(2ii)-one (7) to acquire evi-
dence for the intermediate chlorine sulfide complex 13
which was hydrolyzed to sulfoxide 8 in 91% yield. Sec-
ondly, the reaction of 2,3-dihydro-lI-benzothiepin and
sulfuryl chloride, which gave cis- and (rans-4,5-di-
chloro-2,3,4,5-tetrahydro-l-benzothiepin,1 was shown
to proceed through the chlorine sulfide intermediate 14
by diverting 14 via hydrolysis to sulfoxide 11 in 79%
yield. In addition further support for intermediate 14
arose from treatment with anhydrous methanol fol-
lowed by silver tetrafluoroborate to form the methoxy-
sulfonium salt 12.

These reactions of the chlorine sulfide complexes
appeared to have general potential in the synthesis of
sulfoxides and methoxysulfonium salts. A series of
sulfides including diaryl, aryl alkyl, alkyl, and hetero-
cyclic were subjected to the low-temperature reaction
with sulfuryl chloride followed by hydrolysis and were
converted to sulfoxides in excellent yields. Table I

(12) (a) F. G. Bordwell and B. M. Pitts, J. Amer. Chem. Soc., 77, 572
(1955); (b) L. A. Paquette and L. S. Wittenbrook, ibid., 90, 6790 (1968).

(13) D. L. Tuleen and T. B. Stephens, J. Org. Chem., 34, 31 (1969).

(14) W. E. Lawson and T. P. Dawson, J. Amer. Chem. Soc., 49, 3119
(1927).

(15) H. Bohme and H. Grand, Justus Liebigs Ann. Chem., 577, 6s (1952).

(16) H. Meerwein, K. Zenner, and R. Gipp, Justus Liebigs Ann. Chem.,
688,67 (1965).

(17) R.J. Maner, Ph.D. Dissertation, University of lowa, 1968.

(18) H. Kwart and H. Omura, J. Amer. Chem. Soc., 93, 7250 (1971), and
references cited therein.

(19) (a) E. J. Corey and C. U. Kim, J. Amer. Chem. Soc., ¥4, 7586 (1972);
(b) E. J. Corey, C. U. Kim. and M. Takeda, Tetrahedron Lett., 4339 (1972).

bL. Skattebpl, B. Boulette, and S. Solomon, J. Org. Chem., 32,3111 (1067).

dBromine complex of I,4-diazabicyclo[2.2.2]octane:
=A-Bromosuccinimide:

lw. . Kingsbury and C. R. Johnson, Chem. Commun., 365 (1969).

" W. Tagaki, K. Kikukawa, K. Ando, and S. Oae, Chem. Ind. (London), 1624 (1969).

*Yiald, %
|
i-BuOCI* PhiICl2 DABCO 2BiVi NBS« (o]
94 96 95 93
90 86 85* o 92
64 98 0" 86
85* 76* 87"

70
¢G. Barbier, M. Cinquini, S. Colonna, and
S. Oae, Y. Onishi, S. Kozuka, and N.
R. Harville and S. F. Reed, Jr., 3. Org. Chem., 33, 3976 (1968).
0This work. *The yield represents that of p-tolyl methyl sulf-
1The yield represents that of ethyl benzyl

Ithis yield represents that of isopropyl sulfoxide.

12

summarizes these results and compares this method of
sulfoxide synthesis to others in the literature.2021 The
sulfuryl chloride, hydrolysis sequence is effective in
the synthesis of sulfoxides in the presence of certain
functional groups (carbonyl and olefinic groups were the
only ones examined), avoids overoxidation to sulfones,
utilizes mild conditions (—78°), employs inexpensive
materials, and does not appear to be limited to certain
types of sulfides.

The nature of the chlorine sulfide complex in these
reactions raises the question of a chlorosulfonium chlo-
ride or a tetracovalent dichlorosulfur structure.
Lawson and DawsonH reported a crystalline chlorine
sulfide complex of /3,/T-dichloroethyl sulfide isolated
below 0° and Meerwein and coworkersHlprepared di-
methylchlorosulfonium salts (hcxachloroantimonate,
tetrafluoroborate, etc.). In both cases the structures
were represented as salt-like. The intermediate pro-
posed in the reaction (at 0° or higher) of sulfuryl chlo-
ride and sulfides to form a-chloro sulfides was a chloro-
sulfonium chloride. 12813 However, recent reports in

(20) C.R. Johnson and J. C. Sharp, Quart. Rep. Sulfur Chem., 4, 1 (1969).
(21) F. Montanari and M. Cinquini, Mech. React. Sulfur Compounds, S,
121 (1968).
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Table Il

Low-Temperature Nmr Data for 2,3-Dihydro-1-benzothiepin (10), 1-Methoxy-2,3-dihydro-1-benzothiepinium
Tetrafluoroborate (12), and 2,3-Dihydro-1-benzothiepin Chlorine Complex 14 at —50°

10
Sgﬁl( 2.84 (broad s)
C4H 592 (dt, J = 13 and 3.5 Hz)
C5H 6.45 (d, J = 13 Hz)
CB, C?, Cs H’'s 7.10 (m)
C9H 7.34 (m)
OCH3

the literature22-25 describe tetracovalent sulfur species
which in some cases have been isolated2 and confirmed
by X-ray crystallography223 and in other cases have
been detected as reaction intermediates by spectral
studies2dand the nature of the reaction products.5

In the oxidation of thioanisole with ieri-butyl hypo-
chlorite, Johnson and Rigau proposed the intermedi-
acy of a tetracovalent sulfur species 16 on the basis of a
low-temperature nmr study. The two ortho hydrogens
and methyl hydrogens in 16 appeared significantly at
lower field in contrast to analogous hydrogens in the
trivalent salt 15. Similar downfield shifts in the nmr
were reportedX for the ortho hydrogens of bis(p-chloro-
phenyl) sulfide chlorine complex 17 when compared to

OCRI/i
577 O~"~-SCB, ¢3.78
\ BF4
H
58.05
15
Cl
Cl
17

the corresponding hydrogen position for the sulfide.
The tetracovalent sulfur structure of the complex 17
was supported by an X-ray study.2

We have examined the low-temperature (—50°) nmr
spectrum of the intermediate 14 from the reaction of
sulfuryl chloride with 2,3-dihydro-I-benzothiepin (10)
and compared this spectrum with those of 10 and
I-methoxy-2,3-dihydro-I-benzothiepinium tetrafluoro-
borate (12) at —50°. The results appear in Table 11
and the downfield shift of the C3H and C2H reso-
nances in 14 compared with the corresponding hydrogens
in the methoxysulfonium salt 12 and the sulf.de 10
parallel the results reported by Johnson and Rigau.4
In view of the magnitude of the C3H and particularly
the Cr-H shifts in 14 compared with 13, we favor the
assignment of the dichlorosulfuranc structure 14b for
the reaction intermediate at —50° in preference to the
chlorosulfonium structure 14a. Similar deshielding
affects on the C9 hydrogen, resulting from geometric

(22) R. J. Arhart and J. C. Martin, J. Amer. Chem. Soc.. 94, 4937, 5003
(1972); 1. C. Paul, J. C. Martin, and E. F. Perozzi, ibid., A4, 5010 (1972),
and related papers.

(23) N. C. Baenziger, R. E. Buckles, R. J. Maner, and T. D. Simpson,
J. Amer. Chem. soc.,91, 5749 (1969).

(24) C.R. Johnson and J. J. Rigau, J. Amer. Chem. Soc., 91, 5398 (1969).

(25) T. Durstand K. C. Tin, Can. J. Chem., 49, 2374 (1971).

12 14
3.6-4.6 (br m) 4.75 (t, J —5.5 Hz)

3.0 (brs) 313 (dt / = 5.5 Hz)

6.01 (brd, J = 12 Hz) 6.27 (dt, J = 5.5 and 11 Hz)

6.32 (d, J = 12 Hz) 6.57 (J = 11 Hz)
7.43 (m) 7.40 (m)

7.87 (m) 8.04 (m)

3.98 (s)

and electronic change on sulfur, can be observed by in-
creasing the number of oxygen atoms on sulfur in going
from 2,3-dihydro-l-benzothiepin (10) [C9H, 5 7.40
(m)] to 2,3-dihydro-l-benzothiepin 1-oxide (11) [C9H,
57.88 (m)] and 2,3-dihydro-I-benzothiepin 1,1-dioxide
[C9H, 38.10 (m)j. Also consistent with structure 14b
is the multiplicity of the C2hydrogens (equivalent hy-
drogens give rise to a triplet) in contrast to 13 where the
nonequivalent C2 hydrogens appear as a complex
multiplet.

In conclusion the low-temperature reaction of sul-
furyl chloride and sulfides forms a chlorine sulfide com-
plex which is readily hydrolyzed to the corresponding
sulfoxide in high yield. These intermediates should
also find application in the new transformations re-
cently described by Corey and coworkers.©

Experimental Section®

General Oxidative Procedure with Sulfuryl Chloride.—A solu-
tion of sulfuryl chloride in CH2ZCU was added dropwise with stir-
ring to an equimolar amount of the sulfide in CH2C12 solution
maintained at —70°. After the reaction mixture was stirred for
15-30 min and kept at low temperature, —40 to —78° for 2-24
hr, 95% ethanol was added slowly and the solution was allowed
to come to room temperature. The reaction mixture was neu-
tralized with NaHCO03, NaZ 03 or KZ 03, the organic layer was
separated, washed (H®), and dried (MgSO<), and the solvent
was removed under reduced pressure. The residue which re-
mained was distilled, recrystallized, or characterized without
further treatment and shown to be the corresponding sulfoxides.

2,3-Dihydro-I-benzothiepin 1-Oxide (11). Method A.2Z—A so-
lution of sodium metaperiodate (104 ml of 0.50 M, 0.052 mol)
was added to 2,3-dihydro-l-benzothiepin38(7.00 g, 0.043 mol) in
glacial acetic acid (110 ml) and the reaction mixture was stirred
for 31 hr at ice-bath temperature. The solid was filtered and the
aqueous solution was extracted with CHC13 After the extract
was washed with 15% NallCO03 solution and HD and dried
(MgSO0i), the solvent was removed under vacuum and gave 5.84 g
(77%) of 2,3-dihydro-l-benzothiepin 1-oxide (11) as a yellow oil:
ir (neat) 3000 (m), 1645 (m), 1470 (m), 1415 (m), 1070, 1030
(s, >S=0), 750 cm-1 (s); nmr (CDC13) a 8.00-7.76 (m, 1,
CVH), 7.60-7.10 (m, 3, C6 C7, C8H's), 6.52 (d, 1,/ Cs-c. = 125
Hz, Cs-1l), 5.97 (d t, 1, JCtc, = 5, JCI-Q, = 12.5 Hz, C, H),
3.40 (t, 2,Jdc!-c1= 7.0 Hz, -SOCHZXH2), 2.64 (d t, 2, Jca-c, =
7.0, Jc,-c. = 5Hz, -SOCHZXH2).

Method B.—The above general oxidative procedure was used
with 2,3-dihydro-I-benzothiepinl (2.0 g, 12 mmol) in CH2XC12
(15 ml) at —70° and sulfuryl chloride (1 ml, 12 mmol) in CI112C12
(3 ml) with a reaction time of 3 hr at —70°. Addition of 95%
ethanol (10 ml) and work-up as above gave 1.73 (79%) of 2,3-

(26) AIll melting points and boiling points are unconnected. Elemental
analyses were carried out by Galbraith Laboratories, Inc., Knoxville, Tenn.,
or Midwest Microlab Inc., Indianapolis, Ind. Infrared spectra were de-
termined on a Beckman IR-s or a Perkin-Elmer Model 137-B spectrometer
and nmr spectra were obtained on a Varian Associates Model T-60 nmr
spectrometer.

(27) This procedure is taken from the Ph.D. Dissertation of J. C. Sih,
West Virginia University, Dec 1971.

(28) V. J. Traynelis, W. L. Hergenrother, J. R. Livingston, and J. A.
Valicenti, J. org. Chem., 27, 2377 (1962).



l1-Benzothiepin Sulfoxides

dihydro-l-benzothiepin 1-oxide as a yellow oil, ir and nmr spectra
identical with those of the above sample

1-Methoxy-2,3-dihydro-1- benzoth|ep|n|um Tetrafluoroborate
(12). Method A.—silver tetrafluoroborate (1.2 g, 5.8 mmol) and
methyl iodide (1.24 g, 11.6 mmol) in CHZC12 (5 ml) were added
to a stirred solution of 2,3-dihydro-1-benzothiepin 1-oxide (11,
1.0 g, 0.8 mmol) in CHZI12(15 ml) and the mixture was stirred
at room temperature for 3.5 hr. After the reaction mixture was
filtered, ether was added to the filtrate until the cloud point and
the oil, which separated, crystallized slowly to give 1.0 g (65%)
of 1-methoxy-2,3-dihydro-1-benzothiepinhim tetrafluoroborate
(12): mp 106-108°; ir (KBr) 3025 (w), 1470 (m), 1060 (br, s),
775 cm*1(s); nmr (CDC13) 58.20-8.00 (m, 1, C9H), 7.84-7.48
(m, 3, C6, C7, C8H’s), 6.64 (d, 1, JCs-c4= 12 Hz, C5H), 6.23
(dt, 1,Jdci-cs = 12, Jct-Ca = 5Hz, C4H), 4.80-3.67, sharp peak
4.07 (m, 5, C2H’s and -OCH3 4.07 peak), 3.24-2.87 (m, 2,
C3H’s).

Anal. Calcd for CnHIBF4S: C, 47.17; H, 4.68.
C, 47.08; H, 4.49.

Method B.—After a solution of 2,3-dihydro-l-benzothiepin3
(0.81 g, 5.0 mmol) and sulfuryl chloride (0.71 g, 5.3 mmol) in
CHZ12(5 ml) was kept at —78° for 2 days, methanol (0.2 ml) in
CHZ12(2 ml) at —78° was added to the reaction mixture and the
solution was allowed to come to room temperature (about 90
min). The reaction mixture was again cooled to —50°, silver
tetrafluoroborate (2.0 g, 10 mmol) was added, and the mixture
was maintained at —78° overnight and then stirred at 5-8° for
5 hr. After the precipitate was filtered and washed with CHZ12
the solvent was removed under reduced pressure from the com-
bined filtrate and washings and left 1.69 g of an oily residue.
The oil solidified and was recrystallized from CHZI2ether to
give 0.744 g (53%) of I-methoxy-2,3-dihydro-l-benzothiepinium
tetrafluoroborate (12), mp 106-107°. A mixture melting point
with the sample from method A was not depressed and their nmr
spectra were identic .

3.4- Dihydro-I- benzoth|ep|n 5(2I)-one 1-Oxide (8). Method
A.—An oxidizing mixture was prepared by dropwise addition of
red fuming nitric acid (d 1.52, 40 ml) to acetic anhydride (20
ml) cooled in an ice bath. This cold solution was added dropwise
with stirring over a period of 20 min to a solution of 3,4-dihydro-
I-benzothiepin-5(2//)-one® (10.0 g, 0.056 mmol) in acetic an-
hydride (40 ml) at ice-bath temperature and the reaction mixture
was placed in a refrigerator for 20 hr. After the mixture was
poured onto crushed ice (100 g) and neutralized by addition of
20% NaOll solution with vigorous stirring while the temperature
was maintained below 30°, sodium bisulfite (5 g) was added and
the solution was extracted with CHC13. The extract was dried
(MgSO<) and the CHC13was removed under reduced pressure.
The residual oil was dried in a vacuum desiccator overnight and
extracted with boiling cyclohexane, which, after treatment with
Norit, gave 4.85 g (45%) of 3,4-dihydro-l-benzothiepin-5(2//)-
one 1-oxide (8) as white, crystalline needles: mp 70.5-72.5°;
ir (CI11C13) 1665 (>C=0), 1050 cm“1(br, >S=0); nmr (CDC13)
88.10-7.35 (m, 4, aromatic H's), 3.76-2.80 (m, 4, -SOCHZH2
CHZ0-), 2.63-1.94 (m, 2, -SOCHZHZXI1Z0-). An analytical
sample, mp 72.5-73.5°, was prepared by recrystallization from
cyclohexane.

Anal. Calcd for C,oHI® S: C, 61.83; H, 5.19.
61.53; H, 5.11.

A 2,4-dinitrophenylhydrazone, mp 176.5° after recrystalliza-
tion from ethanol, was prepared in the usual way.

Anal. Calcd for CIH,ND5: C, 51.32; H, 3.78.
C, 51.37; 11,4.02.

Method D.—The procedure for preparation of 11 method B,
was used to convert 3,4-dihydro-l-benzothiepin-5(2//)-one®
(2.0 g, 11.1 mmol) with sulfuryl chloride (1.55 g, 11.5 mmol) in
CHZC15(12 ml) followed by hydrolysis with 95% ethanol (15 ml)
to 1.60 g (74%), recrystallized from cyclohexane, of 3,4-dihydro-
I-benzothiepin-5(2//)-orie 1-oxide, mp 74- 75° ir and nmr iden-
tical with those spectra of the above samp

3.4- %ydro -benzothiepin- 5‘(
solution of 3,4-dihydro-I-benzothiepin-5(2/f)-one 1-oxide (8,
0.75 g, 0.004 mol), acetic acid (4 ml), and 30% 11D 2 (2.5 ml)
was allowed to stand overnight at room temperature and poured
into 112D and the precipitate was filtered. The solid was re-
crystallized from ethanol and gave 0.51 g (61%) of 3,4-dihydro-
1-benzothiepin-5(2//)-one 1,1-dioxide , mp 153-156° (lit.®
mp 155-156°). A mixture melting point with an authentic

Found:

Found: C,

Found:

(29) V.J. Traynelis and R. F. Love, J. Org. Chem.,26, 2728 (1961).
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sample was not depressed and the ir spectrum was identical with
that of an authentic samp
5-Hydroxy-2,3,4,5- tetrahydro -|l-benzothiepin 1-Oxide (2).—

The procedure described under 3,4-dihydro-l-benzothiepin-
5(2/7)-one 1-oxide (8), method A, was employed for the reaction
of red fuming nitric acid (d 1.52, 2 ml) in acetic anhydride (12.5
ml) and 5-hydroxy-2,3,4,5-tetrahydro-I-benzothiepin® (5.0 g,
0. 028 mol) in acetic anhydride (35 ml) for 24 hr at refrigerator
temperature. After work-up, the CHC13extract, dried (NaZ04),
was treated with Skelly F and upon cooling in a deep freeze for
2 days gave 3.48 g (64%) of 5-hydroxy-2,3,4,5-tetrahydro-I-
benzothiepin 1-oxide (2): mp 103-106°; ir (CHC13) 3350 (OH),
1010 cm*“1 (>S=0); nmr (CDC13) S7.87-7.54 (m, 1, C9H),
7.49-7.28 (m, 3, C6 C7,C8H’s), 5.10 (br d, 1, C5H), 4.24 (br s,
1, OH), 3.12-1.66 (M, 6,-SOCHXHZHZXHOH-). An analyt-
ical sample, mp 110-113°, was prepared by repeated recrystal-
lization from benzene.

Anal. Calcd for CiHi2S: C, 61.13; H, 6.16.
61.25;

5- Hydroxy 2 3,4,5-tetrahydro-I-benzothiepin 1,1-Dioxide (3).
A solution of 5-hydroxy-2,3,4,5-tetrahydro-l-benzothiepin
1-oxide (2, 0.4 g, 0.002 mol), acetone (2 ml), and 30% HZD2
(2.75 ml) was allowed to stand overnight, then refluxed for 30
min. The solvent was removed under reduced pressure and the
residue was recrystallized from benzene to give 0.30 g (69%) of
5-hydroxy-2,3,4,5-tetrahydro-I-benzothiepin  1,1-dioxide, mp
128-129°. A second recrystallization of 9 from benzene raised
the melting point to 136-139° (lit.Dmp 141-142°). A mixture
melting point with an authentic sample was not depressed and
the ir spectrum was identical with that of an authentic sample.

5.Chioro- -2,3,4 5-tetrahydro-I-benzothiepin  (4).—solid  5-hy-
droxy-2,3,4,5-tetrahydro-l-benzothiepin® (9.0 g, 0.05 mol) was
added in one portion to a vigorously stirred solution of CaCl2
(25 g) in concentrated HC1 (100 ml) and the mixture was heated
on a steam bath for 30 min. The reaction mixture was poured
onto ice (200 g) and extracted with ether and the extract was
dried (NaZS04). After the solvent was removed, distillation of
the residue gave 8.06 g (82%) of 5-chloro-2,3,4,5-tetrahydro-I-
benzothiepin 4): bp 79-81° (0.05-0.08 Torr) [lit.Pbp 105-110°
(0.4 Torr)]; n*L 1.6159; ir (neat) 2900 (s), 1450 (s), 1285 (m),
1238 (m), 1035 (m), 910 (m), 876 (m), 820 (m), 760 (s), 741 (s),
718 cm-1 (s); nmr (CDC13) S 7.64-7.00 (m, 4, aromatic H's),
5.59 (dd, 1, J = 8.5and 3.0 Hz, C6H), 2.72-2.54 (m, 2,-SCH2

CH2), 2.48-1 SCHZHZH2).. .
5 hilgio- 2345 tetrahydro-I:‘Eenzotmepm 1-Oxide (5).—A so-
lution of 5-chloro-2,3,4,5-tetrahydro-I-benzothiepin 0 g,
0.25 mol) in acetic anhydride (25 ml) was added to a solution of
70% nitric acid (40 ml) and acetic anhydride (25 ml) prepared as
described above and maintained at 0°. After the mixture re-
mained in the refrigerator for 10 hr and was poured onto ice, the
solution was neutralized with 20% NaOH solution and the solid
was collected and dried. Recrystallization of the crude material
from benzene-Skelly B gave 2.02 g (43%) of white needles of
5-chloro-2,3,4,5-tetrahydro-l-benzothiepin  1-oxide 5 . mp

Found: C,

141-142°; ir (CHC13) 2980 (m), 1450 (m), 1068 (s), 1030 cm"1
(s, >S=0).
Anal. Calcd for C,H,CIOS: C, 55.94; 11, 5.17. Found: C,

55.84; H, 5.13. . ..
I§3-ChT(')r0-21,;§,4,5-tetrahydro-I-benzoth|ep|n 1,1-Dioxide (6).—
A solution of 5-chloro-2,3,4,5-tetrahydro-l-benzothiepin 1-oxide
(5, 0.50 g, 0.0023 mol), 30% HD 2(2 ml), and acetic acid (10 ml)
was allowed to stand for 12 hr at room temperature and then
heated on a steam bath for 30 min. The mixture was poured
into HD (30 ml) and cooled (5° for 24 hr) and the product was
filtered. Recrystallization of the solid from cyclohexane gave
0.53 g (99%) of 5-ehloro-2,3,4,5-tetrahydro-l-benzothiepin 1,1-
dioxide (6): mp 97-98.2°; ir (CHC13) 1300 (br), 1155, and 1120
cm"1(>S02; nmr (CDC13) 58.20-7.93 (m, 2, C9H and C6H),
7.62-7.30 (m, 2, C7, C8H's), 597 (d d, 1, J = 9 and 2 Hz),
3.36-3.00 (m, 2, -S0ZXH2), 2.84-1.66 (M, 4,-SOXTHXHZXTH2).

2//) One ll Dioxide (9).—A Repeated crystallization of the product from cyclohexane gave

an analytical sample, mp 98-99°.
Anal Calcd for C,H,CIOS: C, 51.93; H, 4.76; S, 13.89;
15.37. Found: C, 52.14; H, 4.90; S, 13.62; CI, 15.56.
Benzyl Sulfoxide.—The above general oxidative procedure was
used with benzyl sulfide (2.00 g, 9.34 mmol) in CHZ12(12 ml) at
—40° and sulfuryl chloride (1.31 g, 9.70 mmol) in CHZC12 (5 ml)

(30) K. Sindelar and M. Protiva, Collect. Czech. Chem. Commun.. S3, 4315
(1968).
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with a reaction time of 30 min at —40° and overnight at —78°.
Addition of 95% ethanol (15 ml) and work-up as above gave 2.13
g (99%) of crude benzyl sulfoxide, mp 115-120°. The crude
product was free of benzyl sulfide and benzyl sulfone by nmr
analysis and when the solid was washed with some hexane gave
1.88 ¢ (88%) of pure benzyl sulfoxide: mp 133-134° (lit.11 mp
135-136°); nmr (CDCh) s7.34 (s, 10, aromatic TI's), 3.87 (s, 4,
-CHj-). The nmr spectrum was identical with that of an
authentic sample.

Phenyl Sulfoxide.—Reaction of phenyl sulfide (1.0 g, 5.4
mmol) and sulfuryl chloride (0.80 g, 5.9 mmol) in CHHZC12(9 ml)
at —30 to —40° for 90 min produced a yellow precipitate, hy-
drolysis of which, with 95% ethanol (10 ml) and usual work-up,
gave 1.04 g (95%) of crude phenyl sulfoxide, mp 63-67°. The
crude material was washed with a small amount of hexane and
provided 0.57 g (53%) of pure phenvl sulfoxide: mp 68-70°
(litt1 mp 69-71°); ir (CHCU) 1033 cm“1(>S=0) [lit.11 1033
cm-1(>S=0)].

Phenyl Methyl Sulfoxide.—Thioanisole (1.0 g, 8.1 mmol) in
CHZI12(1 ml) and sulfuryl chloride (1.09 g, 8.0 mmol) in CHZXCI2
(10 ml) were mixed and kept at —70° for 2 hr. Hydrolysis of
the resulting yellow solution with 95% ethanol (15 ml) followed
by the usual work-up gave 1.09 g (96%) of phenyl methyl sulfox-
ide: mp 29-30° (lit.1mp 29-30°); ir (CC1,) 1050cm"1(>S=0)
[lit.11 1050 cm"1(>s=0)]; nmr (CDC13) s 7.70-7.33 (m, 5,
aromatic 1d’'s), 2.73 (s, 3, -SOCH®J3). Nmr analysis showed that
the product was free of thioanisole and phenyl methyl sulfone.

Ethyl n-Octadecyl Sulfoxide.—Employing the general oxida-
tion procedure, ethyl re-octadecyl sulfide (603 mg, 1.92 mmol) and
sulfuryl chloride in CH2CI2 (15 ml) were allowed to react at —60°
for 24 hr. The reaction mixture was treated with 95% ethanol
(10 ml) and standard work-up gave 0.50 g (80%) of ethyl n-
octadecyl sulfoxide, mp 75-76° (dried by azeotropic distillation
of HD with benzene), ir (CIIC13) 1010 cm"1 (>S=0). An
analytical sample, mp 78.5-79.5°, was prepared by recrystalliza-

tion from ether and dried over P20b at 65° for 2 days. The sulfox-
ide is hygroscopic.
Anal. Calcd for CAH<OS: C, 72.66; H, 12.81. Found: C,

72.88; H, 12.79.

Ethyl n-Octadecyl Sulfone.—A mixture of m-chloroperbenzoic
acid (0.80 g, 4.6 mmol) and ethyl re-octadecyl sulfoxide prepared
from ethyl ra-octadecyl sulfide (1.21 g, 3.8 mmol) and sulfuryl
chloride (0.59 g, 4.4 mmol) was stirred in CIICI3(5 ml) at room

Y oshida, Sugimoto, Sugimoto, and Y oneda

temperature for 1 day. After the reaction mixture was filtered
and the solvent removed from the filtrate, the residual oil was
chromatographed on alumina (A-540) and upon elution with
benzene gave 1.2 g (90%) of ethyl n-oetadecyl sulfone, mp 85-
86°, ir (CHCI3) 1300 and 1130 cm"1(>S02).

Anal. Calcd for C+1bjChS: C, 69.30; H, 12.22.
69.11; 11, 12.18.

Tetramethylene Sulfoxide.—Sulfuryl chloride (15.8 g, 0.117
mol) in CHZ12(5 ml) was added to a solution of tetramethylene
sulfide (10 g, 0.114 mol) in CHZ12(20 ml) and the mixture was
allowed to stand at —70° for 3 days. The reaction mixture was
treated with 80% ethanol (20 ml) and allowed to warm up to
room temperature. The aqueous solution after neutralization of
the reaction mixture with potassium carbonate was concentrated
prior to extraction with CHCI3 After the CHCI3 extract was
dried and the solvent was removed, distillation of the residue
(7.1 g) gave 6.0 g (50%) of tetramethylene sulfoxide, bp 48-53°
(0.15-0.20 Torr). The product was identified by comparison of
nmr and ir spectra with those of an authentic sample.

Low-Temperature Nmr Measurements.—The nmr spectra of
2,3-dihydro-I-benzothiepin,Bl-methoxy-2,3-dihydro-l-benzothi-
epinium fluoroborate (12), and the intermediate from the re-
action of sulfuryl chloride and 2,3-dihydro-I-benzothiepin were
obtained at —50° on a Varian HA-60 nmr spectrometer equipped
with a variable temperature probe. The chemical shifts were
measured using TMS as an internal standard.

A 0.2-ml aliquot of a 2.5 M 2,3-dihydro-l-benzothiepin (10)38
stock solution in CDCI3was mixed with 0.1 ml of CDC13 and
cooled to —50°. To this solution was added a 0.2-ml aliquot of
2.5 M sulfuryl chloride in CDCI3 mixed with 0.1 ml of CDC13
precooled to —50°. The resulting yellow solution was shaken
vigorously with cooling and placed in the nmr probe at —50°.

The chemical shifts for these compounds are summarized in
Table I1.

Found: C,

Registry No.—2, 41947-71-1; 4, 21609-60-9; 5, 41947-73-3;
6, 41947-74-4; 8, 26524-92-5; 8 2,4-dinitrophenylhydrazone,
41947-76-6; 10,21609-62-1; 11,41947-78-8; 12,41947-79-9; 14,
41947-80-2; 3,4-dihydro-l-benzothiepin-5(2//)-one, 21609-70-1;
5-hydroxy-2,3,4,5-tetrahydro-l-benzothiepin, 20500-27-0; ethyl
re-octadec.yl sulfoxide, 41947-83-5; ethyl n-octadecyl sulfide,
41947-84-6; sulfuryl chloride, 7791-25-5; ethyl n-octadecyl
sulfone, 41947-85-7; m-chloroperbenzoic acid, 937-14-4.
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The reactions of parent thiopyrylium cation (1) with various primary amines under mild conditions give
ring-opening products, 5- (alkyl- or arylamino-) iV-alkyl- or -aryl-2,4-pentadienylideniminium salts (4) in good

yield.
thiopyrylium cation with aromatic amines took place.

As recently reported1 SCF MO calculations show that
the positive charge in thiopyrylium cation (1) is largest
at the sulfur atom (+0.854), but still considerable at the
carbon atoms of the a and the 7 positions (+0.080 and
+0.039, respectively), indicating that 1 can be ex-

sulfonium
structures

carbonium ion structures

pressed as a resonance hybrid of sulfonium structures

(Kekulé structures) and carbonium ion structures.
Little work has been carried out on the reaction of

the parent thiopyrylium cation (1) with nucleophilic

(1) Z. Yoshida, H. Sugimoto, and S. Yoneda, Tetrahedron, 28, 5873 (1972).

Secondary amines also react with 1to afford the same type of products.

No reaction of 2,4,6-triphenyl-

reagents. Price, et al.,2 reported that the reaction of
1 and 2,4,6-triphenylthiopyrylium cation (2) with
phenyllithium gave thiabenzene derivatives by nucleo-
philic attack at the sulfur atom. In the case of phos-
phopyridinium salt, water also reacts preferentially at
the heteroatom, rather than carbon.3 In contrast, we
found4 that the reaction of 2 with a variety of active
methylene compounds in the presence of a base yielded
substituted benzenes by nucleophilic attack of the
carbanions at the a carbon atom. Attempts to isolate

(2) (a) M. Polk, M. Siskin, anti C. C. Price, J. Amer. Chem. Soc., 91,
1206 (1969); (b) G. Sold an I C. C. Price, ibid., 83, 1770 (1961); (c) ibid., 84,
2090 (1962); (d) ibid., 84, 2094 (1962).

(3) C. C. Price, T. Parasaran, and T. V. Lakshminarayan, J. Amer.
Chem. Soc., s s, 1034 (1966).

(4) Z. Yoshida, S. Yoneda, H. Sugimoto, and T. Sugimoto, Tetrahedron,
27, 6083 (1971).
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the product in a similar reaction of 1 with active methyl-
ene compounds were unsuccessful. A substituted
pyrylium cation (3) where Ri, R2 and R3 denote sub-

R*

3

stituents, reacts with ammonia to give pyridine deriva-
tivesé while the reaction with primary amines affords
pyridinium salts.6 Generally, 3 does not react with
secondary amines. This paper deals with the reactions
of 1 and 2 toward a variety of amines.

When 1 was treated with aromatic amines in aceto-
nitrile under gentle warming or aliphatic amines in
methanol with cooling, the reaction mixture immediately
became red or yellow, respectively, with evolution of
hydrogen sulfide. The product (4a) obtained by the

X* + 2NH —

RjRONCH= CHCH= CHCH= NR~"X*
4a-j

reaction of thiopyrylium fluoroborate with aniline
showed a uv absorption maximum at 486 nm (log e 4.85)
in methanol, suggesting that the product is a highly
conjugated one. Elemental analysis (CITHIIN2BF4
indicated that 1 mol of the cation reacted with 2 mol of
aniline and hydrogen sulfide was eliminated. The nmr
spectrum of 4a in DMSO-de showed two triplets cen-
tered at 86.43 (2 H) and 8.03 (1 H) and abroad doublet
at 8 8.65 (2 H) besides the phenyl proton signal (5 7.5,
10 H). From comparison of these spectral data with
those of the authentic sample prepared by another pro-
cedure,7 the product 4a was identified as S-(anilino)-
N - phenyl - 2,4-pentadienylideniminium  fluoroborate.
The results of the reactions shown below are sum-
marized in Table I. As is seen in Table I, secondary

Table |
Results of the Reaction of 1 with Amines (RiRANH)®

Yield, Mp (dec),
4 Ri R2 X % °C
a H Ph bf4 90 157-169
b H Ph C104 71 190-192
c H p-CHaPh bf4 63 138-140
d H p-CHaOPh bf4 62 165-166
e H p-HOPh bf4 64 180
f H p-CIPh bf4 54 167-170
g Me Ph bf4 32 84-86
h H Me bf4 66 mp 79
i Me Me bf4 65 mp 128
i Morpholino b f4 52 mp 184-186

° Satisfactory analytical values (+0.4%) for C, H, and
were reported for all compounds except 4d (calcd, C, 57.55; found,
C, 56.88): Ed.

(5) (a) A. Bayer and J. Piccard, Justus Liebigs Ann. Chem., 384, 208
(1911); (b) ibid., 407, 332 (1914); (c) A. T. Balaban, Tetrahedron, Suppl., 7,
1 (1966).

(6) C. Toma and A. T. Balaban, Tetrahedron, Suppl., 7, 9 (1966).

(7) T. Zincke, Justus Liebigs Ann. Chem., 330, 361 (1903).
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amines as well as primary amines reacted with 1 to
afford cyanine-type products (4), except p-nitroaniline
and sulfanilic acid, which did not react with 1 even
under vigorous conditions. It is evident that the re-
activity of amines with 1 depends upon their basicity.
In no cases were pyridinium salts obtained.

Each product (4) has three double bonds and the
stereochemistry was ascertained from the spectral data.
For example, in the spectrum of 4i, two kinds of equiv-
alent protons (a and 8 protons) revealed a symmetrical
structure and all the ,/n- n values of 12 Hz indicated an
all-trans configuration. Further evidence for the
trans configuration was obtained by the out-of-plane
bending vibrations of vinyl C-H bonds which were ob-
served at 859 and 869 cm-1, the latter being shoulder,
for 4i. Similar spectral data for the all-trans configura-
tion of 2,8-dimethylnonatrienyl cation have been re-
ported by Sorensen.8

The formation of the ring-opening product 4 might be
explained by the reaction course shown in Scheme I.

Scheme |

A Probable Mechanism op the Reaction
of Thiopyeilium Cation with Amine (RiR2ZNH)

The initial nucleophilic attack by amine takes place at
the a carbon atom, in accord with the reaction indices
obtained by the HMO method.4

Recently, attention has been focused on the ring
opening of a-pyrans or a-thiopyrans to dienones or
dienothiones, respectively, or on their equilibrium as
shown below. For a-pyran derivatives, Marvell and

collaborators9 observed that the rate constant for the
ring opening to cis-/3-ionone (a cis dienone) from 1-oxa-
2,5,5,8a-tetramethyl-5,6,7,8-tetrahydronaphthalene (as
a model a-pyran) is around one-tenth as large as that
for the reverse reaction. Furthermore, Becker and
Kolk have found that the ring opening of 2,2-diphenyl-

(8) T.S. Sorensen, J, Amer. Chem. Soc., 87, 5075 (1965).
(9) E. N. Marvell, T. Chadwick, G. Caple, T. Gosink, and G. Zimmer, J.
org. chem., 37,2992 (1972).



3992 J. Org. Chem., Vol. 38, No. 23, 1973

2f/-benzothiopyran is affected only by a photochemical
process.0 In both cases the molecules in question have
no polar substituent. However, in the ring opening of
the initial adduct (A) of 1 with amines, the ammonium
group permits an ionic path rather than a retroelectro-
cyclic process. This is experimentally suggested from
the fact that the reaction proceeds very rapidly and
even in the dark. In view of these arguments, the ring
opening of the adduct is considered to occur via the
sulfonium type isomer (B), in which the driving force
of the ring opening should come from the electron-with-
drawing sulfonium group. The ring opening inter-
mediate might, then, be isomerized from the cis form
(C) to the trans form (D). The intermolecular attack
of amine at the a carbon adjacent to the sulfur atom
followed by the elimination of hydrogen sulfide gives the
final cyanine-type product. A marked contrast was
found in the reaction of 2 with methylamine, which gives
exclusively pyridinium salt and no ring opening product.

The bulky substituents (phenyl groups) may prevent
isomerization of the ring opening intermediate for 2. In
addition to this, since the positive charge can delocalize
on the phenyl groups, the Coulomb repulsion in the
nontrans configuration is considered to be sufficiently
lowered.

It is established that 3 (Ri = R2= R3= Ph) reacts
both with aromatic and aliphatic primary amines; on
the other hand, 2 has been found to react only with
aliphatic amines. These results indicate that 2 is less
reactive toward nucleophilic reagents than 3 (Ri = R2
= R3 = Ph). It is generally accepted that the elec-
tron-releasing conjugative effect of oxygen is larger than
that of sulfur. For instance, the rate constant of the
hydrolysis of a-chloromethyl ether was reported to
be about 1600 times as large as that of a-chloromethyl
sulfide.ll If the nature of the heteroatom plays a major
role in the stability and reactivity of 2 and 3 (Ri = R2
= R3= Ph), then the pyrylium cation should be more
stable and less reactive toward nucleophiles than thio-
pyrylium cation, but this is not the case. These dif-
ferences must be ascribed to the double bond character
of the carbon-heteroatom bond, or, in other words,
delocalization of the positive charge. The contribu-
tion of carbonium ion structure to a resonance hybrid of
pyrylium cation is larger than that of thiopyrylium
cation,1 and this difference may be responsible for the
difference in the reactivities of both cations.

Experimental Section

Ultraviolet spectra were run on a Hitachi EPS-3T recording
photometer. Infrared spectra were recorded on a Hitachi grat-
ing infrared spectrophotometer. Nmr spectra were determined
on a Jeolco C-60H with TMS as an internal standard. Melting
points were not corrected.

(10) R. S. Becker, and J. Kolk, J. Phys. Chem., 72, 997 (1968).
(11) C. C. Price and S. Oae, "Sulfur Bonding,” Ronald Press, New York,
N. Y., 1962, Chapter 2.
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Thiopyrylium Fluoroborate (1).— 1 was prepared according
to Degani, Fochi, and Vincenzil2 and purified by reprecipitation
from acetonitrile-ether.

2,4,6-Triphenylthiopyrylium Fluoroborate (2).—2 was prepared
by the method of Wizinger and Ultrich.13

5-(Substituted amino)-N-Substituted 2,4-Pentadienylidenim-
inium Salts (4a—)—These were prepared by the following pro-
cedure. The yields and elemental analyses are listed in Table 1.

General Procedure.—To a solution of 5.0 mmol of 1in 10 ml
of acetonitrile for arylamines or methanol for alkylamines was
added a solution of 20 mmol of arylamine in 10 ml of acetonitrile
at 40-50° or a solution of 20 mmol of alkylamine in 10 ml of
methanol at ice-cooled temperature. The reaction mixture was
immediately colored red or yellow and the evolution of hydrogen
sulfide was observed. After stirring was continued for about 1
hr, the dark-red colored reaction mixture was filtered and an ex-
cess of ether was added to the filtrate. The precipitate was
filtered and recrystallized from methanol to give the product
salts. The products were shown to be 5-(substituted amino)-N-
substituted 2,4-pentadienyldienylideniminium fluoroborate or
perchlorate by their elemental analyses and spectral data. Some
of them were identified by the spectral data of the authentic
sample.714

5- (Phenylamino)-A-phenyl-2,4-pentadienylideniminium fluo-
roborate (4a) had mp 157-159° dec; Xmp, (MeOH) 486 nm
(log c 4.85); ir (KBr) 1625, 1610, 1545, 1325, 1175, 1015, 880,
855, 765, and 685 cm-1; nmr (DMSO-di) 8.65 (d, 2 H, the protons
at the a positions of the pentamethine system), 8.03 (t, 1 H,
the proton at the y position), 7.5 (m, 10 H, phenyl protons), and
6.43 (t, 2 H, the protons at the /Spositions).

5-(Phenylamino)-1V-phenyl-2,4-pentadienylideniminium per-
chlorate (4b) had mp 190-192° dec. The electronic and nmr
spectra were entirely the same as those of 4a. The ir spectrum
is also identical with that of 4a except for the absorption due to
the counteranion.

5-(p-Toluidino)-A'-(p-tolyl)-2,4-pentadienylideniminium fluo-
roborate (4c) had mp 138-140° dec; X, (EtOH) 490 nm
(log e 4.91) [lit.8 X,ax (MeOH) 489 nm (log e 5.00)]; ir (KBr)
1625, 1560, 1505, 1330, 875, 863, and 816 cm” 1

5-(p-Anisidino)-Ar(p-anisyl)-2,4-pentadienylideniminium fluo-

roborate (4d) had mp 165-166° dec; Amx (EtOH) 498 nm
(log e 4.86) [lit.8 Xm* (MeOH) 498 nm (log £ 4.87)]; ir (KBr)
1615, 1560, 1505, 880, 865, and 825 cm“l, nmr (DMSO-dt)
58.3 (d, 2 Id, a protons), 7.4 (t, 1 H, y proton), 7.2 (m, phenyl
protons), and 3.8 (s, 6 H, methyl protons). The protons at the
position were not observed, probably because of being included
in the aromatic proton region.

5- (p-Chloroanilino)-N- (p-chlorophenyl)-2,4-pentadienyliden-
iminium fluoroborate (4f) had mp 167-170° dec; Xrex (EtOH)
492 nm (log £5.05) [lit.@Xmx (MeOH) 492 nm (log £5.13)]; ir
(KBr) 1625, 1610, 1565, 1495, 1330, 880, 760, 825, and 730
cm”L nmr (DMSO-d6) 5-8.3 (d, 2 H, a protons), 7.4 (m, phenyl
protons), and 6.3 (t, 2 H, /3protons).

5-('iV,ArMethylphenylanilino)-A A, ,-methylphenyl-2,4-penta-
dienylideniminium fluoroborate (4g) had mp 84-86°; dec; Xnllix
(EtOH) 449 nm (log £4.88); ir (KBr) 1603, 1530, 1375, 886, 867,
800, 764, and 696 cm”1, nmr (DMSO d6) 58.4 (d, 2 Id, a pro-
tons), 7.5 (m, phenyl protons), 6.5 (t, 2H(3 protons), 3.6 (s, 3 H,
methyl protons), and 3.8 (s, 3 H, methyl protons).®

5-(Methylamino )-A'-methyl-2,4-pentadienylideniminium fluo-
roborate (4h) had mp 79°; ir (KBr) 1600, 1550, 1414, 1350,
1265, 865, 765, and 682 cm”1, nmr (DMSO-d6) 57.75 (d, 2 H,
a protons), 7.50 (s, 1 H, y proton), 5.70 (t, 2 H, Bprotons), and
3.00 (s, 611, methyl protons).
5-(Dimethylamino)-Ardimethyl-2,4-pentadienylideniminium
fluoroborate (4i) had mp 128°; ir (KBr) 1603, 1560, 1393, 1180,
869, and 859 cm”1 nmr (DMSO-d6) 57.70 (d, 2 H, a protons),
7.44 (t, 1 H, y proton), 591 (t, 2 H, @ protons), 3.26 (s, 6 H,
methyl protons), and 3.09 (s, 6 H, methyl protons).B5

(12) 1. Degani, R. Fochi, and C. Vincenzi, Gcizz. Chim. Ital., 94, 203 (1964).

(13) P. Wizinger and P. Ultrich, Hdv. Chim. Acta, 39, 207 (1956).

(14) (a) A. T. Balaban, Tetrahedron, Suppl., 7, 1 (1966); (b) C. Toma and
A. T. Balaban, ibid., 7, 9 (1966); (c) B. E. Grigorieva, I. K. Ginste, and A. P.
Severina, Zh. Obshch. Khim., 26, 3447 (1956).

(15) That the nmr signals for the methyl groups of 4g and 4i appear with
differing chemical shifts might be explained as follows. Fluoroborate anion
poorly solvated with DMSO-de is probably not located at the central position
of the cyanine-type cation (4g and 4i) in DMSO-ds solution. As a result,
the small difference (around 0.17-0.20 ppm) in the chemical shift for methyl
protons could arise from the effect of the electric field of BFa- .
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5-Morpholino-Ai,Ar-7-oxapentamethylene-2,4-pentadienyl-
ideniminium fluoroborate (4j) had mp 184-186°; ir (KBr)
1560, 1435,1295,1240,1200, 855, and 805 cm*“1;, nmr (DMSO-d,)
«7.85 (d, 2 H, a protons), 7.67 (t, 1 H, 7 proton), 6.10 (t, 2 H,
0 protons), and 3.7 (b, 16 H, ethylene).

Reaction of 2 with Methylamine.—To an ice-cooled solution of
0.82 g (2.0 mmol) of 2 in 10 ml of methanol was added a solution
of 0.62 g (20 mmol) of methylamine in 5.0 ml of methanol.
After addition of amine the reaction mixture was refluxed for
about 1hr. The hot reaction mixture was rapidly filtered and the
filtrate was allowed to stand at room temperature to give 0.08 g of
6 as white needles: mp 215-216°; yield 10%; nmr (DMSO-d6)
8.44 (s, 2 H, Bprotons), 7.50 (m, 15 H, phenyl), and 3.70 (s, 3 H),
methyl protons). The product 6 was determined to be N-

J. Org. Chem., Vol. 38, No. 23, 1973 3993

methyl-2,4,6-triphenylpyridinium fluoroborate by mixture melt-
ing point with an authentic sample.’6

1 ClO,, 2567-16-0; 2, 1582-
4c, 41656-14-8; 4d,

Registry No.— 1 BF(, 41656-11-5;
78-1; 4a, 41656-13-7; 4b, 41737-40-0;
41724-27-0; 4e, 41656-15-9; 4f, 41656-16-0; 4g, 41656-17-1;
4h, 41656-18-2; 4i, 41656-19-3; 4j, 41656-20-6; 6, 2355-56-8;
aniline, 62-53-3; p-toluidine, 106-49-0; p-anisidine, 104-94-9;
p-hydroxyaniline, 123-30-8; p-chloroaniline, 106-47-8; ,/V-methyl-
aniline, 100-61-8; methylamine, 74-89-5; dimethylamine, 124-
40-3; morpholine, 110-91-8.

(16) A. Baeyer and J. Pickard, Justus Liebigs Ann. Chem., 384, 208
(1911).

Cyanide-Induced Dimerization of (4-Pyridyl)pyridinium Chloride.

Synthesis of 4,4'-Bipyridine and (4-Pyridyl)viologen Saltsla

Rorert H. ReussIand Lawrence J. Winters*D

Department of Chemistry, Drexel University, Philadelphia, Pennsylvania 19104

Received February 6, 1973

Warming solutions of the title compound (2) and sodium cyanide produces I,I'-di(4-pyridyl)-1,I'-dihydro-

4,4'-bipyridine (3).

After oxidizing 3 in aqueous acid, the resulting solution is heated to afford 4,4'-bipyridine

(1). This sequence provides a convenient procedure for the synthesis of 1 without simultaneous formation of

isomeric side products.
tion of 3 is described.

In recent years 4,4-bipyridine (1) has found in-
creasing importance in both organic and organometallic

1

chemistry.2-4 The synthesis of 1 is usually accom-
plished by the dimerization of pyridine by metals in
inert solvents.3l Unfortunately, this procedure suffers
from either low yields% or formation of 2,4'- and 2,2'-
bipyridine as side products.® In our studies of the
cyanide ion induced dimerization of pyridinium salts,6
we have developed a new, convenient synthesis of 1
which avoids the problem of isomeric side products.
When I-(4-pyridyl) pyridinium chloride (2) and
sodium cyanide were heated in aqueous acetone (eq 1),

(1) (a) Abstracted from the Ph.D. dissertation of R. H. Reuss, Drexel
University, 1972. (b) NSF Predoctoral Fellow, 1968-1971. (c) Address
all correspondence to this author at Department of Chemistry, Virginia
Commonwealth University, Academic Center, Richmond, Va. 23220.

(2) W. R. Boon, Endeavor, 26, 27 (1967).

(3) (a) T. R. Musgrove and C. E. Mattson, Inorg. Chem., 7, 1433 (1968);
(b) R. C. Poller and D. L. Toley, J. chem. Soc. A, 1578 (1967); (c) N. I.
Lobanov and A. I. Vlasov, Russ. J. Inorg. Chem., 13, 395 (1968).

The formation of stable (4-pyridyl)viologen cation radicals (7) and salts (6) from oxida-

a 53% yield of
bipyridine (3) was obtained.

I,I'-di(4-pyridyl)-1,I'-dihydro-A44-
Previous work7 had

shown that related dihydrobipyridines (4) are readily
oxidized to 4,4'-bipyridinium (viologen) salts (5) in

EX> WOOM

R = alkyl, Ph

acidic solution (vide infra). Since it is known that
acidic solutions of 2 are susceptible to hydrolysis to
afford 4-pyridone and pyridine,8it was probable that a
similar reaction of (4-pyridyl)viologen (6) would give 1

(4) (@) U. s. Govt. Res. Rep.. 39 (16), 69 (1964); (b) P. E. Wei, A. H.
Corwin, and R. Are.lano, J. Org. Chem., 27, 3344 (1962); (c) J. H. Wang
and W. S. Brinigar, Proc. Nat. Acad. Sci. V. S., 46, 958 (1960); (d) J. R.
Barber, and E. S. Geculd, 3. Amer. Chem. Soc., 93, 4045 (1971).

(5) (a) C. D. Schmulbach, C. C. Hinckley, and D. Wasmund, J. Amer.
Cchem. Soc., 90, 6600 (1968). (b) Imperial Chemical Industries Limited,
Netherlands Patent 6,603,415; Chem. Abstr., 66, 28674 (1967). (c) R.
Setton and L. Hackspill, C. R. Acad. Sci., 244, 1205 (1957).

(6) (a) L. J. Winters, N. G. Smith, and M. I. Cohen, Chem. Commun.,
642 (1970); (b) L. J. Winters, A. L. Borror, and N. G. Smith, Tetrahedron
Lett., 2313 (1967).

(7) N. G. Smith, Ph.D. Dissertation, Drexel University, 1970.

(¢) R. F. Evans and H. C. Brown, J. Org. Chem., 27, 1329 (1962).
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Thus, 3 was oxidized to 6 in acidic media and the
resulting solution was heated under reflux to afford 1

0

Reaction in aqueous hydrochloric acid afforded a
91% yield of 1. However, a trace of 4-chloropyridine,
which is known to polymerize in the solid state,9 ap-
peared to contaminate the product, since particles of
black solid were noted after standing for several days.
While use of the stoichiometric amount of nitric acid
afforded 1 in 60% vyield, excess nitric acid yielded only
33%. The reaction is carried out most conveniently
by the aerobic oxidation of 3 to 6 in excess aqueous
sulfuric acid, which afforded a 74% yield of 1

If desired, it is possible to isolate viologen 6 by
oxidation of 3 with aqueous acid and oxygen (E =
1.23V).D Aqueous nitric acid afforded a 75%, yield of
(4-pyridyl)viologen nitrate dihydronitrate (6a), while

6a, X = NO,, HNO1

b, X=Cl

¢, X = Cl101-HC101
d, X = BPh4
e, X = Br

hydrochloric acid gave a 52% yield of the chloride salt
6b. Perchloric acid yielded 75% of a product which
contained mostly (4-pyridyl)viologen perchlorate hy-
droperchlorate (6¢c). The elemental analysis indicated
that a small amount of chloride ion was present, which
was probably generated by the reduction of perchlorate
(1.37 V)DOby 3. That the product was predominantly
6¢c was demonstrated by the near-quantitative (95%)
conversion to the tetraphenylborate salt 6d.

While the oxidation of 3 could be accomplished
readily, certain precautions were necessary. Since
base was observed to decompose 6,11 it was necessary
to either use only the stoichiometric amount of acid, to
recover the product from acidic solution, or to cau-
tiously neutralize the excess acid. When iodine or
oxygen and hydrochloric (or hydrobromic) acid were
used as oxidants, the resulting products tended to
decompose in the alcoholic solutions12 from which they
were recrystallized. Metallic oxidizing agents such as
Ag+, Hg2+, and Cu2+ could not be used because of the
rapid complex formation between 6 and unreacted
metal ion, which was demonstrated by both elemental
analysis and qualitative tests for the metal ions.
However, no further characterization of these com-
plexes was made.

(9) A. A. Berlin and E. F. Razvodovskii, Proc. Acad. Set. USSR, 140,
925 (1961).

(10) “Handbook of Chemistry and Physics,” 48th ed, R. C. Weast, Ed.,
Chemical Rubber Co., Cleveland, Ohio, 1967, p D-86 .

(11) 1t is well known that bases decompose pyridinium salts; see E. M.
Kosower, “Molecular Biochemistry,” McGraw-Hill, New York, N. Y.,
1962, pp 116-219.

(12) Alcohols have been reported to reduce methylviologen: J A
Farrington, A. Ledwith, and M. F. Stam, Chem. Commun., 259 (1969).

R euss and Winters

The isolation of the product derived from one-electron
oxidation of 3, (4-pyridyl)viologen cation radical (7),
was also accomplished. Thus, reaction with bromine
afforded bromide 7a in 99% yield. The structure of 7a
was confirmed by oxidation to the known viologen
bromide 6e.60 Alternatively, the viologen salt 6a was
reduced with magnesium to the cation radical nitrate
7b in 78% vyield. While solid samples of 7 were quite

N
7a, X = Br
b X = NO03

stable, showing no evidence of oxidation even after
several weeks, solutions of 7 were rapidly air oxidized.
The successful preparation of 1 from viologen 6
prompted us to attempt the hydrogenolysis of benzyl-
viologen chloride (8) to 1. When solutions of 8 were

PhCHN ~~ —<~NCH 2Ph

1 + PhCH3

exposed to a hydrogen atmosphere over platinum or
palladium catalysts, a blue solution was observed.
Exposure to oxygen caused immediate decolorization
and the viologen was recovered unchanged. This
behavior is characteristic of the benzylviologen cation
radical (9).a

Experimental Section13

ILI-Di(4-pyridyl)-1,I'-dihydro-A44-bipyridine (3).—A solu-
tion of 8.92 g (4.6 mmol) of 2 hydrochloride (Aldrich) in 60 ml of
water was neutralized (pH 7-8) with concentrated ammonium
hydroxide. The solution was transferred with filtration14 into
a 300-ml round-botton flask equipped with a long neck (30 cm X
5 mm). After nitrogen was passed through the solution for 10
min, 3.38 g (6.9 mmol) of sodium cyanide in 20 ml of water,
60 ml of acetone, and a small stirring bar were added. The
flask was sealed with a gas-oxygen torch and heated at 90° with
stirring. After 42 hr the flask was cooled to room temperature
and the red precipitate was collected by suction filtration. The
solid was washed with water and acetone and dried under vacuum
to afford 3.22 g (53%) of 3: slow decomposition was observed
above 130° ir (KBr) 1660 cm*“1 (dihydrobipyridine7); mass
spectrum (70 eV) m/e (rel intensity) 312 (M+, 74), 234 (100),
157 (17), 156 (16), 78 (28), 51 (51).

Anal. Calcd for CaHiaN4 C, 76.92;
Found: C. 76.61; H, 5.22; N, 17.67.

4,4'-Bipyridine (1).—To a solution of 45 ml of water and 5 ml
(excess) of concentrated sulfuric acid was added 1.00 g (3.2
mmol) of 3. After oxygen was passed through the stirred mixture
for 6 hr and the resulting solution was heated under reflux for

H, 5.13; N, 17.95.

(13) All melting points were determined using a Btichi capillary melting
point apparatus and are uncorrected. Infrared spectra were recorded on a
Perkin-Elmer 457 spectrophotometer. Ultraviolet spectra were determined
on a Perkin-Elmer 402 spectrophotometer. Nuclear magnetic resonance
spectra were recorded using a Varian A-60A spectrometer. The chemical
shifts were recorded relative to TMS or DSS as internal standards. The
mass spectra were obtained with a RMU-s mass spectrometer. Elemental
microanalyses were performed by Alfred Bernhardt Mikroanalytisches
Laboratorium, West Germany.

(14) Neutral solutions of 2 precipitated a red-brown sludge of unknown
composition.
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40 hr, the reaction was cooled and made basic. Extraction with
ether afforded 0.37 g (74%) of 1. The melting point and spectral
data were identical with those of commerical samples.

Preparation of (4-Pyridyl)viologen Salts. A. (4-Pyridyl)-
viologen Nitrate Dihydronitrate (6a).—To 50 ml of water con-
taining 0.7 ml (11 mmol) of concentrated nitric acid was added
0.84 g (2.7 mmol) of 3. Oxygen was passed through the stirred
solution for 5 hr. The solution was concentrated under vacuum
to give a brown oil which was recrystallized from water-acetone
to yield 0.76 g (52%) of 6a. The mother solution was concen-
trated to give a second crop of 0.36 g (24%): mp 178° dec;
uv max (HD) 286 nm (e 24,300); ir (KBr) 1625 cm-1 (viologen
salts7); nmr (D) r 1.35 (m, 4), 0.65 (m, 8), 0.15 (m, 4).

Anal. Calcd for C2HIN® 12 C, 42.71; H, 3.23; N, 19.92.
Found; C, 42.60; H,3.41; N, 19.83.

B. (4-Pyridyl)viologen Chloride (6b).—Oxygen was passed
through a solution of 0.60 g (6 mmol) of 37% hydrochloric acid
and 0.93 g (3 mmol) of 3 in 150 ml of water and 300 ml of aceto-
nitrile.  After 24 hr the solution was concentrated under vacuum
and the residue was dissolved in 20-30 ml of hot ethanol and 2-3
ml of water. Acetone (10 ml) was added and ether was added
to the cloud point. After cooling, 0.60 g (52%) of brown needles
of 6b were obtained: mp 270° dec; ir (KBr) identical with that
of 6e (videinfra); uvmax (H®) 287 nm (e 33,200).

C. (4-Pyridyl)viologen Perchlorate Hydroperchlorate (6c)
and Tetraphenylborate (6d) —To 140 ml of 50% aqueous nitro-
methane containing 10 g (70 mmol) of 70% perchloric acid
was added 5.18 g of 3. Oxygen was passed through the stirred
solution for 20 hr. After the solution was concentrated and the
resulting water-insoluble precipitate was dried under vacuum,
9.20 g (90%) of crude product was isolated. Recrystallization
from water gave 7.65 g (75%) of 6¢, ir (KBr) 1615 cm-1 (viologen
salts?).

Anal. Calcd for CAHIiTCIND 12 C, 39.27; H, 2.80; N, 91.7.
Calcd for CaH,,C1ND ,,: C, 40.32; H, 2.88; N, 9.47. Found:
C, 40.07; H, 3.28; N.9.43.

When 1.10 g (2 mmol, assuming a molecular formula of C2-
HICIAN 1) of 6¢c was dissolved in 60 ml of water at 45°, neu-
tralized with sodium bicarbonate, and treated with 1.50 g (4.37
mmol) of sodium tetraphenylborate in 10 ml of water, 1.80 g
(95%) of 6d was obtained, mp 205-207° dec, ir (KBr) 1630 cm-1
(viologen salts?).

Carbon-Nitrogen vs.

Bond Formation
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Anal. Calcd for C@8H5BIN4 C, 85.89; H, 5.94; N, 5.89.
Found: C, 85.72; H,5.96; N, 6.11.

D. (4-Pyridyl (viologen Bromide (6e).—Water (20 ml) con-
taining 0.16 g of 50% aqueous hydrogen bromide (1 mmol) was
added to 0.39 g (1 mmol) of (4-pyridyl)viologen cation radical
bromide (7a) and oxygen was passed through the solution over-
night. After concentrating to 5-10 ml under vacuum, a few
milliliters of ethanol was added, the solution was warmed, and
acetone was added to the cloud point. A small amount of black
material was removed by filtration. Additional acetone was
added to the warmed solution to yield 0.15 g (32%) of 6e. Con-
centration of the filtrate afforded another 0.06 g (13%). The
ir spectrum was identical with that of an independently prepared
sample .6

When 0.19 g (0.49 mmol) of 7a and 0.08 g (0.50 mmol) of acid
were treated as above and filtered to removed insoluble matter,
addition of 0.25 g of sodium tetraphenylborate in 10 ml of water
afforded 0.37 g (80%) of 6d.

Preparation of (4-Pyridyl)viologen Cation Radical Salts. A.
(4-Pyridyl)viologen Cation Radical Bromide (7a).—To 50 ml
of acetonitrile which had been outgassed with nitrogen for 10
min was added 0.16 g (1 mmol) of bromine and 0.63 g (2 mmol)
of 3. The mixture was stirred under nitrogen for 10 min and
chilled in the refrigerator for 15 min, and the blue precipitate
was collected by suction filtration. Drying under vacuum
gave 0.78 g (99%) of 7a, mp 200° dec, ir (KBr) 1640,1580 cm

Anal. Calcd for CDHIBrN4 C, 61.24; H, 4.11; N, 14.28.
Found: C, 61.03; H.4.24; N, 14.28.

B. (4-Pyridyl)viologen Cation Radical Nitrate (7b).—Potas-
sium carbonate (0.12 g, 0.84 mmol) and 0.47 g (0.84 mmol) of
viologen nitrate 6a were dissolved in 20 ml of water. The solu-
tion was outgassed with nitrogen for 20 min and 0.10 g (0.41
mmol) of magnesium was added. After stirring under nitrogen
for 2 hr, the resulting blue solid was collected by suction filtra-
tion and dried under vacuum to afford 0.24 g (78%) of 7b,
mp 220° dec, ir (KBr) 1640, 1580cm*“ 1

Anal. Calcd for C2HiIN®D 3: C, 64.16; H, 4.31; N, 18.71.
Found: C, 63.93; H, 4.51; N, 18.47.

Registry No.—1, 553-26-4; 2, 22752-98-3; 3, 41764-90-3;
6a, 41764-91-4; 6b, 41764-92-5; 6c, 41764-93-6; 6d, 41766-78-3;
7a, 41764-94-7; 7b, 41764-95-8.
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Pyrolysis of 3-azido-4-(2-pyridyl)carbostyrils 7 and 10 afforded mixtures of isomeric tetracyclic products re-

sulting from nitrenoid cyclization reactions.

Pyrido[2',3, :3,2]pyrolo[5,4-c]quinolones 9 and 11, in which the cy-

clization involved nitrogen—earbon bond formation, were isolated in amounts comparable to those of the pyrido-
[1',2": 2,3]pyrazolo[5,4-c]quinolones 8 and 12a, in which the cyclization involved nitrogen-nitrogen bond forma-

tion.

Nitrenoid cyclization reactions constitute an im-
portant class of reactions for the synthesis of novel
heterocyclic compounds.1 The pyrolysis of 3-azido-4-
phenylcarbostyril (1) affords indolo[2,3-c]quinolone 2

(1) W. Lwowski, Ed., “ Nitrenes,” Interscience, New York, N. Y., 1970.

in high yield.2 In the course of this investigation, we
studied the pyrolysis of 3-azido-4-(2-pyridyl)carbo-
styrils 7. Related nitrenoid cyclizations of 2-(2-
azidophenyl)pyridine,3 2- (2-nitrosophenyl)pyridine,4
and 2-(2-nitrophenyl)pyridine,35compounds of type 3,
were reported to yield almost exclusively the pyrido-
[1,2-f>]indazole (4) and not the isomeric 5-carboline 5.

(2) (a) J. B. Petersen and K. H. Lakowitz, Acta Chem. Scand., 23, 971
(1969). (b) We have observed this transformation independently.

(3) R. A. Abramovitch and K, A. H. Adams, Can. J. Chem., 39, 2516
(1961).

(4) P.J.Bunyan andJ.|l. G. Cadogan, J. Chem. Soc., 42 (1963).

(5) (a) J. 1. G. Cadogan, M. Cameron-Wood, R. K. Mackie, and R. J. G.
Searle, J. Chem. Soc., 4831 (1965); (b) J. I. G. Cadogan and R. K. Macki$,
Org.Syn., 48, 113 (1968).

r-.wf



3996 J. Org. Chem., Vol. 88, No. 83, 1973

In view of this we anticipated a preference for nitrogen-
nitrogen bond formation in the pyrolysis of 7. It was
surprising to find (see Scheme 1) that, in addition to
nitrogen-nitrogen bond formation (8,12a), a substantial
amount of carbon-nitrogen bond was formed (9, 11).
It is this observation that we particularly wish to
record.

3-Azido-4-(2-pyridyl)carbostyrils 7 were prepared by
the method described2for the preparation of 4-phenyl
analog 1 Pyrolysis of 7a and 7b in refluxing toluene
afforded, in high yields, mixtures which appeared, by
tic, to contain mainly two products. Recrystallizations
of these high-melting, highly insoluble mixtures af-
forded pyrido[1',2": 2,3]pyrazolo [5,4-c]quinolin-6 (5H) -
ones 8a and 8b in 35 and 52% yields, respectively. The
second product was not isolated but was presumed to
be 5,7-dihydropyrido[2',3'":3,2]pyrolo[5,4-c]quinolin-6-
(5H)-ones 9. In order to prove the presence of the
isomers 9 in the mixture of pyrolysis products, we per-
alkylated the crude mixture with 2-diethylaminoethyl
chloride in the presence of sodium hydride. The mono-
alkylated products 12, formed from 8, could be readily
separated from the dialkylation products of 9, com-
pounds 13, which were isolated as dihydrochlorides.

Alternately, the 3-azidocarbostyril 7a was alkylated
first. The 1-(2-diethylaminoethyl) derivative 10 was
pyrolyzed, without isolation, to afford a mixture of the
two isomeric cyclization products 11 and 12a which
were isolated in 17 and 36% Yyields, respectively.

Structural assignments are based on nmr, ir, and uv
spectral data. The two isomeric heterocyclic nuclei
have clearly different uv spectra. The characteristically
sharp and strong NH stretching band (3200 cm ']) in
the ir spectrum of 11 is consistent with that expected for
the NH of ring-fused pyrroles.6

Experimental Section7

2-(2-Azidoacetamido-5-bromobenzoyl)pyridine.— Sodium azide
(15.3 g, 236 mmol) was dissolved in a hot solution of 47.0 g (118
mmol) of 2-(5-bromo-2-bromoacetamidobenzoyl)pyridine (6b)8in
1.6 1 of methanol. The solution was heated to gentle reflux on
steam bath for 20 min. Methanol was evaporated. The residue
was extracted with boiling hexane. The hot hexane solution was

(6) A. R. Katritzky and A. P. Ambler in A. R. Katritzky, Ed., “ Physical
Methods in Heterocyclic Chemistry,” Vol. Il, Academic Press, New York,
N.Y., 1963, p 208.

(7) AIll melting points were taken in capillaries heated in oil baths and
are corrected. Infrared spectra were determined on a Beckman IR-9
or a Perkin-Elmer 621 grating spectrometer, nuclear magnetic resonance
spectra on a Varian A-60 or a Varian HA-100 spectrometer, using tetra-
methylsilane as internal standard unless specified otherwise, and ultraviolet
spectra with a Cary 14M or 15 recording spectrometer. Solvents used were
of reagent grade purity. All solvents were evaporated on a Btichi Rota-
vapor evaporator under water-aspirator pressure using a water bath heated
to 30-80°.

(8) This compound (mp 105-107°) was prepared by the bromoacetyla-
tion of 2-(2-amino-5-bromobenzoyl)pyridine, o 11 following essentially the
same procedure as described for sa in ref 9.

(9) R. I. Fryer, R. A. Schmidt, and L. H. Sternbach, J. Pham. Sci., 53,
264 (1964).

(10) L. O. Randall, W. Schallek, L. H. Sternbach, and R. Y. Ning in
“Psychopharmacological Agents,” Vol. Ill, M. Gordon, Ed., Academic Press,
New York, N. Y., in press.
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decanted through a plug of cotton. This process was repeated
until only insoluble salts remained. The combined hexane ex-
tracts afforded, on cooling and concentration, 31.0 g (73%) of
yellow needles: mp 102-103°. (after recrystallizations from
hexane, the melting point rose to 103-104°); ir (KBr) 2100 cm-1
(N3); nmr (DMSO-d6 5 3.74 ppm (s, 2 H, CH2; uv max
(EtOH) 239 nm (« 27,600) and 343 (2750).

Anal. Calcd for C,HiBBrN82 C, 46.69; H, 2.80; N, 19.44.
Found: C, 46.71; H, 3.00; N, 19.13.

3-Azido-4-(2-pyridyl)carbostyril (7a).—To a hot solution of
79.8 g (0.25 mol) of 2-(2-bromoacetamidobenzoyl)pyridinen (6a)
in 1.2 1 of methanol was added in one portion 32.5 g (0.50 mol)
of sodium azide. The mixture was heated on a steam bath to a
slow reflux for 20 min. As the solution partially cooled to room
temperature, 0.33 mol of benzyltrimethylammonium hydroxide
(13.6 ml of a 35% methanolic solution) was added, and the mix-
ture was left to stand at room temperature overnight. The
crystals formed (51.0 g, 80%) were collected by filtration and
washed thoroughly with methanol. The product was pure by tic.
An analytical sample was prepared by recrystallization from
ethanol to give yellow needles: melting point indefinite (de-
composition between 100-140° indicated by a change in color
from yellow to white); ir (KBr) 2100 (N3) and 1645 cm-1 (CO);
uv max (EtOH) 230 nm (£ 30,070), 304 (12,490), 326 (10,160),
339 (12,660), and 354 (9420).

Anal. Calcd for ChHN»0: C, 63.87; H, 3.45; N, 26.60.
Found: C, 64.04; H, 3.51; N, 26.49.

3-Azido-6-bromo-4-(2-pyridyl)carbostyril (7b). A.—To awarm
solution of 3.00 g (8.34 mmol) of 2-(2-azidoacetamido-5-bromo-
benzoyl)pyridine in 150 ml of methanol was added 1.0 ml of a
35% solution of benzyltrimethylammonium hydroxide in metha-
nol. The solution was allowed to stand at room temperature.
After 20 hr, the fibrous yellow solid (2.24 g, 79%) was collected
and washed thoroughly with methanol. It was pure by tic.
During melting point determination decomposition was indicated
by color change in the range 115-130°, giving a high-melting
residue. An analytical sample was prepared by recrystallization
from ethanol: uv max (EtOH) 215 nm (e 23,950), 240 (33,100),
294 (10,800), 304 (12,000), 345 (11,100), 360 (8900).

Anal. Calcd for CnHsBrNsO: C, 49.15; H, 2.36; N, 20.47;
Br, 23.35. Found: C, 49.33; H, 2.58; N, 20.37; Br, 23.47.

B.—Alternately, the product was obtained in 97% yield
directly from the bromoacetamido precursor 6b8without isolation
of the intermediate azide. Thus after 96.0 g (241 mmol) of 2-
(2-bromoacetamido-5-bromobenzoyl)pyridine and 31.2 g (480
mmol) of sodium azide were heated in 3.2 1 of methanol for 20
min, 16 ml of 35% solution of benzyltrimethylammonium hy-
droxide in methanol was added to the partially cooled mixture.
In two crops, 80 g of 7b was collected.

Pyrido[l',2": 2,3]pyrazolo[5,4-c]quinolin-6(5if)-one (8a), 5-
(2-Diethylaminoethyl)pyrido[1',2": 2,3]pyrazolo[5,4-c] quinolin- 6-
(5H)-one (12a), and 5,7-Bis(2-diethylaminoethyl)-5,7-dihydro-
pyrido[2',3": 3,2]pyrolo[5,4-clqumolin-6(5li)-one (13a) Dihydro-
chloride.— A suspension of 13.2 g (50 mmol) of azidocarbostyril
7a in 500 ml of toluene was heated under reflux for 3 hr. The
crystalline product mixture that separated from solution was
collected and washed with toluene (12.5 g). Tic (silica gel,
ether) of this material indicated a clean mixture of two products
appearing at 77f 0.08 and 0.35. After drying in vacuo, the entire
solid mixture was suspended in 1.2 1 of dry dimethylformamide
containing 7.20 g of a 50% dispersion of sodium hydride (0.30
mol) in mineral oil. After stirring for 0.5 hr at room temperature,
0.160 mol of 2-diethylaminoethyl chloride (50 ml of a 3.20 M
solution in toluene) was added and stirring was continued for 3
hr. Excess hydride was decomposed with water; solvents were
evaporated. The residue was partitioned between methylene
chloride and water. The methylene chloride layer was dried
(Nazs04) and evaporated. Trituration of the residue with ether
afforded 6.50 g of 12a as a light brown powder, mp 123-125°.
Recrystallization from acetonitrile afforded 4.2 g (25%) of
colorless prisms: mp 124-126°;, ir (KBr), no NH band, 1665
cm*“1(CO); uv max (7-PrOH) 215 nm (e 34,600), 228 sh (27,000),
236 (26,600), 249 (35,700), 257 sh (30,000), 266 sh (18,500), 292
sh (6200), 305 (9600), 319 sh (12,900), 330 (14,800), 351 sh
(8850), 368 sh (5300); nmr (CDC13) 51.05 (t, J = 7 Hz, 6,
2CHZXH3J), 2.65(q,/ = 7Hz, 4, 2CHZXZHJ), 2.80 (m, 2, CHN),
450 (m, 2, CHINCO), 6.90-7.40 (m, 5, aromatic), 7.80-8.35 (m,
2, aromatic), 8.72 ppm (d, / = 7 Hz, 1, aromatic).

(11) This compound (mp 117-119°) was prepared as described in ref 9.
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Scheme

NaH CICH,CH2N(C2H5)2
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12a (36%)

X X
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Anal. Calcd for CZH2N4: C, 71.83; H, 6.63; N, 16.76.
Found: C, 72.10; H, 6.95; N, 16.84.

The ethereal mother liquors were evaporated to dryness.
The residual oil was dissolved in a minimum of ethanol, and to
the solution was added an excess of 4 M ethanolic hydrogen chlo-
ride. The precipitated hydrochloride salt was collected by filtra-
tion. Recrystallizations from methanol-ether afforded 6.50 g
(25%) of the dihydrochloride salt of 13a as colorless needles:
mp 276-277°; ir (KBr) 1653 cm-1 (CO); uv max (CH30H) 232
nm (c 38,500), 351 (26,600), 257 (27,100), 274 sh (9320), 310
(13,600), 317 sh (12,500), 334 sh (8400), 348 (10,900), 364
(9320); nmr (1)D, external TMS) 6 1.83 and 1.87 (2t, J = 7
Hz, 6 each, 4 CH2CH3), 3.88 [m, 12, 2 CHANN(CH2Z, 4.91 and

5.48 (2 m, 2 each, CHAINCO and CHANCCO), 7.65-8.10 (m, 3,

aromatic), 8.18-8.46 (m, 2, aromatic), 8.98 ppm (2d,J = 7 Hz,
1 each, aromatic).

Anal. Calcd for CEH3IND-2HCI HD: C, 58.85; H, 7.53;
N, 13.20. Found: C, 58.78; H, 7.73; N, 13.17.

Alternately, the crude pyrolysis product mixture of 7a from
toluene was recrystallized thrice from dimethylformamide.
Compound 83 was obtained as colorless needles in 35% yield:
mp above 325°; ir (Kbr) 3100-3200 (weak bands, amide NH)
and 1670 cm"1(CO); uv max (i-PrOH, above 240 nm) 253 nm
(t 29,500), 263 sh (17, 700), 304 sh (8400), 318 sh (11,900), 329
(13,750), 350 sh (8400), 368 sh (4700).

Anal. Calcd for Cl4—|9\13)' C 71 48; H, 3.86; N, 17.86.

Fou nd C
romo ﬂpﬁ/ azoI054cl yinolin-6(sH )-one
8b4) ZBromo- -g2d|eth yla oethyl yndé 2" 23; yrazolo
-cJquinazolin (7 e . and_2-Bromo-b, 7-bis(2-0i-
th Ia moethyl} rop)r]ndoJZ 3" 3,2] pyrolo [5,4-C] quino-
lin- (SH) one 3b DI dI’OC 0ride.—A suspension of 70.9 g

(0.207 mol) of audocarbostynl B in 3.5 1 of toluene was heated
to reflux for 6 hr. The crystalline product mixture that separated
from solution was collected and washed with toluene (62.1 g).
Tic (silica gel, ether) of this material indicated a relatively clean
mixture of two products appearing at Ri 0.09 and 0.39. This
mixture was alkylated in the same manner as described in the
preparation of 173 and 13& using 3 1 of dimethylformamide, 24.0
g of 50% dispersion of sodium hydride (1.0 mol) in mineral oil
and 0.80 mol of 2-diethvlaminoethyl chloride (250 ml of a 3.20
M solution in toluene). Crystallization of the product mixture
IOM acetonitrile followed byr recrystallizations from the same
solvent afforded 26.5 g (31%) of as colorless needles: mp
194-197°; ir (KBr) 1667 cm"1(CO); uv max (i-PrOH) 221 nm
(i 32,350), 233 sh (27,400), 245 sh (33,750), 251 (39,200), 263
sh (25,000), 270 sh (21,200), 317 sh (12,500), 331 (16,450), 350
(11,550), 366 (7750); nmr (CDC13) b 1.06 (t, 6, 2 CH2ZH3J), 2.69

| NaH. CICH2CH2N(C2H5)2

13a (25%)
13b (21%)

12a (25%)
12b (31%)

H

= Br

(q, 4, 2 CHZHJ), 2.76 (m, 2, CHXN), 4.46 (m, 2, CHINCO),
7.05-7.55 (m, 4, aromatic), 8.00-8.16 (m, 2, aromatic), 8.75 ppm
(d, 3 = 7 Hz, 1, aromatic).

Anal. Calcd for COH2BrN4: C, 58.12; H, 5.12; N, 13.56.
Found: C, 58.25; H, 5.03; N, 13.54.

The acetonitrile mother liquors were combined and evaporated
to dryness. The residue was dissolved in a minimum of ethanol
and treated with an excess of 4 M ethanolic hydrogen chloride.
After standing, the precipitated hydrochloride salt was collected
and washed with ethanol. After recrystallizations from ethanol,
the dihydrochloride salt of 13b was obtained as yellow needles
(25.5 g, 21%): mp 255-258°;, ir (KBr) 1650 cm 'L, uv max
(CH3OH) 240 nm (e 47,500), 253 sh (25,500), 261 (23,600), 270
sh (14,750), 279 (11,100), 303 sh (9750), 311 (12,950), 318 sh
(11,300), 336 sh (8950), 349 (12,400), 366 (11,000); nmr (DD,
external TMS) b 1.86 and 1.90 (2 t, 6 each, 4 CHZH3J), 3.86 [m,
12, 2 CHN(CH2.], 4.66 and 5.34 (m, 2 each, CH2NCO and
CHNCCO), 743 (d, J = 9 Hz, 1, H-4), 7.75 (d of d, J = 2 and
9 Hz, 1, H-3), 7.94 (d of d, J = 5and 9 Hz, 1, H-9), 8.31 (d,
J = 2Hz 1, H-l), 854 (d, J = 9 Hz, 1, H-8), 8.78 ppm (d,
J = 5Hz, 1, H-1C).

Anal. Calcd for CEH3BrN®D-2HCI: C, 52.99; H, 6.20; N,
11.96. Found: C, 53.00; H, 6.11; N, 11.81.

Alternately, the crude pyrolysis product mixture of 7a from
toluene was recrystallized from dimethylformamide-ethanol.
Compound 00 was obtained as colorless needles in 52% yield: mp
above 350°; ir (KBr) 3175 and 3080 (medium, amide NH) and
1680 cm*“1(CO); uv max (EtOH-1.6% DMF) 247 nm (t 40,000),
257 sh (26,000), 265 sh (21,200), 318 sh (13,400), 330 (17,250),
347 sh (12,400), 363 sh (8000).

Anal. Calcd for C,H8BrN3: C 53 58 H, 2.57; N 13 38;

Br, 25.44. 3 3
5:(2-Diethy Tammoethy? 50 r|d012'3 331 ;{rolo 54c|-
umolm 6(5Hgone 5111 and 2- Dlethylamlnoe hyl)pyrido-
(ﬂl 2":2,3]pyrazolo[5,4-clquinolin-6(5//)-one (128)—A mixture
of 5.20 g (20.0 mmol) of 3-azido-4-(2-pyridyd)carbostyril (7&),
1.20 g of d 50% dispersion in oil of sodium hydride (50 mmol),
and 50 ml of dimethylformamide was stirred for 0.5 hr. To this
mixture was added 10 ml of a 3.20 M toluene solution of 2-
diethylaminoethyl chloride (32 mmol). After stirring for 3 hr,
the excess hydride was decomposed with water and the solvent
evaporated. The residue was partitioned between methylene
chloride and w'ater. The methylene chloride layer was dried

(Naz04) and evaporated to dryness.

The residue was dissolved in 100 ml of toluene and heated to
reflux for 5 hr. Evaporation of toluene followed by crystalliza-
tions from acetonitrile afforded 1.10 g (17%) of 11 as colorless
needles: mp 253-255°; ir (KBr)3200 (sharp and strong, NH) and
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1G30cm-1 (CO); uvmax (,-PrOH)233 nm (44,750), 250 (28,750)
257 (28,400), 274 sh (10,500), 308 sh (14,300), 314 (15,000), 342
(10,550), 357 (8550).

Anal. Calcd for CjoHaNiO: C.71.83;
Found: C, 71.93; H, 6.87; N, 16.85.

The acetonitrile mother liquors were combined and evaporated
to dryness. Trituration of the residue with ether afforded a light
brown amorphous solid, which on recrystallizations from aceto-
nitrile gave 2.40 g (36%) of 12a as colorless prisms, mp 122-
125°. This material was found to be identical with 12a obtained
above by tic and comparison of infrared spectra.

The separation of 11 and 12a were aided by tic analyses. On
silica gel plates developed in a mixture (1:1) of ethanol and ethyl
acetate, 11 appeared at Rf 0.22 and 12a at Ri 0.08.

H, 6.63; N, 16.75.

Reaction of Polyarylated Carbinols.

Y oussef and Ogliakuso
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The reaction of 1,2,3,4,5-pentaphenyl-2,4-cyclopentadien-l-ol (1) with catalytic and equimolar amounts of
sodium amide has been observed and its mechanism investigated. With catalytic amounts of sodium amide the
reaction of 1 has been observed to occur via the same mechanism previously reported with other bases. With
equimolar amounts of sodium amide 1,2,3,4.5-pentaphenyl-2,4-cyclopentadien-I-ol (1), 2,2,3,4,5-pentaphenyl-3-
cyclopenten-l-one (3), and 2,3,4,5,5-pentaphenyl-2-cyelopenten-l-one (4) are all observed to produce exclusively
3, the kinetically controlled product, if quenched with water at room temperature, and 4, the thermodynamically
controlled product, if quenched with water at 173°. A mechanism for production of these products involving
initial formation of 3 in each case is proposed. Reaction of the anion formed when 1 is treated with equimolar
amounts of sodium amide and quenched with benzoyl and benzyl chloride at both room temperature and at 173°

is also discussed.

During our continuing study1-3 of reactions of poly-
arylated carbinols we have observed3 that heating
1,2,3,4,5-pentaphenyl-2,4-cyclopentadien-l-ol (1)45 to
173° in isoamyl ether (IAE) in the presence of bases
such as sodium hydroxide afforded a mixture of iso-
meric Kkinetically and thermodynamically controlled
ketones, 2,2,3,4,.5-pentaphenyl-3-cyclopenten-l-one (3)6¥
and 2,3,4,0,.)-pentaphenyl-2-cyclopenten-l-one (4),6re-
spectively.

We now wash to report the results of this rearrange-
ment when it is performed in the presence of sodium
amide and offer some mechanistic explanation for the
differences observed.

Treatment of dienol 1, ketone 3, or ketone 4 at 173°
in IAE with 1 molar equiv of sodium amide followed by
cooling of the anion solution to room temperature and
guenching with water produces exclusively' ketone 3,
the Kkinetically controlled product. However, if the
anion solution is prepared in exactly the same manner
from either dienol 1, ketone 3, or ketone 4, but is
quenched at 173° with water, ketone 4, the thermo-
dynamically' controlled product, is exclusively produced.

While these results with molar equivalents of sodium
amide are different from the results obtained with so-
dium hydroxide,3the results obtained (Table I, Experi-

(1) A. K. Youssefand M. A. Ogliaruso, J. Org. Chem., 37, 2601 (1972).
(2) A. K. Youssefand M. A. Ogliaruso, J. Org. Chem., 38, 487 (1973).
(38) A. K. Youssefand M. A. Ogliaruso, J. Org. Chem., 38, 2023 (1973).
(4) K. Ziegler and B. Schnell, Justus Liebigs Ann. Chem., 445, 266 (1925).
(5) C. F. H. Allen and J. A. VanAllan, J. Amer. Chem. See., 65, 1384
(1943).

(6) C. Dufraisse, G. Rio, and A. Ranjon, C. R. Acad. Sci., 253, 2441
(1961).

(7) R. Breslow and H. W. Chang, J. Amer. Chem. Soc., 83, 3727 (1961).

1 NaNH2. IAE

1 NaNH., IAE 2. H20, 25°

2. H,0, 173°

mental Section) when catalytic amounts of sodium
amide are used as base (molar ratio of 10 dienol 1:1
NaNH?2 are identical with those obtained in the reac-
tion of the dienol 1 in IAE with sodium hydroxide as
the base.3 Thus in the reaction of dienol 1 with cata-
lytic amounts of sodium amide, the products formed
are obtained by internal quenching and via the same
mechanism previously described3 for the sodium hy-
droxide catalyzed reaction.

This mechanism does not, however, apply in the case
where equimolar amounts of sodium amide are em-
ployed. Since this quantity' of base ensures complete
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conversion of dienol 1 to the intermediate anion 5 and
the proton sources, dienol 1 and ketone 3, available for
internal quenching in the case of the sodium hydroxide
catalyzed reaction are no longer available in the reac-
tion mixture, the proton source must be the water ex-
ternally added. In this reaction the quenching tem-
perature controls the site of protonation, either at the
oxygen atom, at carbon 2, or at carbon 4, and the re-
sults may be explained on the basis of thermodynami-
cally or kinetically controlled product formation.

Reaction of dienol 1 at 173° in IAE with an equi-
molar amount of sodium amide, cooling the solution
containing anion 5 to 120°, and adding water dropwise
at this temperature produced ketones 3 and 4 in a 4:6
ratio, respectively. These results agree with expecta-
tion that the products formed depended upon thermo-
dynamic and kinetic control.

To establish if the kinetically controlled product,
ketone 3, was the first product formed when the quench
was performed at 173° and then rearranged to the
thermodynamically controlled product, ketone 4, under
the conditions of the reaction, the following reaction
was performed. Dienol 1 was completely converted to
anion 5 with molar amounts of sodium amide in IAE
at 173° and the reaction was quenched by the addition
of water. Immediately upon completion of the water
addition a sample was removed and analyzed. The
only product shown to be present in this sample by
both ir and glpc was ketone 3. Removal of a second
sample from the same reaction mixture after 15 min
showed ketone 4 to be the only product present. These
observations indicate that the Kkinetically controlled
product, ketone 3, is formed first and that it is con-
verted to the thermodynamically controlled product,
ketone 4, under the conditions of the reaction.

Attempts to rearrange 3 to 4 thermally were unsuc-
cessful. However, since 3 is converted quantitatively
to 4 if the same reaction is performed in the presence
of base,3then the sodium hydroxide formed when anion
5 is quenched must be catalyzing the rearrangement
of 3 to 4 at 173° in IAE completely and quantitatively
within 15 min. The speed of this isomerization was
established independently using a pure sample of 3.

The mechanism proposed for the reaction of dienol 1
with equimolar amounts of sodium amide is illustrated
in Scheme | and involves complete conversion of 1 to
anion 5, which upon quenching with water at 173°
produces initially the kinetically controlled product,
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ketone 3, which then quantitatively rearranges within
15 min to the thermodynamically controlled product,
ketone 4, upon standing in IAE at 173° in the presence
of the sodium hydroxide formed. The sodium hydrox-
ide reacts with small amounts of 3 to produce anion
5, which is then quenched with unreacted 3 to produce
4. The mechanism proposed for the production of
ketone 3 when anion 5 is quenched with water at room
temperature involves the same sequence as described
above, except that 3 once formed does not undergo
rearrangement to 4. Even though the sodium hydrox-
ide is still produced in this quench, the temperature is
not sufficient to cause extensive reaction of the sodium
hydroxide with ketone 3 to produce anion 5.

Additional evidence in support of this proposed mech-
anism is obtained by quenching anion 5, formed from
dienol 1 at 173° in IAE and an excess of sodium amide,
with benzoyl chloride. Using benzoyl chloride as the
quenching agent and performing the addition at room
temperature should result in the production of the
kinetically controlled product, which should resemble
structurally ketone 3. However, since the benzoyl
group is a good agent for 0- vs. C-acylations and since
in anion 5 the electron density3is greater on oxygen
than on C2 it is not surprising that the major product
(71%) isolated from this reaction using benzoyl chloride
as the quenching agent at room temperature is 1-ben-
zoyloxy-2,3,4,5,5-pentaphenyl-I ,3-cyclopentadiene (6),
the same product which is formed in 70% yield when
anion 5 is quenched with benzoyl chloride at 173°.

These results are in direct contrast to the results re-
ported by Dufraisse, et al.,9who quenched anion 5 with
benzyl chloride and bromide. The product which they
obtained was o0-benzyl-2,2,3,4,5-pentaphcnyl-3-cyclo-
pentadien-l-one (7). We have repeated their experi-
ment quenching anion 5 with benzyl chloride at room
temperature and at 173° and have obtained good yields
(83-92%) of 7 It is clear that in this case the absence
of an allylic hydrogen prevented reaction of 7 with the
sodium hydroxide formed and thus prevented 7, which
resembles the kinetically controlled product ketone 3,
from equilibrating to 8, which resembles the thermo-
dynamically controlled product ketone 4. Product 7

(8) H. O. House, “Modern Synthetic Reactions,” 2nd ed, W. A. Benjamin,
Menlo Park, Calif., 1972, pp 526-529, 763-765.

(9) C. Dufraisse, G. Rio, and A. Liberies, C. R. Acad. Sci., 266, 1873
(1963).
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can be justified on the basis of the C- vs. O-alkylating
selectivity of the benzyl group.8

From these results it appears that the site of acylation
and/or alkylation is governed by both the electron
density distribution in anion 5 and, to a greater extent,
by the C vs. 0 selectivity of the acylating and/or alkylat-
ing agent. Reactions of anion 5 with other acylating
and alkylating agents at various temperatures are cur-
rently under investigation.

Experimental Section

General.—The glpe analysis of samples was performed on a
Bendix Model 2600 gas chromatograph and a Bendix Model 1200
recorder. The glpc was equipped with a 3 ft X 0.25 in. column
packed with 3% QF-1 on Chromosorb W (H. P., mesh 100-120)
support. Operating conditions were as follows: temperature of
inlet 210°; detector 255°; injector 255°; column 210°; and a
He carrier gas flow rate of 80 mI/min. Retention times of the
dienol 1 was 6.25 min, of ketone 3 13.75 min, and of ketone 4
15.75 min. Analysis of the peak areas observed was determined
by triangulation.D Elemental analyses were performed on a
departmental F & M Model 185 C, H, and N analyzer.

Reaction of 1,2,3,4,5-Pentaphenyl-2,4-cyclopentadien-I-ol (1)
with Equimolar Sodium Amide. |. Quenching with Water at
173°.—Into a 250-ml three-necked round-bottomed flask
equipped with a reflux condenser, amagnetic stirrer, a serum cap,
and a nitrogen inlet tube was placed 1.0 g (2.16 mmol) of 1,2,3,4,-
5-pentaphenyl-2,4-cyclopentadien-l-ol (1)134 and 50 ml of
freshly distilled isoamyl ether (IAE) and the mixture was heated
to reflux (173°). At this temperature 84.3 mg (2.16 mmol) of
sodium amide was added very cautiously all at once. A vigorous
reaction occurred immediately, affording a deep red-orange solu-
tion which was allowed to reflux for 15 min. After this time 10
ml of water was added all at once via syringe to the reaction mix-
ture, which was then retained at 173° for an additional 30 min.
At this point a 5-ml sample was removed for glpc analysis and the
rest of the solution was cooled to room temperature. Analysis
of the sample removed by glpc using the instrument and condi-
tions described in the general section above showed only one
product to be present, 2,3,4,5,5-pentaphenyl-2-cyclopenten-Il-one
(4). The remaining solution, now at room temperature, was
poured into 100 ml of water, and the organic layer was separated,
washed several times with water, and dried over anhydrous

(10) As described in H. M. McNair and E. J. Bonelli, “Basic Gas Chroma-
tography,” Varian Associates, Palo Alto, Calif., 1969, p 154.
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magnesium sulfate. The solvent was removed under vacuum to
afford a viscous yellow oil which was crystallized from a mixture
of benzene-petroleum ether (bp 30-60°) to give 992 mg (2.14
mmol, 99.1%) of pale yellow crystals of 2,3,4,5,5-pentaphenyl-2-
cyclopenten-l-one (4), mp 169-170° (lit.136 mp 169-170°).
The ir,6uv,6 and nmrlspectral data for this compound agreed
with the literature.

Il.  Quenching with Water at Room Temperature.—The
above experiment was repeated as described to the point of
allowing the anion solution to reflux for 15 min. At this point
the entire reaction mixture was then cooled to room temperature
under nitrogen. When the solution attained room temperature,
10 ml of water was added at once via syringe to the stirred solution
and immediately a 5-ml sample was removed for glpc analysis.
Analysis of the sample removed by glpc using the instrument and
conditions described in the general section above showed only one
product to be present, 2,2,3,4,5-pentaphenyl-3-cyclopenten-l-one
(3). The remaining solution was worked up as reported above
to give 996 mg (2.15 mmol, 99.5%) of white crystals of 3, mp
194.5- 196° (lit. mp 194-195°,67 194.5-19601). The ir,167
uv,67 and nmr7for this compound agreed with the literature.

Reaction of 2,2,3,4,5-Pentaphenyl-3-cyclopenten-l-one (3)
with Equimolar Sodium Amide. I1l. Quenching with Water at
173°.—This experiment was performed as described above in |
to the point of analyzing the sample removed by glpc, except
that 1.0 g (2.16 mmol) of 2,2,3,4,5-pentaphenyl-3-cyclopenten-I-
one (3) was used. The sample removed was subjected to glpc
analysis using the instrument and conditions described in the
general section and only one product, 2,3,4,5,5-pentaphenyl-2-
cyclopenten-l-one (4), was shown to be present. The remaining
solution, cooled to room temperature, was poured into 100 ml of
water and worked up as described in I above to afford 996 mg
(2.15 mmol, 99.5%) of white crystals of 4, melting point and
spectral data the same as those described in I above.

IV. Quenching with Water at Room Temperature.—This
experiment was performed as described in Il above, except that
2.2.3.4.5- pentaphenyl-3-cyclopenten-l-one (3) was used. The
results were the same as reported above in II.

Reaction of 2,3,4,5,5-Pentaphenyl-2-cyclopenten-l-one (4)
with Equimolar Sodium Amide. V. Quenching with Water at
173°.—This experiment was performed as described in | above
except that 1.0 g (2.16 mmol) of 2,3,4,5,5-pentaphenyl-2-cyclo-
penten-l-one (4) was used. Glpc analysis of the sample removed
again showed 4 to be the only product present. Work-up of the
remaining solution afforded 994 mg (2.14 mmol, 99.1%) of 4 with
melting point and spectral data the same as reported in | above.

VI. Quenching with Water at Room Temperature.—This
experiment was performed as described in Il above except that
2.3.4.5.5- pentaphenyl-2-cyclopenten-l-one (4) was used. The
results were the same as reported above in Il.

Reaction of 1,2,3,4,5-Pentaphenyl-2,4-cyclopentadien-l-ol (1)
with Catalytic Sodium Amide.—Into a 100-ml, three-necked,
round-bottomed flask equipped with a reflux condenser, a
magnetic stirrer, a serum cap, and a nitrogen inlet tube was placed
50 ml of isoamyl ether (IAE) which was heated to 173°. At this
point a mixture of 8.0 mg (0.2 mmol) of sodium amide and 1.0 g
(2.16 mmol) of dienol 1was added all at once. Samples of 1 ml
each were taken at various times by inserting a hypodermic
syringe through the serum cap. The samples thus removed were
placed in separate containers and cooled by means of an ice-
water bath. After all the required samples were collected, glpc
analysis was carried out using the instrument and conditions
described in the general section. Table | reports the per cent
composition obtained from the peak areas and these percentages
are plotted on the same graph vs. time. Qualitative ir analysis
of each sample was also performed and for the sample taken after
13 min only two products were observed to be present, the dienol
1with a hydroxyl peak at 3500 cm -1 and ketone 3 with a carbonyl
peak at 1760 cm“1 Analysis of all samples taken after 53 min
and up to 533 min showed three distinct products to be present,
dienol 1 (hydroxyl peak at 3500 cm*“1), ketone 3 (carbonyl peak
at 1760 cm"1), and ketone 4 (carbonyl peak at 1720 cm"1).
Fractional crystallization techniques using varying mixtures of
benzene-petroleum ether allowed separation and isolation of both
ketone 3 and ketone 4 from each of these intermediate samples.
Analysis of samples taken after 533 min showed only one peak to
be present in both ir and glpc corresponding to ketone 4.

Reaction of 1,2,3,4,5-Pentaphenyl-2,4-cyclopentadien-I-ol (1)
with Equimolar Sodium Amide. VII. Quenching with Water at
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Tabie |
Isomerization Reaction of
1,2,3,4,5-Pfntaphenyl-2,4-cyclopentadien-1-ol in
Isoamyl Ether with Catalytic Amounts of Sodium Amide

Reaction time, ] Ratio, % -
min Dienol 1 Ketone 3 Ketone 4
0 100 0 0
13 87.8 12.2 0
53 77.8 18.4 3.8
113 69.8 215 8.7
143 61.0 24.3 14.7
173 56.7 25.7 17.6
203 50.4 24.6 25.0
233 46.5 23.3 30.2
263 27.7 22.2 40.1
323 30.2 15.8 53.9
383 23.5 12.0 64.5
443 14.6 9.4 76.0
503 8.6 4.7 86.7
533 7.0 3.6 89.4

120°.'—This experiment was performed with the same amounts
of starting material and in the same manner as described in |
above to the point of allowing the anion solution to reflux for
15 min. At this point the entire reaction mixture was cooled to
120° and 10 ml of water was added all at once via syringe to the
reaction mixture, which was then retained at 120° for an addi-
tional 30 min. A 5-ml sample was then removed for glpc and ir
analysis and the rest of the solution was cooled to room tempera-
ture. Analysis by ir of the sample removed showed two strong
peaks, one for ketone 3 (carbonyl at 1760 cm-1) and one for
ketone 4 (carbonyl at 1720 cm-1), while glpc analysis of the same
sample further established 3 and 4 as the only products present.
The remaining solution, now at room temperature, was worked up
as described above in | and the residue was subjected to fractional
crystallization using varying mixtures of benzene-petroleum
ether which allowed separation and isolation of 0.42 g (0.9 mmol,
41%) of ketone 9 and 0.55 g (1.2 mmol, 58%) of ketone 4. The
melting points and spectral data for these compounds agreed with
the literature values. .

VIII. Quenchlng with Water at 90°.—This experiment was
performed in the same manner as described in V11 above except
that the reaction mixture was cooled to 90° before being quenched
with water. Analysis by ir of a sample removed showed one
strong peak for ketone 3 (carbonyl at 1760 cm-1) and one weak
peak for ketone 4 (carbonyl at 1720 cm-1), while glpc analysis of
the same sample also showed both ketones as the only products
present. Work-up of the remaining solution as described above
afforded 0.83 g (1.8 mmol, 83%) of ketone 9 and 0.17 g (0.4
mmol, 17%) of ketone 4. .

Establishment of Ketone 3 as the Initial Product Formed When
the Solution Is Quenched at 173°.—This experiment was per-
formed using the same amounts of starting material and in the
same manner as described in | above to the point of allowing the
anion solution to reflux for 15 min. At this point a syringe con-
taining 10 ml of water equipped with a needle long enough to ex-
tend below the level of the solution in the flask was inserted
through the serum cap. On the down stroke of the plunger the 10
ml of water was added all at once to the reaction mixture and im-
mediately a 5-ml sample was removed from the solution by an up
stroke of the plunger. Glpc and ir analysis of this sample showed
only ketone 9 to be present. A second sample removed from the
solution, still at 173°, after 15 min subjected to Il and glpc anal-
ysis showed only ketone 4 to be present. Repeating this experi-
ment several times,always gave the same,results.

Sodium  Hydroxide Lyatalyzed [somerization of Ketone 3 to
Ketone 4.—into a 100-ml, three-necked, round-bottomed flask
equipped with a reflux condenser, a magnetic stirrer, and a serum
cap was placed 50 ml of IAE which was heated to reflux (173°).
At this point a concentrated aqueous solution of sodium hydroxide
(85 mg of sodium hydroxide in 2 ml of water) was syringed into
the boiling solvent. After the initial spattering subsided, small
particles of base were observed to precipitate from the solvent.
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At this point 1.0 g (2.16 mmol) of 2,2,3,4,5-pentaphenyl-3-cycol-
penten-l-one (3) was added as a solid all at once to the refluxing
base mixture. Samples removed by syringe at 5-min intervals
after the addition of 3 was complete showed by ir and glpc that
had been quantitatively converted to 4 within 15 min.

Attempted Thermal ﬁearrangement of Ketone 4.— into a 100-
ml, three-necked, round-bottomed flask equipped with a reflux
condenser, a magnetic stirrer, and a serum cap was placed 1.0
(2.16 mmol) of 2,2,3,4,5-pentaphenyl-3-cyclopenten-I-one i
and 50 ml of freshly distilled IAE and the mixture was heated to
reflux (173°). In 15-min intervals at the beginning of the re-
action, and at 30-min intervals after 2 hr, over an 8-hr period,
samples were remjved and subjected to ir and glpc analysis. The
only product shown to be present in every sample by both ir and
glpc was ketone 9.

Pregaratlon of I-Benzoxlox -2,3,4.5,5- entaphen)(l-l %—cyclo-
Penta lene (6). Quenching Anion 5 with Benzoyl" Chioride.
X. At 173 —Into a 100-ml, three-necked, round-bottomed
flask equipped with a reflux condenser, a nitrogen inlet tube, a
magnetic stirrer, and a dropping funnel were placed 25 ml of
freshly distilled IAE and 462 mg (1.0 mmol) of 1,2,3,4,5-penta-
phenyl-2,4-cyclop entadien-l-ol (1) and the solution was heated to
reflux (173°). At this point 39 mg (1.0 mmol) of sodium amide
was added and the solution was allowed to reflux for 15 min. To
this red-orange solution of anion J was added dropwise 140 mg
(1.0 mmol) of freshly distilled benzoyl chloride, and the color of
the anion solution was observed to completely discharge as the
addition of the benzoyl chloride was completed (5 min). The
reaction mixture was allowed to reflux for an additional 30 min
and cooled to room temperature with stirring, and the solvent
was removed under vacuum on the rotoevaporator. This af-
forded a viscous yellow oil which was crystallized from 95%
ethanol to give 390 mg (0.7 mmol, 70%) of white crystals, mp
186-187°, ir (CC14) 1755 (carbonyl), 1175 cm-1 (ester).

Anal. Calcd for C«H302: C, 89.02; H, 5.34; mol wt, 566.
Found: C, 88.88; H, 5.68; mol wt, 566 (mass spectrum).

X. At Room Temperature._This experiment was performed
in the same manner as described in 1X above except that the
reaction mixture was cooled to room temperature with stirring
under nitrogen before the benzoyl chloride was added. Removal
of the solvent under vacuum on the rotoevaporator afforded a
viscous yellow oil which was crystallized from 95% ethanol to
yield 400 mg (0.705 mmol, 70.5%) of white, crystalline 1-benzo-
yloxy-2,3,4,5,5-pentaphenyl-1,3-cyclopentadiene (61, melting
point, spectral data, and analysis the same as reported above.
Concentration of the mother liquor from the crystallization af-
forded 115 mg (0.248 mmol, 24.8%) of ketone 3 which probably
resulted from reaction of some of anion J with atmospheric mois-

ture. .

Pregaratlon of 5-Benzyl-2,2,3,4,5-pentaphenyl-3-cyclopenten-|-
one (7). Quenching Anion 5 with Benzyl Chloride. " XI. At
173°.—This experiment was performed in the same manner as
described in I X above using 1.0 g (2.16 mmol) of 1, 30 ml of IAE,
and 84.3 mg (2.16 mmol) of sodium amide. The refluxing anion
solution was quenched with 5 ml of freshly distilled benzyl
chloride added dropwise and the resulting solution was allowed to
reflux for an additional 1 hr. At this point the solution was
cooled to room temperature and poured into 100 ml of water, and
the organic layer was separated, dried over magnesium sulfate, and
concentrated under vacuum on the rotoevaporator. The result-
ing viscous yellow oil was crystallized from 95% ethanol to give
1.0 g (1.8 mmol, 83%) of white, crystalline solid, mp 196-197°
(Iig(‘l'-)mp 197-198°).

I~ AtR00OM Temperature.— This experiment was performed
in the same manner as described in X1 above except that the
reaction mixture was cooled to room temperature with stirring
under nitrogen before the benzyl chloride was added. Work-up
and crystallization as described above afforded 1.1 g (1.99 mmol,
92%) of 7.

Acknowledgment.—We thank the donors of the
Petroleum Research Fund, administered by the Ameri-
can Chemical Society, for support of this research.

Registry N0.— 1, 2137-74-8; 3, 34759-47-2; 4, 34759-48-3; 6,
42116-83-6; 7,42116-84-7; sodium amide, 7782-92-5.
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Indoles react with hexamethylenetetramine to give 3-formylindoles.

Skatole on formylation with N,N-di-

methylformamide and phosphorus oxychloride gives I-formyl-3-methylindole, 2-formyl-3-methylindole, and o-

formamidoacetophenone.

The same reaction with 2,3-dimethylindole gives 2,3-dimethyl-I-formylindole.  1-

Formylindole exists in two conformations in CCl4at 30° while, under the same conditions, 2,3-dimethyl-I-formyl-

indole exists solely in one conformation.

Phenolic compounds are known to undergo Duff re-
action with hexamethylenetetramine (HMT) and give
the corresponding phenolic aldehydes.1 It was of in-
terest to study the possibility of formylation of indoles
with thisreagent. Formylation of indoles by Vilsmeier-
Haack reaction and acylation of organometallic de-
rivatives of indoles and 3-substituted indoles are well
documented,2but extensive investigation of the former
reaction with 3-substituted indoles has not been carried
out so far.2a It was also considered worthwhile to study
this reaction on 3-substituted indoles. The results of
these studies as well as that of an investigation on the
conformational aspect and aldehydic character of N-
formylindoles are presented in this communication.

The action of HMT on 1and 2 in hot AeOH resulted
in the formation of the indole-3-carboxaldehydes 3 and
4 in 25 and 74% vyields, respectively. The yields are
lower than those of the Vilsmeier-Haack formylation of
indoles. However, the reaction is extremely easy and
convenient to perform. It may be mentioned in this
connection that no trace of 3 was found in a similar re-
action under milder conditions.3

The Vilsmeier-Haack formylation of 5 and 6 was
studied and the results are given in Tables | and II.

Table |

Products from the Reaction of 5
WITH AbiV-DIMETHYLFORMAMIDE (DMF) AND POCI3

under Different Conditions

mYield,” %m
Temp, Time,
°C hr 8 9 10 5
98-100 3 71 225 0.5 Nil
28-30 3 34 11 Nil 52
28-30 36 38 15 1 45
28-30 150 41 19 2.3 35

“ Actual yield of the products isolated by column chroma-
tography on silica gel.

The yields of all the products increased considerably at
elevated temperature, and the A-formyl derivative was

(1) (@) L. N. Ferguson, Chem. Rev., 38, 230 (1946); (b) C. F. H. Allen and
G. W. Leubner, “Organic Syntheses,” Collect. Vol. 1V, Wiley, New York,
N. Y.t1963, pses; (c) W. E. Smith, 3. Org. Chem., 37, 3972 (1972).

(2) (@) R. J. Sundberg, “The Chemistry of Indoles,” Academic Press,
New York, N. Y., 1970, pp 33-39, 412-417; (b) W. A. Reiners and R. K.
Brown in “The Chemistry of Heterocyclic Compounds,” Vol. 25, Part 1,
W. J. Houlihan, Ed., Wiley-Interscience, New York, N. Y., 1972, pp 116-
120, 133—134; (e) R. A. Heacock and S. Kasparek in “Advances in Hetero-
cyclic Chemistry,” Vol. 10, A. R. Katritzky and A. J. Boulton, Ed., Academic
Press, New York, N. Y., 1969; (d) D. E. Horning and J. M. Muehowski,
Can. J. Chem., 48, 193 (1970).

(3) H. R. Snyder, S. Swaminathan, and H. J. Sims, J. Amer. Chem. Soc.,
74, 5110 (1952).

R;

‘ompd R = R

1 H H H

2 H (AH;, H

3 H H CHO
4 H C,H; CHO
5 H H CH;
6 H CH; CH;
7 H COCH; CH
9 11 CHO CH;
12 CH=.NNHC,.H(NO))., lo.p) H CH
13 CH==NNHC,H.(NO,)j (0.p) CH, CH;

Table Il

Products from the Reaction of 6 with DMF and POCI3
under Different Conditions

---------- Yield," % ----------
Temp, °C Time, hr 11 6
98-100 6 52.1 0.55
28-30 48 15 65

“ See footnote a, Table I.

the major product.4-6 However, BF3catalyzed acetyl-
ation of 5 with Ac/) AcOH in boiling ether for 5 min

(4) 1t was reported that the yield of 8 remained the same, while that of 9
decreased with increasing temperature of a similar reaction: C. W. Whittle
and R. N. Castle, J. Pharm. Sci., 52, 645 (1963).

(5) A recent report appears to indicate that s and 9 were formed in the
ratio of 95:5 in the Vilsmeier-Haack formylation of 6: S. Clementi, P.
Linda, and G. Marino, J. Chem. Soc., Chem. Commun., 427 (1972).

(6) 11 was obtained from 6 in 30.4% vyield in a slightly different reaction:
N. P. Kucherova, V. P. Evdakov, and N. K. Kochetkov, Zh. Obshch. Khim.,
27, 1049 (1957); Chem. Abstr., 52, 3763 (1958).
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afforded only the 2-acetylindole 7 [mp 147°; ir 3320
(NH), 1645 cm-1 (C=0)] in 88% yield.7

The nitrogen of indole is very weakly basic because
of delocalization of its lone pair of electrons to make up
the ten-electron ir system. These electrons of N-
acylindoles are not fully available for entering into
conjugation with the acyl group as in typical amides
and formamides. It was, therefore, hoped that N-
acylindoles would show some carbonyl character.
With this view in mind, the W-formylindoles 8 and 11
were treated with 2,4-dinitrophenylhydrazine (DNP)
in weakly acidic media, and they were, in fact, found to
form the DNP derivatives 12 and 13, exhibiting thereby
pronounced carbonyl character of their N-formyl
groups. However, in the highly acidic medium usually
employed in such reactions,8the (V-formyl groups of 8
and 11 were readily cleaved off, and the DNP deriva-
tives could not be isolated from such reaction media.
In this connection, it may be pointed out that such
carbonyl character of an amido or formamido group
does not appear to have been observed before.9

Products of the type 10, which was also prepared by
perbenzoic acid oxidation of 5D for direct comparison,
do not appear to have been obtained before in the
Vilsmeier-Haack formylation of indoles. Perhaps it
arises out of aerial oxidation.

From nmr spectral studies, certain N-acylindolines
were shown to exist in two conformations.1l Similar
investigation on N-acylindoles does not appear to have
been made so far. Analysis of the nmr spectra of 8
and 11 in CCl4at 31.5° revealed that under these con-
ditions 8 exists in two different conformations, whereas
11 exists in only one. The aldehydic proton of 11 ap-
peared as a singlet at o 9.04, indicating that it exists
solely in the conformation shown in its structural
formula, because of the buttressing (‘fleet of the 2-CH3
group. The same proton of 8 gave rise to two singlets
at 6 8.78 and 9.08 accounting for 75 and 25% of one
proton, respectively. Thus, 8 exists in two conforma-
tions 8a and 8b, 8a being predominant because of the
lack of a buttressing group at the 2 position. The 7-H
of 8 and 11 gave rise to a broad doublet at 58.88 (J =
7 Hz, ortho coupling) and a broad hump at 58.12, re-
spectively, due to the deshielding effect of the magnetic
anisotropy of the C=0 group. The aldehydic proton
and the 7-H of 9 appeared as a singlet at 5 10.02 and as
a doublet at €7.70 (J = 7 Hz), respectively.

The uv spectra of the formylindoles and their DNP
derivatives are recorded in Table III.

Experimental Section

Melting points are uncorrected. Light petroleum refers to the
fraction boiling at 60-80°. Ir spectra were recorded in Nujol
mulls and nmr spectra in CDC13 if not mentioned otherwise.
Chemical shifts are given in svalues relative to TMS. DMF and
POCla were distilled immediately before use.

Indole-3-carboxaldehyde (3).—A mixture of indole (0.35 g),

(7) (&) A. E. Smith, Ph.D. Thesis, University of Liverpool, 1963; (b)
K. Al. Biswas, Ph.D. Thesis, University of Liverpool, 1967.

(8) A. I. Vogel, “A Text-Book of Practical Organic Chemistry,” 3rd ed,
Longmans, Green and Co., New York, N. Y., 1964, pp 344, 722.

(9) The V-acetyl group of an acylindole was reported to be inert to DNP
and similar other reagents: H. Plieninger and K. Suhr, Chem. Ber., 89, 270
(1956).

(10) B. Witkop, Justus Liebigs Ann. Chem., 558, 91 (1947).

(11) R. P. Ryan, W. G. Lobeck, Jr.,, C. M. Combs, and Y.-H. Wu, Tetra-
hedron, 27, 2325 (1971), and references cited therein.
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Table 111

Uv Spectra of Formylindoles and Their DNP Derivatives

trau. (log emax). in EtOH
1-Formylindole 8 240 (4.53). 292 (3.79t, 298 (3.78)
1- Formylindol@47(4.32), 300(3.68)
2- Formylindole@38 (4.17), 312 (4.33)
DNP derivative 12 256 (4.25), 304 (3.82), 314 (3.84), 392
(4.40)
DNP derivative 13* 227 (4.55), 253 (4.34), 316 (4.07), 391
(4.40) ,410 (4.35)

“In THF.

HMT (1 g), and glacial AcOH (1.5 ml) was heated at 100° for 2.5
hr. Concentrated HC1 (2.5 ml) in water (3 ml) was added and
heating was continued for 10 min more. Water (15 ml) was
added, the mixture was neutralized with NaHCO03 and the re-
sulting solids were collected. A light brown mass was obtained
by extracting both the filtrate and the residue with AeOEt.
After crystallization from AcOEt-light petroleum and finally
from EtOH, it afforded 3 (108 mg, 25%), ir 3175 (NIL), 1630
cm”1 (C=0), as almost colorless needles, mp 196-198°. Its
identity was confirmed by mixture melting point determination
and tic comparison with an authentic sample.
2-Phenylindole-3-carboxaldehyde (4) was prepared from 2-
phenylindole12 (2.12 g), HMT (3.65 g), and glacial AcOH (5.5
ml) following the foregoing procedure and obtained after crystal-
lization from EtOH as pale yellow solids (1.80 g, 74%): mp
251-252° (lit.2d mp 251-252°); ir 3160 (NH) and 1635 cm*“1(s,

C=0). Aldoxime: colorless needles (from benzene); mp 182-
184° (lit.3mp 182-184°); ir 3280, 3460 (NH, OH), 1640 cm"1
(w, C=N).

Formylation of Skatole (5).—POCI3(1.25 ml) was added drop-
wise with stirring to DMF (4.25 ml) at 10-20° over 20 min. 5
(1.64 g) in DMF (1 ml) was added slowly with stirring and the
mixture was heated for 3 hr at 98-100°. Excess concentrated
aqueous solution of NaOAc was added. The mixture was
stirred for 30 min at 28° and extracted with AcOEt (3 X 20 ml).
The dried (MgriO,) extract after removal of solvent furnished a
pale yellow oil (1.95 g) which was chromatographed on a silica
gel column. Elution with light petroleum-ether (19:1) afforded
iY-formyl-3-methylindole (8, 1.41 g, 71%) as a colorless oil
[lit.4 bp 98-100° (0.03 mm)]: ir (neat) 1690 cm-1 (NCHO);
mass spectrum (70 eV) m/e (rel intensity) 159 (70, M+), 131 (20,
M — CO), 130 (100, 131 — Il). Further elution of the column
with light petroleum-ether (17:3) first gave 3-inethylindole-2-
carboxaldehyde (9, 0.45 g, 22.5%) as almost colorless needles
(from light petroleum): mp 138-140° (lit.4 mp 139-140°); ir
.3340 (Nil) and 1648 cm-1 (C=0). Latter fractions furnished
o-formamidoacetophenone (10, 10 mg, 0.5%) as almost color-
less needles (from cyclohexane): mp 77° (lit.©Dmp 77°); nmr
(ITA 100 MHz) 8.71 <b d, 1, NCHO, 7 = 8 Hz), 846 (b s, 1,
NH), 7.89 (d, 1, ArH ortho to COCII3 7 = 8 Hz), 7.86 (d, 1,
ArH ortho to NCHO, .7 = 8 Hz), 7.53 (ca. t, 1, Aril para to
COCIL, 7 = 8 Hz), 7.13 (ca. t, 1, ArH para to NCHO, 7 = 8
11z), and 2.64 s, 3, COCHJ); mass spectrum (70 eV) m/e (rel
intensity) 163 (43, M+), 148 (17), 135 (53), 120 (100), 92 (33),
43 (28).

2.3- Dimethyl-.Y-formylindole (11) was prepared from 612 (4.5
g), POCI3 (5.45 g), and DMF (10 g), following the foregoing
procedure except that the reaction mixture was heated at 98-
100° for 6 hr under N2 The crude product on chromatography
over silica gel in benzene-light petroleum (1:1) gave unreacted 6
(25 mg) together with 11 (2.80 g, 52.1%) as colorless needles
(from cyclohexane), mp 87-88° (lit.6 mp 84-86°), ir 1700 cm 1
(NCHO).

2.4- Dinitrophenylhydrazone 12 of .V-Formyl-3-methylindole
(8).—8 (159 mg) in MeOH (4 ml) was added to a clear, weakly
acidic solution of DNP (198 mg) in MeOH (10 ml). After 1 hr,
12 (275 mg) was collected, crystallized from TIIF, and obtained
as orange-red r.eedles: mp 278° dec; ir 3213 (NH), 1613 cm 1
(C=N); mass spectrum (70 eV) m/e (rel intensity) 339.2 (16.66,
M +), 159.1 (13.43), 131.2 (45.34), 130.2 (100), 103.2 (16.58),
77.1 (25.05).

Anal. Calcd for CIHIND 4 C, 56.6;
Found: C,56 9; H,3.9; N,20.5.

H, 3.9; N, 20.6.

12) Prepared )y the method of Il. M. Kissman, D. W. Farnsworth, and
B. Witkop, J. Amer. Chem. Soc., 74, 3948 (1952).
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2,4-Dinitrophenylhydrazone 13 of 2,3-Dimethyl-iV-fonnyl-
indole (11).—Concentrated H204 (2 drops) was added cau-
tiously to a boiling suspension of DNP (0.1 g) in MeOH (3.5
ml) until a clear solution was obtained, and 11 (86 mg) in MeOH
(3 ml) was mixed with it. After the mixture was cooled at 0°
for 4 hr, 13 (0.1 g) was collected, crystallized from THF, and
obtained as brilliant red, hairy needles: mp 266° dec; ir 1640
cm-1 (C=N); mass spectrum (70 eV) m/e (rel intensity) 354
(15.90, M + 1), 353 (82.55, M+), 171 (32.01), 145 (47.13), 144
(100), 143 (34.07), 130 (30.68).

Anal. Calcd for C,HIEND 4-'AICJIRO):
Found: C, 58.75; H, 5.07.

C, 58.61; H, 4.92.

Clark and Orchin
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The presence of a nitrile, e.g., p-methoxybenzonitrile, in the stoichiometric hydroformylation can have a pro-

found effect on both the product distribution and the rate of the reaction.

The hydroformylation of cyclopentene

under N2in the presence of excess HCo(CO)4produces 52% cyclopentane; the addition of nitrile reduces this to

3% and produces aldehyde almost exclusively.

The presence of nitrile retards the rate of hydroformylation when

the reaction is conducted under N2but accelerates it under CO. These effects are rationalized on the basis of the
available concentration of HCo(CO)3under the various conditions investigated.

In an earlier publicationlit was shown that, when the
stoichiometric hydroformylation of olefins was carried
out in the presence of nitriles, the yield of aldehyde was
dramatically increased. Thus, under otherwise identi-
cal conditions, the addition of 2 mol of PhCN/mol of
HCo(CO).tresulted in an increase of aldehyde yield from
44 to 90%. This high yield, obtained in the presence of
a 20-fold excess of olefin, was unexpected because the
formation of each mole of aldehyde requires 2 mol of
HCo(CO)4and there were no suggestions in the litera-
ture that the final hydrogenolysis step was so fast
relative to the earlier HCo(CO)4consuming steps.
Because of these unusual results, we have investigated
the nitrile effect more thoroughly and report herewith
the results of such studies. Cyclopentene was chosen as
a substrate because of its favorable rate of reaction and
because double-bond migration does not affect either
olefin or aldehyde composition.

Experimental Section

Toluene solutions of HCo(CO)4 were prepared and analyzed
according to established procedures.2 Cyclopentane and cyclo-
pentanecarboxaldehyde were obtained from cyclopentene (Phil-
lips Research Grade) by known catalytic hydrogenation and
hydroformylation procedures respectively. Glpc analyses were
performed on aPye Series 105, Model 15, gas chromatograph using
a 7 ft X 0.25 in. glass column packed with 25% Carbowax on
Chromosorb P. Peak areas were measured with a Disc integrator
and were corrected for flame ionization detector response by the
use of cyclohexane and mesitylene as internal standards. All re-
actions were performed at constant temperature (+0.1°) under
a static atmosphere.

A typical reaction was conducted as follows. A toluene solu-
tion of HCo(CO)4, which had been equilibrated at the desired
reaction temperature under CO for 10 min, was syringed into a
stirred toluene solution of cyclopentene, cyclohexane, mesitylene,
and p-methoxybenzonitrile, which had been previously equili-
brated under the desired reaction conditions for 10min. To mini-
mize initial concentration variations, sets of reactions were

(1) L.Roos and M. Orchin, J. Org. Chem., 31, 3015 (1966).
(2) M. Orchin, Advan. Catal., 16, 1 (1966).

performed with aliquots from HCo(CO)4as well as olefin standard
stock solutions. At appropriate intervals, 0.2-ml reaction mix-
ture aliquots were withdrawn and quenched by addition to 0.2 ml
of a 1.6 M toluene solution of triphenylphosphine; all cobalt
carbonyl compounds precipitate as insoluble phosphine deriva-
tives. The resulting, clear supernatant was then analyzed by
glpc. [The reaction of triphenylphosphine with HCo(CO)4 is
extremely fast3and the resulting insoluble phosphine complex is
unreactive as a hydroformylation catalyst under these
conditions.4

Results

Most studies on the stoichiometric hydroformylation
have been carried out in the presence of excess olefin.
We have followed this practice but, in addition, have
also investigated reactions having HCo(CO)4in excess.
The results of both studies are shown in Table I.

The first four reactions reported in Table | were
performed in the presence of excess olefin. Reference to
these results shows that, in the absence of nitrile, the
rate of the reaction is more than 150-fold as fast under
N2 as under CO. Although this effect is well docu-
mented in the literature, its magnitude has not been
previously defined. The presence of nitrile markedly
slows the rate under N2but, surprisingly, accelerates it
under CO. The yield of aldehyde in both instances is
enhanced, as was expected from earlier work.1

Similar, but even more striking, results are obtained
when the stoichiometric reaction is carried out with
hydrocarbonyl in excess. In the absence of nitrile,
the major product is cyclopentane regardless of the
atmosphere employed. However, in the presence of
nitrile, the major product is cyclopentanecarboxalde-
hyde; cyclopentane formation is negligible. The
remarkable ability of p-methoxybenzonitrile to increase
selectivity to aldehyde and to increase the rate of
olefin consumption is brought out by the data shown in
graphical form in Figure 1

(3) R.F.Heck, J. Amer. Chem. $oc, 85, 657 (1963).

(4) L. Roos, Ph.D. Thesis, University of Cincinnati, Cincinnati, Ohio,
1965.
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Table |
Effect of p-Methoxybenzonitrile (ArCN) on the Hydroformylation of Cyclopentene

CiHs/Co, M Atm ArCN Rei
12.5' co - 1.7 i
12.5' co + 5.8 3
12.5' n 2 29.6 17
12.5' n 2 268.5 158
0.081» co - 0.3 1
0.066- co + 1.2 4
0.066- n2 + 3.0 9
0.066- n2 - 4.3 13

/—- Aldeh;yde, %b— s -CsHi0, % b . cthg <
1hr Final 1hr Final final
| 3d <i <id

10 13« <i 1«

82 84/ 2 2

60 60 10 10
<1 13* 2 34* 43
24 77 1 2 24
47 69 3 3 25
27 32 48 52 18

° Pseudo-first-order rate constants (reciprocal seconds) computed for about 50% cyclopentene disappearance when HCo(CO)4was in

excess and for ~50% of the theoretical amount of product formation when cyclopentene was in excess.

*Yields: with cyclopentene

in excess based on the initial amount of HCo(CO)4and stoichiometry of 1 mol of produet/2 mol of HCo(CO)4; with HCo(CO)4in excess

based on initial cyclopentene concentration.
in p-methoxybenzonitrile at 10°.

M). dlIncomplete after 432 min.
M in HCo(CO)4at 30°.

1 2 3

Time, hr

Figure 1—Stoichiometric hydroformylation of cyclopentene
with excess HCo(CO)4under CO: (O, =) cyclopentene; (O, m)
cyclopentanecarboxaldehvde; (A, A) cyclopentane. Open and
solid symbols represent data in the absence and presence of p-
methoxybenzonitrile, respectively.

Discussion

The role of nitrile is conveniently analyzed on the
basis of two major effects: the effect on product
distribution and the effect on rate. Product dependence
will be discussed first.

In the catalytic commercial oxo process, olefin hydro-
genation is a minor but important undesirable side re-
action.5 In the stoichiometric reaction, especially under
N2and with low olefin to Co ratios, appreciable hydro-
genation occurs.6 However, from Table | it is seen that
the 52% vyield of cyclopentane produced under these
conditions is reduced to 3% by the addition of nitrile
and that practically all of the olefin that is consumed is
directed to aldehyde rather than to cyclopentane.

The simplified reaction scheme shown in Figure 2 can
be used to rationalize most of our results. The co-
ordinately unsaturated a complex 2 is shown as a com-

(5) L. Marko, Chem. Ind. (London), 260 (1962).

(6) (a) F. Ungvary and L. Marko, Acta Chim. Acad. Sci. Hung., 62,
425 (1969); G. Karapinka, Ph.D. Thesis, University of Cincinnati, Cincin-

nati, Ohio, 1962. (b) J. Terapane, Ph.D. Thesis, University of Cincinnati,
Cincinnati, Ohio, 1969.

" A toluene solution (10.0 ml), 3.11 M in cyclopentene, 0.25 M in HCo(CO)4 and 0.25 M
dYield at 83 min; after 308 min, 34% aldehyde and 2% cyclopentane.
f Under these conditions at room temperature olefins generally give essentially quantitative aldehyde yields.

*Interrupted after 83 min.
« Cyclopentene (0.0259

" A toluene solution (10.4 ml), 0.0212 M in cyclopentene, 0.318 M in p-methoxybenzonitrile, and 0.32

HCotcoyr A HCo(CO) 3 HCo(CO)s (L)

1

Cotto) (CO)s (L)

O .

H
O CottOU

I
Co(CO)s (L)

% (e

Cotto)(CO)g(L)

L=CO ArCN.ON

Figure 2.—Stoichiometric hydroformylation and hydrogenation
of cyclopentene.

mon intermediate. The final products may very well
be determined by conditions which affect the partition-
ing of 2 between the pathways that lead to acyl complex
3 and to the oxidative addition intermediate formulated
as 4. At relatively low nucleophile (CO, nitrile, olefin)
concentration the pathway to cyclopentane is favored.
In the absence of nitrile, such conditions prevail when
HCo (CO)i is in excess or are approached when olefin is
in excess. In the presence of either excess HCo(CO)4or
excess olefin, the influence of CO on cyclopentane yield
is negligible when nitrile is present. This is under-
standable in view of the very low solubility of CO in
toluene at atmospheric pressure (~6.7 X 10~3A/)7and
hence its small concentration relative to that of nitrile
(320 X 103 M, ArCN/CO « 50). The presence of
nitrile enhances selectivity to aldehyde under all con-
ditions and this results from the acceleration of the
overall rate of alkyl migration8which converts 2 to 3.
We now proceed to analyze the effect of nitrile on
the overall rates of reaction. Although nitrile retards
the rate of reaction under X2 (as perhaps might be ex-
pected), the fact that it accelerates the rate under CO
is difficult to rationalize. Mass balances made in those

(7) F.Basolo and A. Wojcicki, J. Amer. Chem. Soc., 83, 520 (1961).
(8) M. Orchinand W. Rupilius, Catal. Rev., 6,85 (1972).
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HCoCCO™ HCo(CO)j (ArCN) %

FROOLCTS

Figure 3.—Solvent cage equilibria.

reactions carried out with excess HCo(CO)4 indicate
relatively little accumulation of complexes of any kind
(@ maximum of 10 mol %), and this accumulation is un-
affected by nitrile. These and other considerations
lead us to believe that the observed rate differences are
not the result of the interaction of nitrile in one of the
later or product-determining steps.

The rate of olefin complexation with cobalt hydro-
carbonyl as well as subsequent product formation rates
should be highly dependent on the concentration of the
coordinately unsaturated species HCo(CO)3 The
guantity of HCo(CO)3in equilibrium with HCo(CO)4
under CO at 20° has been estimated to be a few tenths
of 1%,9 and the equilibrium concentration under N2is
considerably greater.@6 Thus the well-known, rate-
retarding effect of CODis explained on the basis of the
suppression of HCo(CO)3 formation, and the presence
of nitrile under N2should result in a similar suppression
and hence in a reduced rate, as in fact it does.

Consideration of reactant concentration changes in
bulk solution would lead one to predict that any in-
crease in total nucleophile concentration would reduce
the effective concentration of HCo(CO)3and hence slow
the rate of reaction. This is, of course, the effect of
high partial pressures of CO in the catalytic reaction.
The presence of phosphines in the catalytic reaction is
effective in reducing the rate,1and the alkyl phosphines
are much more effective than the triphenylphosphine
in this respect, in accordance with their difference in

(9) F.Ungvaryand L. Marks, J. Organometal. Chem., 20, 205 (1969).
(10) R.F.Heck and D. S. Breslotv, J. Amer. Chem. Soc., 83, 4023 (1961).
(11) R. Tucci,/nd. Eng. Chem., Prod. Res. Develop., 7, 32 (1968).
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nucleophilicity. The rate and product distribution is
controlled2by equilibrium 1. As a matter of fact, the

HCo(CO)4+ RP ~  HCo(CO)PR3+ CO (1)

position of this equilibrium can be estimated by the
product distribution.2 Our problem is to explain the
acceleration of the rate of the stoichiometric reaction
under CO when nitrile is added. One possibility is that
an increase in the concentration of HCo(CO)3 occurs
under these conditions. An analysis based on solvent-
cage phenomena may be used for this purpose; the
appropriate dissociative equilibria are shown in Figure
3. It is likely that the equilibria between 5, 7, and 9
favor the solvent-separated pair to a greater extent
than the equilibria between HCo0(CO)4 6, and 8; i.e.,
CO is a better ligand than ArCN. The CO originally
present in 8 is lost to solution during the formation of
9, and hence the effective concentration of HCo(CO)3
either as 9 or as free HCo(CO)3 is higher than in the
presence of carbon monoxide alone. The magnitude of
this ligand or nucleophile effect should be highly
sensitive to the ligating ability of the nucleophile.
Too strong a ligand, such as triphenylphosphine, results
in the formation of a complex which dissociates hardly
at all under the conditions of the stoichiometric re-
action, and too weak a nucleophile would give negligible
association or rate enhancement. This model suggests
that the rate of decomposition of HCo(CO)4, which is
also highly sensitive to the effective concentration of
HCo(CO)39 should display similar behavior in the
presence of p-methoxybenzonitrile. The results of just
a study confirm this prediction and will be reported
separately. A second possible explanation involves the
effect of nitrile on the dielectric constant of the solution
and the sensitivity of one of the rate determining steps
to solvent polarity. The migratory insertion of CO in
Mn(CO)5reactions shows such an effect,13 and further
investigation of this possibility is being explored.
Finally, in unpublished workl4we have established that,
under catalytic conditions, nitriles (in particular
acetonitrile) have essentially no effect on the course of
1-pentene hydroformylation.

Registry No.—p-Methoxybenzonitrile, 874-90-8; cyclopentene,
142-29-0.

(12) W. Rupilius, J. J. McCoy, and M. Orchin, Ind. Eng. Chem., Prod.
Res. Develop., 10, 142 (1971).

(13) R. J. Mawby, F. Basolo, and R. G. Pearson, J. Amer. Chem. Soc.,
86,3994 (1964); F. Calderazzoand F. A. Cotton, Inorg. Chem., 1, 30 (1962).

(14) J. G. Fish, Ph.D. Thesis, University of Cincinnati, Cincinnati, Ohio,
1968.
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The peracid oxidation of 7-substituted norbornadienes has been found to afford exo-4,endo-6-disubstituted

bicyclo[3.1.0]hex-2-enes.
carboxaldehyde (10) has been studied.

The photo- and thermal chemistry of ezo-4-methylbicyclo[3.1.0]hex-2-ene-mdo-6-
The photolysis of 10 results in photoepimerization by external cyclo-

propyl bond cleavage whereas the thermolysis proceeds predominantly by a suprafacial homo [1,7] hydrogen

shift.

As an extension of our studies on the photochemical
Diels-Alder reaction,3@we became interested in de-
termining the stereochemical consequences attending
the thermal and photochemical cycloreversion of the
bicyclo[3.1.0]hex-2-ene system. Some recent work in
the literature suggests that the thermal rearrangements
of bicyclo[3.1.0]hex-2-enes with electron-withdrawing
substituents at the 6 position may be proceeding
through a [2 + 4] cycloreversion.4-6 The influence of
the electron-withdrawing group at the 6 position of the
bicyclohexene ring in the cycloreversion process can be
understood in terms of recent discussions of substitutent
effects of the cyclopropane ring.7-9 If there is a w
electron acceptor, such as a carbonyl group, attached
to the cyclopropane ring, then the lowest unoccupied
orbital of the x-electron acceptor can interact with the
antisymmetric component of the occupied degenerate
Walsh orbital pair in cyclopropane. This interaction
removes electron density from the cyclopropane ring
and therefore it weakens the bonding between Ci and
C6 and C5 and C6 but strengthens the bond between
positions 1and 5. Weakening of the Ci-C6bond would
be expected to promote the cycloreversion reac-
tion.

Synthesis of a bicyclo[3.1.0]hex-2-ene with an elec-
tron-withdrawing group at the 6 position and a stereo-
chemical marking group at the 4 position, which would
thermally decompose at a convenient rate and would
also be photochemically reactive, was desired. Of the
several possible methods to gain synthetic entry into
such a system, the route involving the peracid epoxida-
tion of a 7-substituted norbornadiene was considered
most feasible. Meinwald and coworkersXhave reported
the formation of exo epoxide 2 and its rapid rearrange-
ment to bicvclo[3.1.0]hex-2-ene-endo-6-carboxal de-
hyde1l (3). The latter compound was found to exist in
mobile equilibrium with 2-oxabicyclo[3.2.1]octa-3,6-

(1) Photochemical Transformations of Small Ring Carbonyl Compounds.
Ll. For part L see A. Padwa and G. Lee, J. Amer. Chem. Soc., 95, 6147
(1973).

(2) Alfred P. Sloan Foundation Fellow, 1968-1972; NIH Special Post-
doctoral Fellow, 1972-1973.

(3) A. Padwa, L. Brodsky, and S. Clough, J. Amer. Chem. Soc., 94, 6767
(1972).

(4) J. A. Berson and R. C. Salomon, J. Amer. Chem. Soc., 93, 4620
(1971).

(5) J. F. Biellmann and M. P. Goeldner, Tetrahedron, 27, 2957 (1971).

(6) S. R. Tanny, J. Grossman, and F. W. Fowler, J. Amer. Chem. Soc., 94,
6495 (1972).

(7) R. Hoffmann, Tetrahedron Lett., 2907 (1970); R. Hoffmann and W. D.
Stohrer, J. Amer. Chem. Soc., 93, 6941 (1971).

(8) H. Gunther, Tetrahedron Lett., 5173 (1970).

(9) M. J.S. Dewar and D. H. Lo, J. Amer. Chem. Soc., 93, 7201 (1971).

(10) J. Meinwald, S. S. Labana, L. L. Labana, and G. H. Wahl, Jr., J.
Amer. Chem. Soc., 87, 1789 (1965).

(11) The corresponding endo epoxide has been found to be thermally
stable and not prone to isomerization. 12

(12) J.T. Lumb and G. H. Whitham, J. Chem. Soc., 1189 (1964).

3

dienel3l4 (4). The above sequence holds unquestion-
able promise for the synthesis of an exo,endo-4,6-
disubstituted bicyclohexene, since it provides substan-
tial opportunity of controlling the nature of the sub-
stituents and their stereochemical relationship. Brown
has recently demonstrated that the epoxidation of
norbornene proceeds almost exclusively from the exo
direction.5 He has also shown that the presence of a
syn-7-methyl group on the norbornene skeleton will
retard the rate of epoxidation by a factor of ca. 100.5
Consequently, treatment of a 7-substituted norborna-
diene with m-chloroperbenzoic acid will be expected to
proceed by exo epoxidation of the least hindered double
bond. Thermal rearrangement of the initially formed
epoxide should be facilitated by back-side participation
of the neighboring transannular double bond and give
a exo-4,endo-6-disubstituted bicyclo[3.1.0]hex-2-ene.
When 7-phenylnorbornadiene (5) was allowed to react
with m-chloroperbenzoic acid, the expected exo epoxide
6 was not obtained, but rather two new compounds
were isolated. The minor component of the mixture
was established as ea;o-4-phenylbicyclo[3.1.0]hex-2-ene-
endo-6-carboxaldehyde (7) through a combination of
infrared, ultraviolet, and nmr spectroscopy (see Ex-

(13) M. Rey ar-d A. S. Dreiding, Helv. Chim. Acta, 48, 1985 (1965).

(14) G. W. Klumpp, J. W. F. K. Barnick, A. H. Veefkind, and F. Bickel-
haupt, Réel. Trav. Chim. Pays-Bas, ss, 766 (1969).

(15) H. C.Brown, J. H. Kawakami, and S. Ikegami, J. Amer. Chem. Soc.,
92, 6914 (1970).
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perimental Section). The formation of 7 can best be
rationalized as proceeding through the intermediacy of
exo epoxide 6 followed by its acid-catalyzed rearrange-
ment to 7. The major component of the reaction mix-
ture was a white, crystalline solid, mp 153-154°, whose
structure is assigned as 2-oxa-3-hydroxy-7-phenyl-S-(m-
chloro)benzoxybicyclo[2.2.2]oct-5,6-ene (8) on the basis
of its spectroscopic (see Experimental Section) and
chemical data. The elemental analysis of this com-
pound (COHL7CIOV) suggests that it is a further oxida-
tion product of the initially formed bicyclo [3.1,0]hex-2-
ene aldehyde (7). This suggestion was confirmed by
the finding that 7 was smoothly converted to 8 on
treatment with m-chloroperbenzoic acid. Evidently,
the initially formed bicyclohexene 7 undergoes further
oxidation at a faster rate than starting material.
This explanation accounts for the large amount of
starting material that can be recovered when equivalent
amounts of peracid were used. Chemical confirmation
of the structure of 8 was obtained by its conversion with
chromium trioxide in pyridine to biphenyl. This re-

action presumably proceeds by loss of carbon dioxide
from the initially formed lactone followed by elimina-
tion of m-chlorobenzoic acid. A reasonable mechanism
for the formation of 8 is presented below.

Since the overall yield of exo-4-phenylbicyclo [3.1.0]-
hex-2-ene-e??do-6-carboxaldehyde (7) was so low, we

Padwa and Koehn

decided to investigate the peracid oxidation of another
7-substituted norbornadiene. When 7-methylnorborna-
diene (9) was treated with m-chloroperbenzoic acid in
methylene chloride at 0°, there was'produced a mixture
of three isomeric compounds. Preparative-scale vpc

separation of the crude mixture led to the isolation of
pure 10. This product was identified as bicyclohexene
10 (37%) on the basis of its nmr spectrum (CDClu),
which displays a methyl doublet atr 892 3 H,J = 7
Hz), cyclopropvl hydrogens at 8.28 (1 H, t, J = 7 Hz),
802 1 H,t,j = 7 Hz), and 7.4 (m) in addition to
absorptions due to the olefinic [r 4.2 (m, 2 H)] and
aldehydic [r0.84 (1 H, d, J = 6 Hz)] hydrogens. The
first peak in the vpc chromatogram proved to be a mix-
ture of endo-norbornene epoxides (16%). Although the
epoxides, 11 and 12, appeared as a single peak on most
vpc columns, we eventually accomplished separation
on a20ft X 0.25 in. 18% FS-1265 on 60-80 Chromosorb
P column at 90°. The endo stereochemical assignment
was made by the observation that both epoxides were
stable when heated at reflux in benzene which contained
a trace of p-toluenesulfonic acid.1l

Since the separation of endo epoxides 11 and 12 from
bicvclo[3.1.0]hexene 10 was only attained with great
difficulty, the initial irradiation experiments were
carried out on the initial epoxidized mixture. Photoly-
sis of the epoxidation mixture in acetone with a Pyrex
filter gave a mixture of products which were separated
by preparative vapor phase chromatography. In addi-
tion to unreacted starting material, three new com-
pounds were obtained and subsequently identified as
exo-4-methylbicyclo[3.1.0]hex-2-ene-exo0-6-carboxalde-
hyde (13, 35%) and an inseparable 1:1 mixture of the
syn and anti isomers of e?ido-2,3-epoxy-7-methylbi-
cyclo[2.2.1]heptane (14, 15). Control experiments on

a pure sample of 10 indicated that it afforded only exo-
bicyclohexene 13 on irradiation. Similarly, irradiation
of the mixture of norbornene epoxides (11 and 12) af-
forded only compounds 14 and 15. The structure of
bicyclohexene 13 was elucidated on the basis of its
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spectral properties (see Experimental Section). Struc-
ture 13 was further confirmed by the base-catalyzed
epimerization of 10 to the thermodynamically more
stable exo isomer (13). Structures 14 and 15 were
established on the basis of both chemical and spectro-
scopic evidence (see Experimental Section). Reduc-
tion of the original epoxidation mixture over 5% palla-
dium on carbon gave a mixture of 14 and 15. This
mixture was spectroscopically identical with the mix-
ture of epoxides obtained from the irradiation.

The photochemical isomerization of bicvclohexene
10 to 13 may be rationalized on the assumption that
the reaction proceeds via diradicai 17, a species derived

by cleavage of the external cyclopropyl bonds. Such
a process is not without analogy. Several examples of
photosensitized epimerizations in related systems have
recently been reported.1620 Garin and coworkers,&8
for example, have described the photosensitized epi-
merization of bicyclo[3.1.0]hex-2-ene-endo-6-carboxylic
acid and its methyl ester. The photoepimerization
reaction was shown to occur by cleavage of the external
cyclopropyl bond. The photochemical reduction of
norbornene epoxides 11 and 12 to 14 and 15 is not an
unprecedented reaction. Kropp2l and Sauers2 have
shown that various derivatives of norbornene can be
reduced when irradiated in the presence of a triplet
sensitizer. It would appear that the triplet state of
norbornene epoxide (11 or 12) is sufficiently long lived
to participate in an intermolccular hydrogen atom
abstraction.

Since bicyclo [3.1.0 [hexene 10 did not undergo cyclo-
reversion to a 1,3,5-hexatriene on electronic excitation,
we decided to study the thermal chemistry of this sys-
tem with the hope that we could promote the cyclo-
reversion reaction at elevated temperatures. Heating
a benzene solution of 10 at 150° afforded a mixture of
two isomeric aldehydes (18 and 19). Control experi-

ments showed that the products were stable under the
reaction conditions. The structure of the major reac-
tion product 18 (87%) was based on its characteristic
spectral data: ir 3.42, 3.68, 6.02, 8.70, and 11.55 g
uv (cyclohexane) Xmex 282 nm (s 16,600); m/e 122

(16) D. L.Garinand K. O. Henderson, Tetrahedron Lett., 2009 (1970).

(17) D. L. Garinand D. J. Cooke, Chem. Commun., 33 (1972).

(18) J. S. Swenton, A. R. Crumrine, and T. J. Walker, J. Amer. Chem.
Soc., 92, 1406,3523 (1970).

(19) H. E. Zimmerman, D. F. Juers, J. M. MccCall, and B. Schroder,
J. Amer. Chem. Soc., 93,3662 (1971).

(20) A. G. Anastassiou and E. Yakali, 3. Amer.
(1971).

(21) P. Kropp, J. Amer. Chem. Soc., 89, 3650 (1967) ; 91,5783 (1969).

(22) R. R. Sauers, W. Schinski, and M. M. Mason, Tetrahedron Lett.,
4763 (1967).

Chem. Soc., 93, 3803
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(M+); nmr (CC14, 100 MHz) r 82 (s, 3 H), 7.4 (m,
2 H), 6.96 (m, 2 H), 4.28 (m, 1H), 3.74 (broad s, 1 H),
and 0.25 (1 H, d, J = 6 Hz). Saturation of the signal
at t 4.28 with an external field caused the doublet at
r 0.25 to collapse to a singlet. The minor product of
the reaction mixture could not be readily separated from
18 by vapor phase chromatography. While our studies
were in progress, a report by Gilbert and Klumpp ap-
peared describing the thermal chemistry of bicyclo-
hexene 10.Z3 These workers assigned structure 19 to
the minor reaction component of the thermal mixture.
They also identified structure 18 as the major thermal
product.

The formation of bicyclohexene 18 from 10 can be
rationalized as proceeding via a homo [1,7] hydrogen
migration as shown below. The minor product is de-

19

rived by a related suprafacial homo [1,5] hydrogen
shift. Although the geometries of the transition states
for the homo [1,5] and [1,7] hydrogen shifts are similar,
the available data suggests that the activation energy
for the [1,7] process is somewhat lower than that for the
[1,5] transfer.28 Both the [1,5] and [1,7] hydrogen
transfer processes have lower activation energies than
the sought-after thermal cycloreversion process. This
same conclusion was reached by Gilbert and Klumpp.23
The above thermal transformations also shed light on
the mechanism of the rearrangement of the closely
related bicyclo [3.1.0]hex-2-ene-endo-6-carboxaldehyde
(20).24 The rate-determining step in the rearrange-
ment of 20 was assumed to involve a homo [1,5] hydro-
gen shift on the basis of nhumerous precedents in the
literature. From our results, as well as those from
Gilbert and Klumpp’s group,Z it would appear as
though the thermal rearrangement of 20 actually in-
volves both the @ electrons of the carbon-carbon
double bond and the a electrons between C-5 and C-6.
This is most reasonable, since it is known that systems
possessing the potential for competitive thermal sigma-
tropic migrations of order [i,j] favor rearrangement by
the higher order pathway.2628

Experimental Section

All melting points are corrected and boiling points are un-
corrected. Elemental analyses were performed by Scandinavian

(23) J. C. Gilbert, K. R. Smith, G. W. Klumpp, and M. Schakel, Tetra-
hedron Lett., 125 (1972).

(24) F. Bickelhaupt, W. L. deGraff, and G. W. Klumpp, Chem. Commun.,
53 (1968).

(25) H. M. Frey and R. Walsh, chem. Rev., 69, 103 (1969).

(26) H. Heimgartner, H. J. Hansen, and H. Schmid, Helv. Chim. Acta,
53, 173 (1970).

(27) R. Hug, H. J. Hansen, and H. Schmid, chimia, 23, 108 (1969).

(28) E. E. Schweizer, D. M. Crouse, and D. L. Dalrymple, Chem. Com-
mun., 354 (1969).
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Microanalytical Laboratory, Herlev, Denmark, and Alfred
Bernhardt Laboratories, Hohenweg, Germany, The infrared
absorption spectra were determined on a Perkin-Elmer Infracord
spectrophotometer, Model 137. The ultraviolet absorption
spectra were measured with a Cary recording spectrophotometer,
using I-cm matched cells. The nuclear magnetic resonance spec-
tra were determined at 60 MHz with the Varian Associates
high-resolution spectrometer and at 100 MHz using a Jeolco
MH-100 spectrometer.

Peracid Oxidation of 7-Phenylnorbornadiene.— A solution of
8.4 g of 7-phenylnorbornadiene®and 17.2 g of m-chloroperbenzoic
acid in 200 ml of methylene chloride was allowed to stand at
room temperature for 3 hr. At the end of this time the precipi-
tated nr-chlorobenzoic acid was removed by filtration and the
solution was washed with saturated sodium carbonate and dried
over sodium sulfate. The solvent was removed in vacuo to give
12.6 g of an orange oil. The crude mixture was dissolved in
hexane and passed through a Florisil column. Elution of the
chromatographic column with 5% ethyl acetate-hexane gave
0.58 g of recovered starting material. The second peak isolated
from the chromatographic column amounted to 0.25 g (3%) of a
crystalline solid, mp 67-68°, whose structure is assigned as exo-
4-phenylbicyclo[3.1.0]hex-2-ene-endo-6-carboxaldehyde (7): ir
(KBr) .5.95, 6.76, 6.92, 8.34, 9.25, 10.21, 10.65, 11.65, 12.51,
13.40, and 14.45 n; uv (cyclohexane) Xraax 232, 252, and 258 nm
(e 2000, 670, and 590); nmr (CCh) ¢ 7.8-8.5 (m, 2 H), 6.4
(broad s, 1 H), 6.1 (broad s, 1 H), 41 (m, 2 H), 2.7 (m, 5 H),
0.6 (d, 1H,/ = 5Hz); mass spectrum m/e 184 (M +)> 156, 155,
142, 129, 128, 115, and 77 (base).

Anal. Calcd for CiHIiD: C, 84.75; H, 6.57.
84.60; H, 6.47.

The remaining component of the reaction mixture consisted of
white, crystalline solid (6.8 g), mp 153-154°, which could be
separated from aldehyde 7 by fractional crystallization from
pentane-ether. This same compound could be prepared in high
yield by treating bicyclohexene 7 with m-chloroperbenzoic acid.
The infrared spectrum of this compound showed bands at 2.90,
5.78, 7.01, 7.82, 7.91, 9.10, 9,80, 10.21, 10.38, 13.40, 13.60, and
14.35 n. The ultraviolet spectrum (95% ethanol) has maxima at
282 and 290 nm (e 590 and 510). The nmr spectrum (pyridine d6,
60 MHz) shows broad singlets at r 6.65 (1 IL), 6.40 (1 H), 5.50
(2 H), 5.10 (1 H), and 3.20 (1 H), and multiplets at 3.70 (2 H)
and 2.0-2.9 (9 H); mass spectrum m/e (base, parent — C7H5
C102), 171, 156, 142, 115, 105, and 77.

Anal. Calcd for CIHIOAI: C.67.32; H, 4.78.
67.27; H, 4.89.

The structure of this material is assigned as 2-oxa-3-hydroxy-
7-phenyl-8-(m-chloro)benzoxybicyclo[2.2.2]oct-5,6-ene (8) on the
basis of its spectroscopic properties and by an oxidative elimina-
tion to biphenyl. To a solution of 0.16 g of chromium trioxide
in 25 ml of pyridine at 0° was added a solution of 0.2 g 0: 8in 5
ml of pyridine. The mixture was stirred at room temperature for
3 days. At the end of this time 100 ml of ether was added to the
mixture and the resulting ethereal solution was washed with 5%
hydrochloric acid. Evaporation of the ether gave 0.14 g of a
yellow oil which was placed on a preparative thick layer plate.
The plate was developed using a 1:1 pentane-ether mixture and
the two major bands were extracted with acetone. The first band
amounted to 39 mg and was identified as biphenyl by comparison
with an authentic sample. The material in the second band (65
mg) was recovered starting material.

Peracid Oxidation of 7-Methylnorbornadiene.—To a stirred
suspension of 4.5 g of sodium carbonate and 5.0 g of 7-methyl-
norbornadieneXin 350 ml of methylene chloride at 0° was added
a solution of 7.65 g of m-chloroperbenzoic acid in 100 ml of
methylene chloride. The mixture was stirred at 0° for 3 hr.
At the end of this time the mixture was washed with water and
dried over sodium sulfate. The solvent was removed in vacuo and
the residual oil was distilled under reduced pressure to give 2.1 g
of a colorless oil, bp 61-63° (20 mm). Analysis of this material
by glpc (16% FS-1265 column at 100°) showed that it contained
at least two components. The second and largest peak (37%) to
be eluted from the vpc column was a colorless liquid whose struc-
ture is assigned as exo-4-methylbicyclo[3.1.0]hex-2-ene-e/ido-6-
carboxaldehyde (10) on the basis of the spectroscopic data cited:
ir (neat) 3.40, 5.88, 6.85, 8.35, 9.30, 9.40, 9.60, 10.40, 11.50,
.12.80, 13.20, and 13.50 m; uv (cyclohexane) 230 and 235 nm
(e 580 and 600); nmr (CDCL, 100 MHz) r 892 (d, 3H,/ =7

Found: C,

Found: C,

(29) P. R. Story and S. F. Fahrenholdt, J. Org. Chem., 28, 1716 (1963).
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Hz), 828 (1 H, t,J = 7Hz), 802 1 II, t,/ = 7Hz), 7.2-7.5
(m, 211), 4.20 (m, 2H), 0.84 (d, 1H, J = 6 Hz); mass spectrum
m/e (M+) 12a, 107, 93, 79, and 77.

The first peak present in the glpc chromatogram could not be
easily separated from bicyclohexene 10. In order to facilitate the
separation, the above mixture was treated with silver oxide. A
solution of 0.31 g of the above mixture in 12 ml of 25% ethanol
containing 1.4 g of silver nitrate was treated with 15 ml of an
aqueous solution of sodium hydroxide (0.5 g). The above re-
action mixture was allowed to stir for 3 days at room temperature
and was then filtered to remove the precipitated silver oxide.
The aqueous solution was extracted with ether and the ethereal
extracts were dried over sodium sulfate. Evaporation of the sol-
vent gave 0.098 g of ayellow oil which was analyzed by vpc using
a 15% FS-1265 column at 100°. The vpc scan showed the com-
plete absence of bicyclo[3.1.0]hex-2-ene-mido-6-carboxaldehyde
10. The oil consisted of a 1:1 mixture of the two endo norbornene
epoxides (11 and 12) (16%) which could be separated by glpc.
Both epoxides could be recovered from a refluxing benzene solu-
tion which contained a trace of p-toluenesulfonic acid. This
provides strong support for the endo epoxide assignment. The
first epoxide to be eluted from the column was a colorless oil: ir
(CCh) 3.40, 6.85, 7.27, 7.45, 8.42, 10.10, 11.05, 11.23, and 11.52
M nmr (CCh, 100 MHz) r 9.18 (3 H, d, J = 6 Hz), 7.44 (3 H,
m), 6.60 (2 H, m), and 4.32 (2 H, m); mass spectrum m/e 122
(M+), 107, 93, and 44 (base). On the basis of the spectra this
compound is assigned as encio-2,3-epoxy-s?yn-7-methylbicyclo-
[2.2.1]hept-5,6-ene (11). The second epoxide collected from the
glpc chromatogram had very similar spectral properties and is
assigned the isomeric structure 12: nmr (CCh) r 9.00 (3 H, d,
J = 6 Hz), 758 (3H, m), 6.58 (2H, m), and 4.20 (t, . 7=2 Hz,
211).

The aqueous solution from the above experiment was acidified
with hydrochloric acid and extracted with ether. The ether was
dried over sodium sulfate and the solvent was removed under
reduced pressure to give a white, crystalline solid: mp 76-78°
(42%); ir (KBr) 2.9-3.7, 5.84, 6.93, 8.15, 8.62, 10.71, 11.14,
12.90, 13.40, and 14.35 m; nmr (CDCh, 100 MHz) £9.0 (3 H, d,
J =7Hz), 832 (2H,q,J = 8Hz), 756 1 H, t, J = 7 Hz),
7.00 (1 H,q, J = 7Hz), 430 2H, m), and -1.28 (1 H, s);
mass spectrum m/e 138 (M+), 123, 105, 93 (base), and 77. On
the basis of the data this material is assigned the structure of exo-
4-methylbicyclo [3.1.0] hex-2-ene-endo-6-carboxylic acid.

Irradiation of exo-4-Methylbicyclo[3.1.0]hex-2-ene-e?x70-6-car-
boxaldehyde (10).—Since the separation of endo epoxides 11 and
12 from bicyclohexene 10 was only attained with great difficulty,
the irradiation was carried out. on the initial epoxidized mixtures.
A 0.5-g sample of this mixture was irradiated for 4 hr in 200 ml
of acetone using a 550-W Hanovia lamp equipped with a Pyrex
filter. Vpc analysis of the crude mixture on a 15% FS-1265
column at 100° indicated the presence of three major components.
The second component on the chromatogram was identified as
recovered bicycloaldehvde 10. The third peak was a colorless oil
(35%) whose structure is assigned as exo-4-methylbicyclo[3.1.0j-
hex-2-ene-exo-6-carboxaldehyde (13) on the basis of the chemical
and physical data cited: ir (CC14) 3.25, 3.35, 3.46, 3.67, 5.83,
6.91, 7.45, 9.10, 10.15, 11.87, 13.10, 13.35, and 14.45 ju; nmr
(CCh, 100 MHz) r 8.96 3H, d, .7 = 7Hz), 8.06 (1 H, m), 7.4-
76 (3H, m), 456 (1 11, m), 420 (1 H,in), 0.86 1 H,d,7 =4
Hz); mass spectrum m/e (M+) 122, 107, 93, 79, and 77.

The exo isomer 13 could also be prepared by the base-catalyzed
epimerization of the endo stereoisomer 10. A 0.1-g sample of the
endo isomer 10 and 0.1 g of sodium methoxide in 10 ml of metha-
nol was refluxed for 1 hr. After evaporation of the solvent the
oily residue was taken up in ether, washed with water, and dried
over sodium sulfate. Removal of the solvent under reduced
pressure gave a colorless oil which showed two peaks in the vpc
chromatogram. Comparison of retention times and infrared and
nmr spectra with that of the exo and endo aldehydes 13 and 10
established the identity of the major components present in the
residue.

endo-2,3-Epoxy-7-methylbicyclo [2.2.1] heptane—The first peak
collected from the preparative vpc chromatogram of the photoly-
sis of 10 was a colorless liquid (20%) which proved to be an in-
separable mixture of the syn and anti isomers of endo-2,3-epoxy-
7-met.hylbicyclo[2.2.1]heptane (14, 15). This was demonstrated
by the chemical and spectroscopic data cited: ir (CC14) 3.45,
6.12, 6.85, 7.0, 7.25, 7.57, 7.70, 8.22, 8.45, 8.62, 9.12, 9.50,
10.2, 10.5, and 11.0 n; mass spectrum m/e 124 (M+), 109, 95,
93, 80 (base), and 67; nmr (CCh, 100 MHz) r 9.22 d,/ =7
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Hz), 888 (d, 3 = 7 Hz) (combined integration 3 H), 8.60
(broad s, 4 H), 8.12 (broad s, 2 H), 7.76 (q, .7 = 7 Hz, 1H),
6.60 (broad s), 6.50 (broad s) (combined integration 2 H).
Irradiation of the quartet at r 7.76 with an external field col-
lapsed the methyl doublets at r 9.22 and .8.88 to singlets and also
sharpened up the broad singlets at r 6.60 and 6.50. The struc-
ture of this mixture was further verified by comparison with a
sample independently synthesized as described below.

Catalytic Hydrogenation of the Crude Epoxidation Mixture
Derived from 7-Methylnorbornadiene.—The crude epoxidation
mixture (0.25 g) obtained from the treatment of 7-methylnor-
bornadiene with m-chloroperbenzoic acid was hydrogenated at
15 psig in a Paar shaker over 5%, palladium on charcoal for 4 hr.
After filtration to remove the catalyst, the solution was concen-
trated and submitted to preparative vpc. The residue was
shown to contain two peaks. The minor peak (35%) in the
chromatogram was a colorless oil whose spectral properties were
identical with those of the mixture of isomers obtained from the
photolysis of 10. The major peak present in the vpc chromato-
gram (49%) was a colorless liquid whose structure is assigned as
e:ro-8-methyl-2-oxabicyclo[3.2.1]oct-3-ene (16) on the basis of
the physical data cited: ir (CC14) 3.45, 6.14, 6.85, 7.0, 7.25,
7.57, 7.7, 8.22, 8.45, 8.62, 9.12, 9.50 (s), 10.45, and 11.0 M(s);
mass spectrum m/e 124 (M +), 109, 96, 95, 93, 91, 81 (base), and
68; nmr (CCh, 100 M11z) r9.14 3H, d, J = 7Hz), 8.10 (broad
s,5H), 770 A H, q,J = 7Hz), 5.86 (1 H, broad s), 5.10 (1 H,
t,J = 6 Hz), and 4.04 1 H, d, J = 6 Hz).

Thermolysis of ezo-4-Methylbicyclo[3.1.0]hex-2-ene-endo-6-
carboxaldehyde.— A 0.75-g sample of bicycylohexene 10 in 5 ml
of benzene was heated in a sealed tube at 150° for 4 hr. The
solvent was removed under reduced pressure and the residual oil
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was subjected to preparative thick layer chromatography. The
plate was developed with a 25% ether-75% pentane solution.
Extraction of the band (Rt 0.33) with methylene chloride fol-
lowed by evaporation of the solvent gave 0.65 g (87%) of a
colorless oil: ir (neat) 3.42, 3.52, 3.68, 6.02 (s), 6.24 (s), 6.45,
6.92, 7.45,7.8, 7.97, 8.25, 8.70 (s), 9.7 (m), 10.8 (m), 11.55 (s),
and 12.1y; uv (cyclohexane) A,ax282 nm (e 16,600); mass spec-
trum m/e 122 (M+), 107, 93 (base), 91, 79, and 77; nmr (CC14,
100 MHz) r 8.2 (s, 3 H), 7.4 (m, 2 H), 6.96 (m, 2 H), 4.28 (m,
1H), 3.74 (1 H, broad s), 0.25 (1 H, d,/ = 6 Hz). When the
signal at r 4.28 was saturated with an external field, the doublet
at 0.25 collapsed to a singlet. On the basis of the data this com-
pound is assigned the structure of unsaturated aldehyde 18.

Another minor aldehyde (ca. 5%) was detected in the crude
thermolysis residue but could not be separated from 18. This
compound has since been assigned the structure of 19 by Gilbert,
Klumpp, and coworkers.2
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1,4-Bis(methoxycarbonyl)bicyclo[2.2.2]octa-2,5-diene (1) was synthesized by electrolytic decarboxylation of

the adduct of maleic anhydride and dimethyl cyclohexa-1,3-diene-l,4-dicarboxylate.

Addition of a small

amount of 4-iert-butylcatechol to the electrolysis reaction was found to increase the yield of 1 from 30 to 65%.
Replacement of the usual solvent system for this reaction (pyridine, water, triethylamine) with acetonitrile,

water, pyridine, triethylamine decreased the reaction time from 12 to 2 hr.
retrodiene reaction to produce ethylene and dimethyl terephthalate.
CNDO/2 calculations performed for this reaction indicate

All+, 26.8 + 0.3 keal/mol; AST, —0.4 + 0.9 eu.

Compound 1 readily undergoes a
Energy parameters for this reaction are

that, the lowest energy reaction pathway involves loss of an ethylene-like two-carbon fragment from a nearly

planar hexadiene ring.

The retro Diels-Alder reaction, particularly when
aromatic products are produced, has been extensively
used to generate unstable intermediates and relatively
inaccessible olefins.12 We would like to report3 the

(1) For reviews of the retrodiene reaction see (a) Il. Ivwart and K. King,
Chem. Rev., 68, 415 (1968); (b) J. Sauer, Angew. Chem., Int. Ed. Engl., 5,
211 (1966); (c) A. S. Onishchenko, “ Diene Synthesis,” Oldbourne Press,
London,1964.

(2) For use of the retrodiene reaction to generate unstable intermediates
and inaccessible olefins see (a) E. J. Corey and W. L. Mock, J. Amer. Chem.
Soc., 84, 685 (1962); (b) G. D. Peddle, D. N. Roark, A. M. Good, and s . G.
McGeachin, J. Amer. Chem. Soc., 91, 2807 (1969); (c) N. D. Field, ibid..
83, 3504 (1961); (d) C. M. Wynn and P. S. Klein, J. Org. Chem., 31, 4251
(1966); (e) W. S. Wilson and R. N. Warrener, Chem. Commun., 211 (1972);
(f) U. E. Wiersum and W. J. Myo, ibid., 347 (1972); (g) R. Kreher and J.
Seubert, Z. Naturforsch. B, 20, 75 (1965); (h) R. N. Warrener, J. Amer.
Chem. Soc., 93, 2346 (1971).

(3) This work is a continuation of a program concerned with synthesis of
bicyclic molecules that are functionally substituted at the bridgehead posi-
tions. For previous papers see D. C. Owsley and .1 J. Bloomfield, J. Amer.
Chem. Soc., 93, 782 (1971); J. Org. Chem., 36, 4160 (1971); Org. Prep-
Proced.Int., 3, 61 (1971).

synthesis of 1,4-bis(methoxycarbonyl)bicyclo [2.2.2]-
octa-2,5-diene (1) and the activation parameters for the
retrodiene decomposition of dihydrobarrelene 1 to
dimethyl terephthalate and ethylene. The key step in
the synthesis of compound 1 was achieved by elec-
trochemical oxidation of 1,4-bis(methoxycarbonyl)-
bicyclo [2.2.2]oct-0-ene-2,3-dicarboxylic anhydride (2)

at low temperature, a technique of considerable poten-
tial for the preparation of thermally unstable or chem-
ically labile molecules.
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Table |
Electrolytic Decarboxylation of Compound 2

Initial Initial Reaction Solvent** Yield of a.
Run no. current, A voltage. V Temp, °C time, hr system Radical inhibitor (mg, mmol) %
Effect of fert-Butyleatechol
1 0.5 150 20 12 1 None 30
2 0.5 150 20 12 | TBC' (50, 0.3) 50
3 2.2 70 20 2 2 None 32
4 2.4 70 20 2 2 TBC (5, 0.03) 30
5 2.0 70 20 2 2 TBC (15, 0.09) 50
6 2.0 70 20 2 2 TBC (50, 0.3) 67
7 2.0 70 20 2 2 TBC (100, 0.6) 60
Effect of Type of Radical Inhibitor (cf. also run 6)
8 2.5 70 20 2 2 TBHd (50, 0.3) 38
9 2.5 70 20 2 2 PTA' (60, 0.3) 38
10 2.5 70 20 2 2 Binox7 (128, 0.3) 47
11 2.5 70 20 2 2 Catechol (33, 0.3) 53
Effect of Temperature (cf. also run 6)

12 2.0 70 -10 2 2 TBC (50, 0.3) 27
13 2.5 70 30 2 2 TBC (50, 0.3) 65
Effect of Solvent (cf. also runs: 2 and 6)

14 2.5 70 20 2 3 TBC (50, 0.3) 0

“ Anhydride 1 (2.94 g, 10 mmol) was used for each reaction.
ml. Solvent system 2: triethylamine, 3 ml;

3ml; CHXN, 117 ml; water, 10 ml. ' TBC, 4-fert-butylca:echol.

bSolvent system 1:
pyridine, 10 ml; water, 10 ml;

triethylamine, 3 ml; pyridine, 117 ml; water, 10
CH.iCN, 107 ml. Solvent system 3: triethylamine,
dTBH, ierf-butylhydroquinone. *PTA, phenolhiazine. 7 Binox

is the Shell Chemical Co. trade name for 4,4'-methylenebis(2,6-di-ier/-butylphenol).

Figure 1.—Electrolysis cell: A, nitrogen gas inlet; B, copper
wire lead to electrode; C, thermocouple; D, Vibromixer stirrer;
E, gas outlet; F, platinum electrodes.

Bicyclooctadiene 1 was found to undergo a facilo
retro Diels-Alder reaction (even at room temperature)
to give dimethyl terephthalate and ethylene. Wc
have measured the kinetics and activation parameters
for this reaction. To our knowledge this is the first
time these parameters have been measured for this
common type of retrodiene reaction. Finally, some of
the bonding and structural changes that occur during
the course of the reaction have been estimated by use of
semiempirical quantum mechanical techniques.

Electrolysis Reaction.—Electrolytic oxidation of 1,2-
dicarboxylic acids to olefins, first elucidated by Fichter,4
has received renewed attention in recent years.57 In

(4) F. Fichter and H. Stenzel, Helv. Chim. Acta..22, 970 (1939).

(5) P. Radlich, R. Klem, S. Spurlock, J. J. Sims, E. E. van Tamelin, and
T. Whitesides, Tetrahedron Lett.,, 5117 (1968), and references cited therein.

(6) H. H. Westberg, and H. J. Dauben, Jr., Tetrahedron Lett., 5123 (1968).

(7) P.G.Gassman H. P. Benecke, and T. J. Murphy, Tetrahedron Lett.,
1649 (1969).

particular, the electrolytic method smoothly decar-
boxylates bicyclic diacids containing proximal olefinic
bonds.5 Lead tetraacetate oxidation,8 on the other
hand, converts this class of compounds to lactones56'9
and polymer.

Laboratory-scale Kolbe oxidations are generally car-
ried out in an open beaker. We have constructed a
more sophisticated cell (see Figure 1) from readily
available glassware. The cell combines the vigorous
agitation provided by a Vibromixer stirrer with a
system that monitors and controls the reaction temper-
ature in the area between the electrodes. These two
features permit the maintenance of a high current
density and a low reaction temperature for the oxida-
tion of compound 2.

Previous investigators5 7 have always used pyr-
idine-water-triethylamine as the solvent system for
this reaction. Replacement of most of the pyridine
with acetonitrile brought about a dramatic decrease in
the internal resistance of the cell which, in turn, per-
mitted the reaction to be run at higher current density
and consequently a shorter period of time. Complete
removal of pyridine, on the other hand, resulted in con-
version of anhydride 2 to a brown oil. (For the effect
of solvent on vields and reaction times see runs 2, 6, and
14, Table 1.) '

Electrolytic decarboxylation of the purified anhy-
dride using typical reaction conditions5-7 (run 1, Table
1) produced the desired material in 30% vyield. The
remainder of the starting material was converted to an
insoluble polymer which coated the reaction vessel and
the platinum electrodes. In comparison, crude anhy-
dride (washed with ether but not recrystallized) was
cleanly electrolyzed—no insoluble polymer formation—
to olefin 1 in about 60% vyield. This increase in yield
was reproducible and eventually it was discovered that
traces of (erf-butvicatechol (used as a radical inhibitor
in the preparation of anhydride 2) eliminated the for-

(8) C. A. Grob, M. Ohta, E. Renk, and A. Weiss, Helv. Chim. Acta, 41,

1191 (1958).
(9) C. M. Cimarustiand J. Wolinski, J. Amer. Chem. Soc., 90, 113 (1968).
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mation of insoluble polymer. The effect of ;eri-butyl-
catechol on the yield of olefin 2 is presented in Table |
(runs 1-7).

The effect of temperature (runs 6, 12, 13) and type of
radical inhibitor (runs 8-11) on the yield of dihydro-
barrelene 1 are also listed in Table I. The optimal
conditions for this reaction are those of run 6.

Kinetics.—A search of the literature revealed that
little qualitative and even less quantitative rate data
have been reported for the commonly employed retro-
diene reaction in which an aromatic molecule is one of
the products. Alder and Rickert®D were first to ob-
serve the reaction. They reported that 2,3-bis-
(ethoxycarbonyl)bicyclo [2.2.2 ]Jocta-2,5-diene was con-
verted to ethylene and diethyl phthalate at 200°.
More recently Grob and coworkers1l reported that
bicyclo [2.2.2]octadiene (3) survived 150° for a brief
period of time. Humber and coworkers2 and Smith
and coworkers,13 on the other hand, were not able to
prepare 1,4-bis(ethoxycarbonyl)bicyclo [2.2.2]octa-2,5-
diene at reaction temperatures below 150°. In-
stead, they obtained the retrodiene reaction products,
i.e., diethyl terephthalate and ethylene.

Bicyclooctadiene 1 readily cleaves to ethylene and
dimethyl terephthalate at temperatures as low as 50°.
No other products were detected by gas chromatog-
raphy, while 99.5 + 2.5% of the terephthalate was
accounted for at the end of each kinetic run by ultra-
violet spectroscopy.

The rate of the retrodiene reaction was followed by
measuring the increase in uv absorbance of dimethyl
terephthalate. Eight points were obtained for each
run and conveniently fitted to eq 1 by a weighted non-

linear least-squares regression program.}4 Activation
parameters were similarly obtained via eq 2, where AQ,

Inkr = InkT/h - AH~/RT + AS*/R (2)

A, and Aa are the dimethyl terephthalate uv absorb-
ances at zero time, at regular intervals during the reac-
tion, and at infinite time, respectively.

The kinetic data are presented in Table Il. For all
runs, the deviation of the dependent variable from the
calculated regression line was random; the total cor-
relation coefficient squared was 0.9990 for the calcula-
tion of AH* and AS* and ranged from 0.9855 to 0.9994
for the calculation of the first-order rate constants.

Calculations.—Of the many methods used to study
the mechanism of the Diels-Alder reaction,55 only

secondary deuterium¥and carbon-13T primary kinetic

(10) K. Adler and H. E. Rickert, Justus Liebigs Ann. Chem., 624, 180
(1936).

(11) C.A.Grob, H. Kny, and A. Gagneux, Helv. Chim. Acta, 40, 130 (1957).

(12) L. G. Humber, G. Meyers, L. Hawkins, C. Schmidt, and M. Bon-
lerice, Can.J. Chem ., 42,2852 (1964).

(13) G. Smith, C. L. Warren, and W. R. Vaughan, J. org. Chem., 28,
3323 (1963).

(14) Program nonlin written by A. W. Dickinson of the Monsanto Com -
puting Center was used on aCDC 6400 computer.

(15) For reviews on the mechanism of the Diels—Alder reaction see (a)
S. Seltzer, Advan. Alicyclic Chem., 2, 1 (1968); (b) J. Sauer, Angew. Chem.,
Int. Ed. Engl., 6, 16 (1967); (c) R. B. Woodward and T. J. Katz, Tetrahe-
dron, 5, 70 (1959).

(16) (a) P. Brown and R. C. Cookson, Tetrahedron, 21, 1993 (1965); (b)
S. Seltzer, J. Amer. Chem. Soc., 87, 1534 (1965); (c) D. E. Van Sickle and
J. 0. Rodin, ibid., 86, 3091 (1964).

(17) M. J. Goldstein and G. J. Thayer, Jr., 3. Amer. Chem. Soc., 87, 1933
(1965).
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Table Il

Summary of Kinetic Data"

Initial

Run oconcn of 2
Temp, °C no (10* ™) / 1CBk,Csec—1
50 + 0.01 1 1.55 0.71 432 + 0.12
2 2.42 0.70 4.12 + 0.05
3 1.42 0.86 3.96 £+ 0.11
60 + 0.01 4 2.19 0.92 15.0 + 0.3
5 2.45 0.86 148 = 0.2
6 2.16 0.83 146 = 0.1
70 + 0.01 7 3.20 0.96 451 + 21
8 3.59 0.84 457 £ 0.6
9 3.32 0.86 505 +0.5
80+ 0.1 10 2.85 0.84 161 + 2
n 2.80 0.98 168 + 1
12 2.20 0.77 150 + 3

“HA™ = 26.8+ 0.3kcal/mol; £4= = 0.4+0.9 eu. 6Maximum
extent of reaction followed. cErrors are reported as standard
deviations.

isotope effect measurements provide information about
the structure of the transition state for this type of
reaction.88 The classical argument concerning the
Diels-Alder reaction was whether the two < bonds,
created during the course of the reaction, were formed
simultaneously or stepwise. Kinetic isotope effect
measurements1516 suggest that the symmetry of bond
formation or cleavage closely parallels the symmetry of
the reactant(s). Orbital symmetry considerations,19
predict that the reaction does not proceed through a bi-
radical intermediate.

A search of the literature indicated that neither ex-
tended Huckel or CNDO/2 calculations have been
carried out for the case of a retrodiene reaction that
produces aromatic products. We thus thought it
would be of interest to examine the retrodiene reactions
of dihydrobarrelene (3) and its |,4-bis(methoxycar-
bonyl) derivative (1) by means of the CNDO/2 method
of calculation. In addition, both CNDO/2 and ex-
tended Huckel calculations were performed for the
cycloaddition of ethylene to butadiene. In this way
the two methods of calculation were compared and
found to give similar results. These comparison cal-
culations are presented in the Experimental Section.

During the course of the retrodiene reaction of ad-
ducts 1 and 3 several events must occur either simul-

taneously or successively. The cyclodiene portion of
the ring must flatten with a subsequent lengthening
and shortening of the bonds associated with the ring
system; the CV-C8bond distance must shorten with a
flattening of the hydrogens attached to these carbons;

(18) The term ‘ no mechanism” has been used to describe this reaction
because numerous kinetic studies have yielded little information about its
detailed mechanism: W. von E. Doering and W. Roth, Tetrahedron, 18,
67(1962).

(19) (a) R. Hoffmann and R. B. Woodward, J. Amer. Chem. Soc., 87,
2046 (1965); (b) R. Hoffmann and R. B. Woodward, Accounts Chem. Res.,

1, 17 (1968); (c) L. Salem, J. Amer. Chem. Soc., 90, 543 (1968).
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and the C1:-C7 and C4C8bonds must lengthen. The
order in which these events occur can be investigated
by varying them singly or simultaneously and observing
the resulting effect on the total molecular energies.
In order to reduce the dimension of such an energy
surface to a few parameters, only those parameters
suggested by experimentall6l720 and theoretical con-
siderations@l to be of importance were examined; rea-
sonable estimates were chosen for the others. Ab-
solute molecular energies cannot be obtained using the
method employed here; however, the differences in
energies obtained should offer insight into the nature of
this reaction.

The following six reaction pathways involving sym-
metric lengthening of bonds C1-C7 and C4C8 were
investigated: la, loss of C7-C8in an ethane conforma-
tion from nonplanar cyclohexadiene, and 2a, from planar
cyclohexadiene; Ib, loss of Gz-Cs in an ethylene con-
formation from nonplanar cyclohexadiene, and 2b, from
planar cyclohexadiene; Ic, loss of C7-C8in a conforma-
tion intermediate to ethane-ethylene from nonplanar
cyclohexadiene, and 2c, planar cyclohexadiene. The
two unsymmetrical pathways considered were stepwise
breaking of bonds Ci C7and C4C8in both the singlet
and triplet states. Detailed geometries of the struc-
tures used for these series of calculations are presented
in the Experimental Section.

The calculations indicated that the lowest energy
process involved flattening of the cyclohexadiene ring
and loss of the C%C 8fragment in an ethylene-like con-
formation (process Ic). These calculations, however,
were not pursued far enough to provide the transition
state structure for this process.

Substitution of methoxycarbonyl groups at the
bridgehead position did not alter the above mechanistic
conclusions. Differences, particularly in the activa-
tion energy and atomic charges, were observed. The
calculated difference in the total energy of the transi-
tion states for compounds 3 and 1 was found to be 17
kcal/mol, the latter compound being lower.

Results and Conclusions

Enthalpy of activation values for the retrodiene
reaction vary from 73 (cyclohexane pyrolysis)2 to 25
keal/mol (anthracene-totracyanoethylene adduct)la
and entropy of activation values vary from —2.7 to
17.3 eu.la The low enthalpy of activation (26.8 kcal/
mol) and entropy of activation (~0 eu) for the retro-
gression of compound 1 suggest that the transition state
occurs early along the reaction coordinate.

At present, there are not sufficient kinetic data on
retrodiene cleavage of bicyclo [2.2.2Joctadiene systems
to allow for correlation of substituent effects with acti-
vation energies. Qualitatively, the effects of methoxy-
carbonyl groups are in accord with the CNDO/2 cal-
culations. These calculations imply that electron-
withdrawing groups should facilitate the retro Diels-

(20) Primary carbon-13 isotope effects for the reaction of ,sC-labeled
dicyanoacetylene with cyclopentadiene were correlated with a transition
state in which the total constraints about the acetylenic carbons were ap-
proximately Vs less (4.8 mdyn/A) than for ground-state dicyanoacetylene.
C. B. Warren, Ph.D. Thesis, Cornell University, 1970; M. J. Goldstein,
C. B. \Warren, and W. S. Morrison, to be published.

(21) J.W.Mclver, Jr., 3. Amer. Chem. Soc., 94, 4782 (1972).

(22) S.R.Smith and A. S. Gordon, J. Phys. Chem., 65, 1124 (1961).
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Alder reaction.ZZ The magnitude of these effects
should vary, depending on the nature of the substituent
and position of attachment. However, it is quite
clear that these effects could be of considerable syn-
thetic utility in designing new retro Diels-Alder reac-
tions as routes to unstable intermediates.

Experimental Section

Melting points are uncorrected; nmr spectra were obtained
with a Varian T60; uv spectra were obtained with a Perkin-
Elmer 450 spectrometer; microanalyses were carried out at
Monsanto’s Physical Science Center. A Varian Aerograph 2100
dual column gas chromatograph equipped with flame ionization
detectors was used in the single-column mode for gas chromato-
graphic analyses. The signal from the chromatograph was fed
to an Infotronics CRS-104 digital integrator and then to a Varian
Aerograph Model 30 recorder.

Electrolysis Cell.—The electrolyses were carried out in the
apparatus shown in Figure 1. Power was supplied by a Sorensen
Model RC150-7.5 constant-voltage power supply. The reactions
reported in this paper were run in a 100-ml jacketed reaction
flask (Kontes K-296100). The reaction flask head was a Kontes
K-296170 head to which two 10/30 outer joints had been added
to accommodate the electrodes. The temperature of the reaction
was monitored between the electrodes with an iron-constantan
thermocouple (Aeropak, Model T-91M-12BJ8C) which was
insulated with-Vi6-in.-i.d. Teflon tubing (Fluorocarbon Co.,
Anaheim, Calif.). The thermocouple was connected to a West-
Gardsman temperature controller which controlled a circulating
pump. The coolant (1 1 of acetone, 41. of methanol) was pumped
from a 4-1. dewar flask (mixing bath) through the reaction flask
jacket, through a copper coil immersed in Dry Ice-acetone and
back to the mixing bath. The square, smooth platinum elec-
trodes (4.45 cm on an edge) were fashioned from 0.076 mm (3
mil) thick platinum foil and were spot welded to 18 gauge plat-
inum wire which was imbedded into 6-mm-o0.d. Pyrex glass
tubing. Mercury was placed in the tube to provide an electrical
contact between the electrode and the copper wire lead. The
glass electrodes and the thermocouple were held in place by Teflon
thermometer adapters.

1,4-Bis(methoxycarbonyl)bicyclo [2.2.2] oct-5-ene-2,3-dicarbox-
ylic Anhydride (2).— Dimethylcyclohexa-1,3-diene 1,4-dicarbox-
ylate (55.7 g, 0.28 mol), which was prepared by the method of
Kauer,2maleic anhydride (83.9 g, 0.85 mol), 4-ic;rt-butylcatechol
(1 g, recrystallized from heptane), and 400 ml of o-diehlorobenzene
were placed into a three-neck, 1-1. flask equipped with a thermom-
eter, overhead stirrer, and heating mantle. The reaction mixture
was heated to 170° for 5 hr, solvent was removed in vacuo, and
the crude adduct was washed with ether and recrystallized from
hexane-chloroform to give 65 g (0.22 mol, 80%) of adduct, mp
183-185° (lit. mp 188.0-188.6).24

1,4-Bis(methoxycarbonyl)bicyclo[2.2.2]octa-2,5-diene. A.
Electrochemical Oxidation Reaction.—Anhydride 2 (2.49 g, 10
mmol) was heated with a mixture of triethylamine (3 ml), pyri-
dine (10 ml), and water (10 ml) until a clear solution was ob-
tained. This solution of hydrolyzed anhydride was washed into
the reaction vessel with the remainder of the solvent (pyridine for
runs 1 and 2, acetonitrile for runs 3-13). The radical inhibitor
was added, the reaction mixture was flushed with nitrogen, and
the power was turned on.

Work-up of the reaction mixture involved dilution with 100 ml
of water [reactions run in CslIsN-H.O-IC.HshN] or reduction of
the solvent in vacuo to a total volume of 30 ml followed by dibit ion
with 50 ml of water [reactions run in CHN, CJFN, (CH53N,
H>0[. The diluted reaction mixture was then extracted with
four25-ml portions of pentane which were combined, washed with
50 ml of 1 N HC1, and dried over sodium sulfate. Removal of
the pentane in vacuo left a white residue which was recrystallized

(23) Recent work by Haberfield suggests that the transition state for
the forward Diels—Alder reaction is electron rich relative to the reactants
(electron-donor solvents stabilize the reactants; the more electronegative
Whether a similar relationship

P. Haberfield and A. K. Ray,

solvents stabilize the transition state).
holds for the reverse reaction is not known.
J.0rg. Chem., 37,3093 (1972).

(24) J. C. Kauer, R. E. Benson, and G. W. Parshall, 3. org. chem., 30,
1431 (1965).
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Figure 2.—Total molecular energies as a function of the per-
pendicular distance between lines connecting atoms C:*C4 and
atoms CZC 8in bicyclo [2.2.2]octadiene for various conformational
changes. See the calculation part of the Experimental Section
for a description of the conformations studied.

from pentane: mp 88-89°; nmr (DMSO-d6) S 6.55 (s, 4, vinyl
hydrogen), 3.82 (s, 6, COOCHZ3), 1.58 (s, 4, methylene hydrogen).

Anal. Calcd for CkHhO.: C, 64.85; H, 6.35. Found: C,
64.90; H, 6.20.

B. Gas Chromatographic Analyses.—All gas chromatograms
were run at an injection port temperature of 250°. At this tem-
perature, dihydrobarrelene 1 was converted to dimethyl tereph-
t.halate and the bistriethylammonium salt of 2 was converted
back to anhydride. The reactions listed in Table I were followed
by gas chromatography. A 0.20-ml sample of the reaction mix-
ture was withdrawn and spiked with 2 mg of 1-phenylnonane;
0.5 mlof this solution was injected on a 1.9 m X 2 mm glass U
column packed with 3% OV-11 on 100/120 mesh Supelcoport.
In two runs, the yields obtained by gas chromatography were
compared to the weight of 1 isolated by pentane extraction and
found to differ by about 5%. The reaction times listed in Table
I were sufficient for the complete disappearance of starting
material.

Kinetics.—Recrystallized bicyclooctadiene 1 which contained
about 3% dimethyl terephthalate was used for the kinetic runs.
Analysis of the material by gas chromatography showed no
ierf-butylcatechol in the sample; the nmr showed only dimethyl
terephthalate and 1. The kinetics of the reaction were followed
by measuring the increase in uv absorbance of the product
(dimethyl terephthalate) at all three of its uv max wavelengths,
uv max (dodecane) 242 nm (e 9000), 283 (810), 292 (705).
Absorbance varied linearly with concentration to 0.9 absorbance
units for Amax 242, and to 0.5 absorbance units for Anex 283 and
292. Uv measurements were carried out in a 1-cm or 0.1-cm cell
depending on the concentration of the solution. All reactions
were carried out in olefin-free dodecane.

Typically, a carefully weighed portion of a stock solution of 2
was diluted to 25.0 ml. After the initial absorbance had been
measured, 4-ml portions of this solution were placed into six 5-ml
vials which were then evacuated, sealed, and placed into a
constant-temperature bath. The vials were withdrawn periodi-
cally and placed in a dewar flask filled with Dry Ice-acetone.
After the run was finished the vials were warmed to room tempera-
ture and opened and the terephthalate absorbance was measured.
One sample of the reaction mixture was then resealed into a vial
and heated to 100° for 3 hr to provide an infinity sample. Com-
parison of the infinity time concentration of terephthalate to the
initial concentration of bicyclic compound 1showed that 99.5 +
2.5% of starting material had been converted to product.

Calculations.—The structural parameters used in this study
were obtained from the structural determinations of bicyolo-
[2.2.2]octadiene (3),5bicyclo[2.2.2]octene-2,3-endo-dicarboxylic
anhydride,Band studies on bicyclo[2.2.2]octane-I,4-dicarboxylic
acid.Z Additional data for the methoxycarbonyl structure used

(25) A. Yokozeki and K. Kuchitsu, Bull. Chem. SocJap., 44, 1783
(1971).

(26) R. Destro, G. Fillippini, C. M. Gramaccioli, and M. Simonetta,
Tetrahedron Lett., No. 29, 2493 (1969).

(27) O. Ermer and J. D. Dunitz, Chem. Commun., 567 (1968); Helv.
Cchim. Acta, 52, 1861 (1969).
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Figure 3.—Total molecular energies as a function of the per-
pendicular distance between lines connecting atoms C1C4 and
atoms CtC8 in |,4-bis(methoxycarbonyl)bicyclo[2.2.2]octa-2,5-
diene.

to construct the molecular structure of 1 were obtained from
interatomic distances.B These values are presented in Table I11.

Table Il

Bond Angles and Distances fob Compound 1

,,0-CH;
r
1
Bond length, Bond angle,
Methoxycarbonyl A den
C90,0 1.22
Cs-0,. 1.36
on—<€12 1.46
CI2H 1.09
C1-C 90 1l-C 2dihedral angle” 155
ClC9CD 120
clcson 116
cgolncr 113

0 Methyl points away from molecule.

The events and corresponding geometric changes investigated
as a function of the separation distance between C1C 4and C%-C38
follow.

(1) A bent, nearly planar hexadiene ring with a ring dihedral
angle of 168° (also Ci-C2H, 121°) and with bond lengths
intermediate between benzene”and cyclohexadiene (Ci-C2, 1.42 A;
C2C3 138 A; C2H, 1.090A) and with either (A) near ethane
C7-C8bond distance (1.553 A) and experimental methylene bond
angles and bond lengths (C#I11, 1.105 A, I11-C7H, 111.3°); (B)
near ethane CeCs bond distance and planar ethane hydrogens
(C7™-H, 1.09 A; H Oj-H, 122°); (C) near ethylene C%-C8bond
distances (1.39 A) and planar ethylene hydrogens (C7H, 1.09 A;
H-C7%H, 122°); (D) near ethylene bond distances (1.39 A) with
nonplanar hydrogens (H-C7#H, 111.3°; C7H, 1.105 A).

(2) A planar hexadiene ring with bond distances and angles
for the ethyl fragment as reported in cases A-D above.

The results of the calculations for 3 are shown in Figure 2,
where the total molecular energies are plotted as a function of the
perpendicular distance between two lines joining atoms CtC 4and
C7€8. Only four of the eight variations outlined above are in-

(28) “Tables of Interatomic Distances,” Special Publication No. 11, The
Chemical Society, London, 1958.
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eluded; the others either parallel those shown or were conforma-
tions of higher energy. At about 3 A the “benzene-ethylene
complex” (experimental ethylene-benzene bond angles and
lengths, depicted as Exp’'t in Figures 2 and 3) has the lowest
energy of all the conformations studied. In the stepwise bond-
breaking process, the C1:C 7bond length was arbitrarily chosen to
be twice as long as the C2Csvalue. Both singlet (*S) and triplet
(37) electronic states were studied.

Similar analyses were performed on compound 1. The experi-
mental geometry of dihydrobarrelene (3) was used to fix the ring
geometries. The conformation of the methoxycarbonyl groups
used was the one with the carbonyl groups colinear with C}:C4
and the CZCi-C0Oio dihedral angle equal to 45°. The results
of these calculations, shown in Figure 3, parallel those for
compound 3.

Fry and Britton

To test whether the retrodiene reaction was allowed under the
conservation of orbital symmetry concept,1% we performed both
extended Huckell®» and CNDO/2 calculations for ethylene-
ethylene and ethylene-butadiene cycloaddition reactions. The
two methods gave a slightly different ordering of energy levels
but otherwise the same results were obtained. Similar CNDO/2
analyses were performed on both compounds 3 and 1. The
occupied reactant molecular orbitals (MO) were composed
predominantly of linear combinations of benzene and ethylene
MO'’s, of which the bonding product MO's were the major
contributors, thus confirming the allowableness of the concerted
retrodiene reaction of 3 and 1.

Registry No.— 1, 41894-67-1; 2, 41894-68-2; dimethyl cyclo-
hexa-1,3-diene-1,4-dicarboxylate, 1659-95-6.
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Electrochemical reduction of meso- and df-2,4-dibromopentane (2) in dimethyl sulfoxide affords in each case

roughly equal amounts of c.is- and iraiis-l,2-dimethylcyclopropanes (7 and 8, respectively).
interpreted in terms of a stepwise reduction mechanism, via a y-halo carbanion (13).

The results are
(—)-(21?,41i)-2,4-Pen-

tanediol was prepared by resolution of the racemic diol; the diol was then converted by means of phosphorus tri-

bromide in pyridine into (+ )-(2S,4S)-2.

Electrochemical reduction of this material afforded (—)-{IR,2R)S
of high optical purity, demonstrating that cyclization of 13 occurs via a semi-W transition state.

The reduction

of dl and optically active 2 by a number of chemical reductants was also examined.

There exists a wide varietyzs of reactions which
amount to overall 1,3 elimination of two substituents
with formation of a carbon-carbon bond, i.e.

Z = carbon or a heteroatom

Generally, mechanisms proposed for such reactions
have fallen into two classes, concerted (eq :) or step-
wise (eq 2). The carbon denoted by an asterisk in

@

@

eq 2 may be a carbanion, carbonium ion, carbene, or
radical; at any rate, a discrete intermediate intervenes
on the way to product, while in the concerted mecha-
nism the bonds to X and Y are both breaking as the new
bond is forming. A great deal of recent evidences has
demonstrated that a number of such reactions formerly
thought to be concerted actually proceed in stepwise
fashion. Indeed, there does not now appear to exist
any authentic example of a concerted 1,3 elimination.s
In this light, we were attracted to a number of recent

(1) (a) Excerpted in part from the Ph.D. thesis of W. E. B., Wesleyan
University, 1972. (b) A portion of these results have been communicated
in preliminary form: A. J. Fry and W. E. Britton, Tetrahedron Lett., 4363
(1971).

(2) A. Nickon and N. H. Werstiuk, J. Amer. Chem. Soc., 89, 3914 (1967),
and many references therein.

(3) (a) F. C. Bordwell, Accounts Chem. Res.,
Paquette, ibid., 1, 209 (1968).

3, 281 (1970); (b) L. A.

reports that electrochemical reduction of compounds
of general structure : affords cyclopropanes in good

1Y = Br, Cl, +N(CHA

yields,» and especially to the suggestion that certain of
of these reductions— primarily open-chain compounds—
proceed by a concerted mechanism.4

We describe herein evidence that electrochemical
reduction of the open-chain dibromides meso- and dl-
2,4-dibromopentane (2) actually proceeds stepwise,
via an intermediate :-halo carbanion.s Further, we
present the first unequivocal demonstration of the
stereochemistry of cyclization of an acylic 7-halo car-
banion. The study consisted of an analysis of the
products, including stereochemistry, of the electro-
chemical reduction of meso- and d/-2,4-dibromopentane
(2 ) and of (+)-(2<S,4iS)-2. Reduction of 2 by chemical
reductants was also briefly investigated.

Br Br

Results

Synthesis.— meso- and di-2,4-dibromopentane (2)
were prepared by an improved modification of the

(4) (a) M. R. Rifi, Collect. Czech. Chem. Commun., 36, 932 (1971); (b)
M. R. Rifi, Tetrahedron Lett., 1043, (1969); (c) M. R. Rifi, 3. Amer. Soc.,
89, 4442 (1967).

(0) 1t is well established that electrochemical reduction of alkyl halides
involves carbanion intermediates: (a) A. J. Fry and R. G. Reed, J. Amer.
Chem. Soc., 94, 8475 (1972); (b) J. L. Webb, C. K. Mann, and H. M.
Walborsky, ibid., 92, 2042 (1970).



Reduction of (+)-(2S,4<S)-2,4-Dibromopentane

method of Pritchard and Vollmer.6 This method con-
sists of sodium borohydride reduction of acetylacetone,
conversion of the resulting mixture of meso- and dz-2,4-
pentanediol (3) to the corresponding sulfite esters,
separation of the latter by fractional distillation, and
final saponification. Treatment of either meso- or diI-3
with phosphorus pentabromide in pyridine afforded the
corresponding dibromide 2, contaminated in each case
with a few per cent of the other isomer. The dibro-
mides were purified by preparative vpc before each
experiment. Optically active 2 of known absolute
configuration was obtained by the method shown in

Scheme |. Azeotropic removal of water from a ben-
ScHEME |
1. resolution via
brucine salt PBr3
dis (9-(2R,4R)-3 - »  (+)-(2S,49)-2

2. hydrolysis pyridine

zene mixture of dI-3 and p-carboxyphenylboronic acid
(4) afforded racemic ¢rans-4,6-dimethyl-2-p-carboxy-
phenyl-1,3,2-dioxaborinane (5) in quantitative yield.
After resolution via its brucine salt, optically active 5
was converted into (—)-(2R,4:R)-3 by vigorous hydrol-
ysis in aqueous sodium hydroxide.7 The configuration
of the diol produced by this sequence follows from the
fact that conversion of alcohols to bromides by phos-
phorus pentabromide in pyridine occurs with inversion
of configuration9 and from the proof of configuration
below of the resulting dibromide 2, which was obtained
from 3 in the usual manner. After purification by
preparative vpc the dibromide exhibited [a]Z2D + 102°
(CHC13 and [alilo 126°. Its absolute configuration
was established by partial reduction with triphenyltin
hydride in hexane to a mixture of pentane, 2-bromo-
pentane (6), and unreacted 2. After isolation by pre-
parative vpc, 6 exhibited [a]ZD + 45.5 + 2.7°. Since
it is known that (+)-6 has the S absolute configura-
tion,D (+)-2 must have the 25/4»S absolute configura-
tion.

Dibromide 2 must be of high optical purity. Hud-
son1°® has reported [a]ZD —52.6 (neat) and —53.4°
(MeOH) for (—)-6. Furthermore, the specific rotation
of a single neat sample of 6 has been measured as
+48.2° at 25° and +49.5° at 20°.11 Thus the rotation
of 6 is both solvent and temperature dependent, and
the optical purity of the sample prepared from 2 is
consequently somewhat uncertain; assuming that
Hudson’s material was optically pure, that prepared
in the present study must be between 87 and 96%

(6) J. G. Pritchard and R. L. Vollmer, J. Org. Chem ., 28, 1545 (1963).

(7) This sequence was modeled after a related resolution reported by
Agosta.8

(8) W.C.Agosta,J. Amer. Chem. Soc., 89, 3926 (1967).

(9) W. Gerrard, 3. Chem. Soc. C, 741 (1946).

(10) (a) J. H. Brewster, J. Amer Chem. Soc., 81, 4575 (1959); (b) H. R.
Hudson, synthesis, 1, 112 (1969); (c) H. R. Hudson, B. A. Chaudri, and
D. 6. Goodwin, 3. chem. soc. ¢, 1329 (1970).

(11) Norse Laboratories, private communication, July 1972.
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optically pure. Results obtained upon electrochemical
reduction of this material (vide infra) suggest that its
optical purity actually lies near the upper end of this
range.

Electrochemical Data.—All electrochemical experi-
ments upon meso- and dl1-2 and upon 6 were carried out
in dimethyl sulfoxide (DMSO) containing 0.1 M
tetraethylammonium bromide (TEAB). Each com-
pound exhibited a single polarographic wave, which
appeared at —1.90, —1.91, and —2.09 V (vs. see) for
meso-2, dI-2, and 6, respectively. The two dibromides
exhibited severe polarographic maxima, which could be
eliminated using drop times of 0.5 sec produced by a
mechanical drop timer, allowing accurate measurement
of the half-wave potential. Because of these maxima,
however, diffusion current constants (7d = ia/Cmb5/s-
t'u)2could not be computed.

Controlled-potential electrochemical of the dia-
stereomers of 2 was carried out at —2.2 V. The re-
sults are summarized in eq 4. These figures represent

2—F W +\A_ +AA + +

7 8 9 10
44 39.5¢ 3¢ 9«
41’ 45* 60 5.54

+
1 12
4.5 trace*
2.54 trace4

“ Per cent yield using dI-2. bPer cent yield using meso-2.

relative yields but are identical within experimental
error with absolute yields: the absolute yield of the
mixture of hydrocarbons 7-12 is 100 + 5%. Cou-
lometry indicated the consumption of 2.0 0.1 Fara-
days/mol of 2, as expected.5

Vpc analysis of the solution as electrolysis proceeded
demonstrated the buildup and deeaj- of three sub-
stances of similar retention time fomed in roughly equal
proportions. ldentification of these materials, which
had disappeared by the end of the electrolysis, was
impossible since even at their maximum concentration
they were present in amounts too small for isolation.
The retention time of the largest peak corresponded to
that of 6, a likely intermediate (see Discussion).

Addition of water (1.0 M) to the electrolysis medium
before reduction of meso-2 resulted in a measurable, but
small, effect upon the product composition: 7 (41.5%),
8 (49.5%), 9 (6%), 10 (2.5%), 11 (1%), and 12 (no
detectable amount).

The electrochemical reduction of (+)-(2j5,4iS)-2 was
carried out in the same manner as that of dI- and meso-2.
The hydrocarbon products were extracted from the
electrolysis mixture with cold heptane and analyzed by
vpc. Because of the small scale upon which electrol-
yses were carried out, the heptane extracts were ana-
lyzed directly by polarimetry without attempting to
isolate irarts-1,2-dimethylcyclopropane (8) from the
mixture. This procedure is justified by the facts that
none of the other products is chiral and that these prod-
ucts account quantitatively for all of the dibromide

(12) A. J. Fry, “Synthetic Organic Electrochemistry,” Harper and Row,
New York, N. Y., 1972, pp 71-73.
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reduced; i.e., there arc no nonvolatile products. After
correction (using the results of the vpc analysis) for a
small amount of 8 lost by volatilization, the specific
rotation of 8 produced in the electrolysis was deter-
mined to be [aj2sp —46 + 2°. Doering and Kirmse13
have shown that (—)-8 has the IR,2R absolute con-
figuration and have presented a convincing argument
that the specific rotation of optically pure 8 is +46°.
The high value for the rotation of 8 obtained in the
electrolysis is the basis for the conjecture (vide supra)
that the starting dibromide (+)-2 was of high optical
purity.

Discussion

Isolation of almost identical mixtures of 7 and 8 from
electrolysis of either dl- or meso-2 provides essentially
definitive proof¥ 5 that electrochemical reduction of
1,3-dibromides to cyclopropanes proceeds in stepwise
fashion and not concertedly as had previously4 been
claimed. The formation of products 7-12 in the reduc-
tion may be rationalized by the sequence of reactions
shown in Scheme Il. The formation of unsaturates

SCHKIWK 11

2 CHXHCHZXZHCII3 7+ 8
-Hr- | -Br-

Br
13

13 + HoO — >6

14 15 16

10-12 and pentane (9) strongly implicates a carbanion,
presumably 13, in the reduction. The conclusion ap-
pears almost inescapable that this carbanion lies on the
reaction pathway for cyclization and that the loss of

(13) W.von E. Doering and W. Kirmse, Tetrahedron, 11, 272 (1960).

(14) Interconversion of dI- and meso-2 does not occur at a measurable
rate under the electrolysis conditions.

(15) The caveat might be raised (and was by a referee of our preliminary
communication) that concertedness could be preserved through conversion
of meso-2 into 7 and 8 by separate concerted paths (and likewise for di-2).
This would require the coincidence that the activation energies of two related
overall paths of greatly differing stereoelectronic requirements be approxi-
mately equal. We regard this possibility as artificial and very unlikely and
reject it as unnecessarily complex. We are here invoking the logical prin-
ciple known as Occam's Razor which, despite recent criticism,16 appears to
remain a useful tool as long as it is recalled that it merely advises one, given
several explanations of a set of facts, to select the simplest explanation
consistent with the known facts. As the phrase in italics here suggests, new
facts may at any time compel new and more complex interpretations in a
given system.

(16) P. G. Gassman and F. J. Williams, J. Amer. Chem. Soc.
(1972).

, 94, 7733
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stereochemical identity occurs at the carbanion stage.
Addition of water (1.0 M) to the electrolysis medium
has only a slight effect upon the total yields of cvclo-
propanes. This is qualitatively a good indication that
cyclization of 13 to 7 and 8 is quite efficient, but it is
difficult to attach any quantitative significance to it.
The experiment implies that the ratio Aifr2[H0] >>
1 (where K\ is the rate of cyclization of 13 and f2[HD]
is the pseudo-first-order rate of protonation of 13, at
[HD] = 1.0 M). It would be interesting to know Ak
but, since water is a very poor proton donor in dipolar
aprotic solvents such as dimethylformamide (DMF)
and DMSO, 17 Dit is not possible to use data measured
in other solvent systems to estimate /c2

The results of electrochemical reduction of meso- and
dl-2 led to the conclusion that reductive cyclization
of 1,3-dibromides is not concerted, but stepwise via
carbanion 13. Reduction of (+ )-(2<S4<S)-2 then per-
mitted a definitive answer to another question of con-
siderable current interest, i.e., the stereochemistry of
cyclization of 7-halo carbanions.32l Two extreme
geometries may be envisaged for the cyclization, semi-
W and scmi-U,2 depending upon whether the bromine
atom of the 7-halo carbanion is displaced with inver-
sion or retention, respectively. Results from a number
of previous studies suggest that the preferred geometry
is semi-W; however, all such cases have involved either
more or less rigid cyclic systems or 7-halo anions in
which the central atom is a heteroatom.23 Either of
these factors might affect the course of cyclization in
an unsuspected way, hence our interest in the stereo-
chemistry of cyclization of 13, an all-carbon, open-chain
7-halo carbanion. Scheme II1 illustrates the stereo-
chemical course of cyclization of 13 by both pathways,
recognizing that inversion of configuration at the car-
banion carbon and rotation about single bonds must
both be taken into account. It is seen that the semi-
W path will produce a mixture of cis- and (1/2,27?)-
trans-1,2-dimethylcyclopropanes, while cyclization by
the semi-U path affords a mixture of cis- and (1<S-
2iS)-ira?i.s-cyelopropanes. In the event, the trails-1,2-
dimethylcyclopropane obtained in the electrolysis was
the 1R,2R enantiomer, of high optical purity (100 *
&%) (see Results). Thus cyclization of 13, and pre-
sumably 7-halo carbanions in general, does indeed
occur preferentially in semi-W fashion, i.e., with inver-
sion as do the more constrained polycyclic and hetero-
cyclic analogs previously studied.

Some comment upon the evidence previously pre-
sented481 in favor of the view that reduction of com-
pounds such as 1,3-dibromopropane is concerted may
be appropriate. The claim for eoncertedness is based
upon certain polarographic criteria and upon the failure
of water to quench the electrochemical reduction of

(17) J. R. Jezorek and H. B. Mark, Jr.. J. Phys. Chem., 74, 1726 (1970).

(18) Proton transfer rates appear to be lower in DMSO than in DMF.
Thus, on the polarographic time scale the radical anion of 9,10-diphenylan-
thracene is not protonated in DMSO-phenol solutions,19 but is readily
protonated in DM F—phenol.20 Furthermore, the only effect of water (2.8
\1) on the polarographic reduction of 9.10-diphenylanthracene in DMSO
is to lower the diffusion current because of increased viscosity of water—
DMSO solutions over DM SO itself.19

(19) L. L.Chungand A.J. Fry, unpublished results.

(20) K. S. V. Santhanam and A. J. Bard. J. Amer. Chem. Soc., 88, 2669
(1966).

(21) (a) B. M. Trost, W. L. Schinski, F. Chen, and I. B. Mantz, J. Amer.
Chem. Soc., 93, 676 (1971); (1») S. J. Cristol and A. R. Dabhl, ibid., 92, 5670
(1970).
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Scheme Il

1,3-dibromopropane to cyclopropane.db The Ilatter
could well be due simply to rapid cyclization of an inter-
mediate 7-halo carbanion2 analogous to 13 and indeed
this possibility was recognized.43

The arguments from polarographic data adduced in
favor of concertedness for certain reductions take the
following form. Rifi has said that. .those dibro-
mides which give cyclic products upon electrolysis23. . .
have a more positive value [of BX/.} than those2 which
give open-chain hydrocarbons. The lower but repro-
ducible value is considered to be an indication of a con-
certed mechanism in the formation of cyclic com-
pounds.43 and, also, .how well developed the
central (he., new carbon-carbon) bond is in the transi-
tion state will be reflected in the half-wave potential
of the dihalide.4 If no other effect could possibly
account for the fact, e.g., that 1,3-dibromopropane and
3-bromopropyltriethylammonium bromide are ~0.2
and 0.8 V easier, respectively, to reduce than a 1,5- or
1,6-dibromide, the inferences drawn by Rifi from these
data would be both reasonable and justified. In fact,
however, there are a number of other factors which can
contribute to the observed differences. For example,
the inductive effect of one bromine upon the other must
be considered. Using the data of Lambert,» we calcu-
late that the reduction potential of 1,3-dibromopropane
should be more positive than that of 1,5-dibromo-
pentane by 0.17 V; the observed difference is 0.23 V.
Rifi has rejected inductive effects as a source of the
observed differences because I-bromo-3-chloropropane
is somewhat harder (0.13 V) to reduce than 1,3-di-

(22) This would parallel the difficulty of quenching cyclopropane forma-
tion found in the present work and would be consistent with the com-
mon observation that water is a poor proton donor in dipolar aprotic sol-

vents.5® 17,18

(23) E.g., 1,3-dibromopropane and 3-bromopropyltriethylammonium bro-
mide.

(24) E.g., 1,5-dibromopentane and 1,6-dibromohexane.

(25) F. L. Lambert, 3. org. Chem ., 31, 4184 (1966).
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bromopropane, an order opposite to that expected on
the basis of inductive effects, and because 3-bromo-
propyltriethylammonium bromide is easier to reduce
than can be accounted for on the basis of inductive
effects alone. Neither of these arguments is convinc-
ing, however. First, it has recently been discovered
that reduction potentials of 1,3-dibromides measured
at a mercury cathode are markedly affected by adsorp-
tiondand may in fact differ by as much as 0.4 V from
the same potentials measured at platinum. Thus
small differences in expected potentials may be associ-
ated with adsorption phenomena. Since alkyl bro-
mides are more strongly adsorbed at mercury than
chlorides, one would expect 1,3-dibromopropane to be
shifted positive by this adsorption effect more than the
corresponding bromo chloride. By the same token,
the reduction potential of 3-bromopropyltriethyl-
ammonium bromide cannot be directly compared with
that of the 1,3-dibromide or indeed any other neutral
mono- or dibromide, since it is well known that quater-
nary ammonium ions undergo strong specific adsorp-
tion at a mercury surface.Z Furthermore, inclusion of
a charged electroactive substance in the electrical
double layer will shift the position of the outer Helm-
holtz plane, causing a change in its measured reduction
potential (relative to related neutral compounds) of
unknown but probably large magnitude.Z It must
also be pointed out that mechanistic conclusions based
upon variations in the value of a, the electrochemical
transfer coefficient, arc equally invalid in the face of
demonstrable adsorption effects, since the latter
phenomenon itself is sufficient to induce significant
changes in a even in a series of closely related com-
pounds.

Chemical Reductants.—The reduction of dl- and
(+)-2 by several chemical reductants was studied
briefly, to determine whether reductive cyclization
occurs and, if so, its stereochemistry. Reduction of
(+)-2 by sodium naphthalenide in 1,2-dimethoxyethane
afforded a mixture of hydrocarbons 7-12, along with
some unreacted 2. After isolation of the volatile frac-
tion and polarometric analysis, the rotation of 8 pro-
duced in the reaction was calculated as —62 + 15°,
indicating that cyclization occurs with inversion as it
should, since carbanion 13 must be an intermediate in
the reduction.B The wide error limits on this result
are associated with the small scale upon which the re-
action was run, with the consequence that measured
rotations were small, though real and reproducible.®
When the optically active dibromide was allowed to
react with a large excess of lithium aluminum hydride
in ether, pentane was the major volatile product.
However, when the mole ratio of (+)-2 to lithium
aluminum hydride was 1:1 the volatile products (total
yield 50%) consisted of approximately equal amounts
of hydrocarbons 7-11. The optical rotation of the
product mixture was zero within experimental error,

(26) O. R. Brown and E. R. Gonzalez, J. Electroanal. Chem
(1973).

(27) D. M. Mohilner, Electroanal. Chem., 1, 241 (1966).

(28) (a) J. F. Garst, P. W. Ayers, and R. C. Lamb, J. Amer. Chem. Soc.,
88, 4260 (1966); (b) G. D. Sargent, J. N. Cron, and S. Bank, ibid., 88, 5363
(1966).

(29) Professor Manfred Schlosser has informed us (private communica-

tion, Jan 5, 1973) of his recent proof that reduction of optically active 4,6-
dibromononane to fran.s-l1,2-dipropylcyclopropane by lithium amalgam®

, 43, 215

also proceeds with inversion.
(30) M. Schlosser and G. Fouquet, Synthesis, 200 (1972).
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oven though, barring unsuspcotedly largo errors, a
small but real rotation should have been observable for
the 8 formed in this reaction. The dependence of
cyclopropane yield upon hydride concentration could
conceivably be explained by formation of an organo-
aluminum species such as 14, which could either cyclize

14

to 7 and 8 or suffer competitive reduction to 9 by hy-
dride. Alkyllithium intermediates could also account
for the observed results.

Reduction of (+)-2 by triphcnyltin hydride has
already been mentioned in connection with the proof
of absolute configuration of 2; no more than traces of
cyclopropanes were observed. This was also true for
the reaction of cll-2 with hexamethylphosphorus tri-
amide3dl which afforded as the major product a single
substance whose vpc retention time was identical with
that of ;rons-piperylene and which was not investigated
further. Reaction of cll-2 with magnesium in ether
under nitrogen afforded as the major volatile product
(~40% absolute yield) a substance with the same vpc
retention time as that of cis-2-pentene (11). Other
products included 8 (20%), 7, 9, 10, and 12. If the
major product is indeed 11, the preponderance of 11
over 10 is surprising. The reaction may be related to
the reported2conversion of 1,4-dibromocyclooctanes to
cyclooctene upon reaction with magnesium.

Experimental Section

Apparatus.—Polarography was carried out with the aid of a
Princeton Applied Research (PAR) Model 170 electrochemistry
system. Polarographic drop times were controlled at 0.5 sec
with the PAR Model 172 drop timer. Controlled-potential
electrolyses were performed using a potentiostat based upon a
Kepco KS-120-2.5 programmable power supply. Coulometry
was performed by recording the voltage drop across a standard
resistor in series with the cell on a Leeds and Northrop Speedomax
H recorder equipped with Disc integrator and the digital printer
accessory for the integrator. Preparative gc was carried out on a
Varian Model 90-P3; analytical gc was carried out on a Varian
Model 1200, with flame ionization detector.

meso- and d/-2,4-Dibromopentane (2).—The synthesis of the
isomeric 2,4 pentanediols (3) was a modification of that reported
by Pritchard and Vollmer.6 A solution of 400 g of acetylacetone
in 1200 ml of methanol was added dropwise to a stirred solution
of 100 g of sodium borohydride and 1.0 g of sodium hydroxide in
1 1 of water, while the reaction temperature was maintained
between 0 and 10°. After addition was complete, the resulting
solution was concentrated to 1500 ml using a rotary evaporator
and was then extracted continuously with ether for i.5 hr. After
removal of ether, distillation afforded 369 g (90%) of a mixture
of ell- and meso-3. The diols were separated and converted into
the corresponding bromides (2) in ~80% vyield by the literature
procedure.6 Each dibromide was contaminated by a few per cent
of the other isomer; final purification was carried by preparative
vpc (15% Carbowax on Chromosorb G, 0.25 in. by 10 ft column).
Retention times under these conditions were as follows: dl, 16.5
min; meso, 20.5 min. Analytical vpc upon the preparative vpc-
purified samples demonstrated that they do not interconvert
under vpc conditions.

p-Carboxyphenylboronic Acid (4).—p-Tolylboronic acid was
prepared by a modification of the procedure of Johnson and
Bean.3 A solution of 1.17 mol of p-tolylmagnesium bromide in

(31) B. B. Jarvis, S. D. Dutkey, and H. L. Amonon, J. Amer. Chem. Soc.,
94, 2136 (1972).

(32) M. S. Baird, C. B. Reese, and M. R. D. Stebles, Chem. Commun.,
1340 (1971).

(33) R. F.Bean and J. R. Johnson, J. Amer. Chem. Soc., 64, 4415 (1932).

Fry and Britton

1100 ml of ether was added dropwise to a solution of 122 g of
trimethyl borate in 400 ml of ether at —78° under nitrogen.
After addition was complete (~4 hr), the solution was stirred for
an additional hour under nitrogen. The temperature was then
raised to 0° and the reaction mixture was stirred overnight. The
resulting yellow solution was then poured into 700 ml of cold 10%
sulfuric acid with vigorous stirring, and the ether phase was
separated. The methanol from the aqueous phase was removed
at the rotary evaporator, and the aqueous solution was then
extracted with three 100-ml portions of ether. The combined
ether fractions were dried, the ether was distilled, and the result-
ing solid was recrystallized from water to afford 109.5 g (69%) of
p-tolylboronic acid: nmr (CC14) AB quartet at 57.65 and 7.05
(J = 8 Hz), singlet at 2.15. A thick yellow oil, possibly di-p-
tolylboronic acid, was removed by filtration during the recrystal-
lization. p-Tolylboronic acid (24 g) was oxidized by potassium
permanganate according to the method of Michaelis3tto afford 18
g (61%) of 4. The nmr spectrum of 4 in DMSO-d6consisted of a
singlet at 57.9 and broad absorption from 4.1 to 6.5.

(—)-(2/f,4f1)-2,4-Pentanediol (3).—p-Carboxyphenylboronic
acid (45.0 g) and d(-2,4-pentanediol (28.2 g) were added to a flask
fitted with a Dean-Stark trap and containing 500 ml of benzene.
After 0.5 hr at reflux the theoretical amount of water had been
collected. The solution was filtered to remove a small amount of
insoluble material. After removal of the solvent (rotary evapo-
rator) and air drying, the yield of (ii-ira«s-4,6-dimethyl-2-p-
carboxyphenyl-1,3,2-dioxaborinane (5), a white crystalline mate-
rial, mp 168-183°, was 71 g (97%). Its nmr spectrum consisted
of an AB quartet at 88.15 and 7.9 (J = 8 Hz) (4 H), multiplets at
4.3 (2H)and 1.9 (2 H), adoublet at 1.35 (J = 6 Hz, 6 H), and
singlet at —0.8 (1 H). This material (35 g) and 50 g of brucine
were dissolved in 1 1 of acetone and the solution was refluxed
until all crystalline material had dissolved. Concentration and
cooling afforded the brucine salt of 5, mp 127-140°, [a]“0 —12°
(benzene). After seven fractional crystallizations from acetone
using a high recovery diamond pattern,3%20 g (50%) of brucine
salt was obtained which had mp 129-132° and Ms« —3.8°.
This material was dissolved in hot acetone and to this solution
was added a solution of 4.78 g of d-tartaric acid in 40 ml of hot
acetone. An immediate white precipitate of brucine tartrate
formed and was removed by filtration. After removal of acetone
at the rotary evaporator and drying, there was obtained 5.40 g of
a mixture consisting of optically' active 5 contaminated with a
small amount of brucine and 2,4-pentanediol. This mixture was
added to 15 ml of 20% sodium hy'droxide and refluxed for 5 min.
The yellow solution was cooled and a small amount of brown oil
(brucine?) floating on the surface was removed by pipet. The
solution was then saturated with sodium chloride and extracted
with four 15-ml portions of chloroform. The combined chloro-
form fractions were dried and the solvent was removed to afford
2.0 g of (—)-2,4-pentanediol (3, 94.5% overall yield from the
brucine salt). A portion of this material was distilled in vacuo;
it exhibited [<*|®d -41.3° (CHC13.

(+ )-(2<S,4iS)-2,4-Dibromopentane (2).— (—)-2,4-Pentanediol,
[a]ZD —41.3° (CHC13), was converted to the corresponding
dibromide in the usual manner.6 After purification by prepara-
tive vpc, optically active 2 exhibited [a]bd +102° (CHC13).
Another sample prepared in the same way exhibited [<*]%
+ 126°.

Proof of Configuration of (+)-2.—(+ )-2,4-Dibromopentane
(15 mg) was dissolved in 0.1 ml of heptane. Triphenyltin
hy'dride was injected into this solution in 5-ml portions and the
reaction mixture was analyzed at intervals by' vpc. The only
products were 2-bromopentane (6) and pentane (9), accompanied
by' traces of cyclopropanes 7 and 8. When the concentration of 6
had become greater than that of 2, the reaction mixture was
separated by' preparative vpc. Products 6 and 9 were collected
as a single fraction. This material was diluted to 1 ml with
heptane. Vpc analysis indicated the condentration 6 to be 750
Mg/ml. This solution had an observed rotation at the o line of
+0.034 = 0.001°. The specific rotation of this sample of 6 was
therefore +45.4 + 2.7°. Its optical purity and absolute con-
figuration are discussed in the Results section.

Electrolysis of meso- and '//-2,4-Dibromopentanes.—The elec-
trolysis medium, consisting of 15 ml of a 0.1 M solution of tetra-
ethylammonium bromide in DMSO contained in a divided cell of

(34) A. Michaelis, Justus Liebigs Ann.Chem., 315, 19 (1901).
(35) R. S. Tipson, in “Technique of Organic Chemistry,” Vol. 3, A.
Weissberger, Ed., Interscience, New York, N. Y., 1956, Chapter 3.
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conventional design®maintained at 15°, was purged with nitrogen
for 15 min. Preelectrolysis was then carried out at —2.2 V
(see)& for 15 min, and 20 /d (35.6 mg) of dibromide was then
injected into the cell through a serum cap. Vpc analysis was
carried out on a Vs in X 20 ft Durapak OPN/Porasil C (Waters
Associates) column operated at ambient temperature. Retention
times of hydrocarbons under these conditions were as follows:
(rana-1,2-dimethylcyclopropane, 14.7 min; pentane, 15.8 min;
eis-1,2-dimethylcyclopropane, 16.6 min; 1-pentene, 17.3 min;
Zraus-2-pentene, 18.2 min; cfs-2-pentene, 18.9 min.

Vpc Analysis of Electrolysis Mixtures.— It was determined by
comparison with standard solutions of the known hydrocarbons
that sensitivity factors® for pentane, the isomeric pentenes, and
the isomeric 1,2-dimethylcyclopropanes in flame ionization vpc
are approximately identical (within 2% of each other). Analysis
of the gas chromatogram of an aliquot of the electrolysis solution
was then carried out by cutting and weighing peaks and comparing
the weight of each peak with a calibration chart constructed by
injecting a number of standard samples of trans-1,2-dimethyl
cyclopropane. Integration was by Disc integrator with digital
printing accessory when samples to be analyzed by polarimetry
were analyzed.

Noninterconvertability of meso- and d(-2,4-Dibromopentane
under Electrolysis Conditions.—Into a 0.1 M solution of tetra-
ethylammonium bromide in DMSO was injected 100 /d of dlI-2.
This solution was stirred over mercury for 143 min (electrolyses
were always complete in much less than 1 hr). Water was added
to the solution, the mixture was extracted with pentane, and the
pentane was dried and removed in vacuo. Vpc and nmr analysis
demonstrated the absence of meso-2 or other contaminants.
Similar observations were made when the electrolyte was tetra-
butylammonium perchlorate.

Electrolysis of (+ )-2,4-Dibromopentane.—Electrolysis was
carried out as above. After completion of electrolysis, the solu-
tion was extracted with four 5-ml portions of cold heptane.
This solution was diluted to a known volume (25 ml) and analyzed
by vpc immediately before polarimetry. Vpc analysis indicated
a concentration of 0.781 mg/ml. The measured rotation was
—0.036 £ 0.001° in a 1-dm tube; therefore, [a] “dwas —46 + 2°
for the cyclopropane 8 formed in the reaction.

Reaction of (+ )-2,4-Dibromopentane with Sodium Naph-
thalenide.— (+ )-2,4-Dibromopentane (44.5 mg) was added to 1
ml of 1,2-dimethoxyethane (distilled from sodium naphthalenide)
under a nitrogen atmosphere. Approximately 1.5 X 10-4 mol
of a concentrated solution of sodium naphthalenide in 1,2-
dimethoxyethane was injected slowly into the dibromopentane
solution, cis- and trous-2-pentene, pentane, cis-1,2-dimethyl-
cyclopropane, and 1l-pentane accounted for 28.5% of the dibro-

(36) Reference 12, pp 324-326.

(37) Polarographic and electrolysis potentials were measured with the
cadmium amalgam reference electrode of Marple,3 but are reported relative
to see.

(38) L. W. Marple, Anal. Chem., 39, 844 (1967).
—0.7 V relative to see.

(39) H. M. McNair and E. J. Bonelli, “Basic Gas Chromatography,”
Varian Aerograph, Walnut Creek, Calif., 1968, pp 140-143.

This electrode is ca.
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mide. Irans-1,2-Dimethylcyclopropane was produced in 20.5%
yield based on the dibromide. Trap to trap distillation of the
reaction mixture and polarimetric analysis gave an observed
rotation of —0.050° after correction for unreacted starting mate-
rial (see above). The specific rotation that trans-1,2-dimethyl-
cyclopropane produced in this reaction was thus —62 + 9.5°
at the sodium d line.

Reaction of dl-2,4-Dibromopentane with a Large Excess of
Lithium Aluminum Hydride.—Racemic 2,4 dibromopentane (50
mg) was added to a large excess of lithium aluminum hydride in
tetrahydrofuran under nitrogen. After 12 hr the solution was
analyzed directly by vpc. The major product was pentane, but
small amounts of syclopropanes and pentene isomers were also
present.

Reaction of (+ )-2,4-Dibromopentane with a Molar Excess of
Lithium Aluminum Hydride.— (+ )-2,4-Dibromopentane [17.8
mg (7.74 X 10-~5ir.ol)] was added to a solution of 7.7 X 10“5mol
of lithium aluminum hydride in 0.3 ml of ether under nitrogen.
After 10 hr the solution was analyzed by vpc. Approximately
equal amounts of cis- and ira?is-dimethylcyclopropanes, cis- and
iran.s-2-pentene, and pentane were present (~10% yield of each).
The volatile materials were separated by trap to trap distillation
and dissolved in heptane. The concentration of ;rons-dimethyl-
cyclopropane in the heptane solution was determined by vpc. If
its specific rotation were —46°, it should have produced a
polarimetric rotation of —0.015°; in fact the observed rotation
was 0.000 + 0.0001°.

Reaction of di-2,4-Dibromopentane with Hexamethylphos-
phorus Triamide.—Hexamethylphorous triamide [118 mg (7.18
X 10-4 mol)] was added to a solution of 89 mg (3.5 X 10~4mol)
of d(-2,4-dibromopentane in 1 ml of benzene under nitrogen.
After 12 hr at room temperature the solution was analyzed by
vpc. No cyclopropanes were observable. The major product
formed in good yield; it had the same retention time as trans-
piperylene.

Reaction of dI-2 4-Dibromopentane with Magnesium.—dlI-2,4-
Dibromopentane (18 mg) was added to an excess of magnesium
and a crystal of iodine in 0.25 ml of ether under nitrogen. After
10 hr the solution was analyzed by vpc. The major volatile
product (~40%) lad the same retention time as cis-2-pentene
(11). Other products included 8 (20%), 7, 9, 10, and 12.
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In their original examination of the racemization of 1-phenylbromoethane by lithium bromide in anhydrous
acetone which is one of the bulwarks of the Sn2 mechanism for the bimolecular nucleophilic substitution at
saturated carbon, Hughes and his colleagues reported the rate to be “ nonlinear” with lithium bromide concen-

tration.
strength and as a function of ionic strength.

This racemization has been reexamined over a much wider concentration range, at constant ionic
On the basis of the empirical observations, the “ nonlinearity” of

the rate of racemization with lithium bromide concentration is assigned to ion pairing and aggregation by the

lithium bromide.

The alternative explanations based on competing uni- and bimolecular processes or the Sneen

ion-pair mechanism for nucleophilic substitution at saturated carbon are shown to be untenable.

The recent publication of Beronius, Nilsson, and
Holmgren,2 in which they argue that neglecting ion
association when one of the reactants is an ionic species
can make a purely bimolecular reaction appear to have
a unimolecular component, has prompted this publi-
cation of some initial results from a reexamination of
the racemization of (+)- and (—)-lI-phenylbromo-
ethane. The racemizations of optically active I-phenyl-
bromoethane and 2-iodooctane were examined by
Hughes and his colleagues34 and the observation that
the rates of racemization and of halide exchange were
the same within experimental error was the basis for
the postulation of the Sn2 mechanism for the bi-
molecular nucleophilic displacement at saturated car-
bon.5

Hughes, et al., reported that, for the racemization of
optically active 1-phenylbromoethane in acetone con-
taining lithium bromide, the racemization was not
exactly first order in halide ion (see Table I). The

Table |

Racemization of (-1-Phenylbromoethane in Acetone
Containing Lithium Bromide at 30.2° °

Reaction
No. of Conen, m k velocity6 (X
runs RBr LiBr (X 1034./msec) 10~5mol/l. sec)
2 0.200 0.200 0.795 3.18
2 0.200 0.102 0.963 1.97
“ E. D. Hughes, et al., J. Chem. Soc., 1173 (1936). 6Reaction
velocity (Ni) as calculated by the expression Ni = (A/2t) In
an/a, where A = concentration of RBr, t the time in seconds,

and ao and a the initial angle of rotation of the plane of polarized
light (i = 0) and at time t, respectively.

rate constant calculated assuming a bimolecular reac-
tion, first order in each of 1-phenylbromoethane and
lithium bromide, decreased with increasing concentra-
tion of the inorganic bromide. Thus, at 30.2° when
the concentration of lithium bromide was halved from
0.200 to 0.102 M, the empirical second-order rate con-
stant increased by over 20%. The reaction velocity
or rate decreased, of course, when the concentration of
lithium bromide was halved, but only to 62% rather
than 50% of its former value. Similar behavior was

(1) Address to which correspondence should be sent.

(2) P. Beronius, A.-M. Nilsson, and A. Holmgren, Acta Chem. Scand., 26,
3173 (1972).

(3) E. D. Hughes, F. Juliusburger, A. D. Scott, B. Topley, and J. Weiss,
J. Chem. Soc., 1173 (1936).

(4) E. D. Hughes, F. Juliusburger, S. Masterman, B. Topley, and J.
Weiss, J. Chem. Soc., 1525 (1935).

(5) J. L. Gleave, E. D. Hughes, and C. K. Ingold, J. chem. Soc., 236
(1935).

reported for the racemization of asymmetric 2-iodo.
octane.46

There are a number of possible explanations for such
a variation of rate constant with The concentration of
inorganic bromide. These include (1) unimolecular
and bimolecular processes occur simultaneously; (2)
the alkyl halide dissociates to an ion pair which may
be intercepted by bromide at an early stage or as ion
separation occurs; (3) ion pair formation by the
lithium bromide. Empirical results are reported
which permit a decision among these possibilities but
first the three possibilities should be examined in more
detail.

If Snl and Sn2 processes are occurring simultaneously
(Scheme 1), the rate of the former will be independent

Scheme |

\Y%
4 —C— Br -X C+ + Br —»
/
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\ k
Sn2 (+)— C— Br + Brm —p» <>— C— Br
/

of, and the latter linearly dependent upon, bromide ion
concentration. If any other effects of increasing the
concentration of lithium bromide (e.g., common ion and
salt effects) can be ignored, the uni- and bimolecular
components can be separated as shown in Figure 1.7
Inclusion of a common ion effect on the reaction would
result in a decreasing unimolecular component with
increasing bromide ion concentration only if the com-
mon ion effect operated prior to racemization of the
carbonium ion intermediate while the increased ioniz-
ing power of the solvent with increasing salt concen-
tration could cause an increase in the unimolecular
component despite any common ion effect. Thus in-
stead of a constant contribution to the overall rate of
the racemization, the Snl contribution could increase
or decrease (or first decrease, then increased with
increasing lithium bromide concentration. Conse-
quently, some curvature, either convex or concave, in
the actual rate vs. concentration of bromide ion line
could occur, but the racemization rate should be sig-

(6) E. Bergmann, M. Polanyi, and A. L. Szabo, z. Phys. Chem., Abt. B,
20, 161 (1933); Trans. Faraday Soc., 32, 843 (1936).

(7) Such mixed kinetics need not be detectable by differences in the rates
of racemization and halide exchange, since such differences would only occur
if there were significant internal return after racemization in the unimolecular
reaction.

(8) S. Winstein, P. E. Klinedinst, and E. Clippinger, 3. Amer. Chem. Soc.,
83, 4986 (1961).
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Figure 1.—Schematic representation of the racemization of
(+ )-l1-phenylbromoethane with lithium bromide in anhydrous
acetone assuming that both sn1 and sn2 processes are occurring.
The actual rate of racemization (rate = [RBr]/2i In << could
be considered to have a constant unimolecular component and a
bimolecular component linearly dependent upon the concentra-
tion of the nucleophile (bromide ion). [Data from E. D. Hughes,
etal., J. Chem. Soc., 1173 (1936)].

nificant at zero bromide ion concentration and the
intercept or Snl contribution would be greater, the
greater the degree of curvature.

The ion-pair mechanism for nucleophilic substitu-
tion at saturated carbon, as proposed by Sneen and
Larsen,9 is summarized in Scheme Il. Here it is as-

Scheme Il

+ K, K41 *4
A RX" A mRY J[x A9 R+ 1X" ~ £ R+ + X
intimate solvent- solvated free
ion pair separated ion pair (dissociated
ion pair ions)
JJz . fejz *.jz *a'z
Rz Rz RZ RZ Rz
“Sn2” mainly mainly  “Snl”
“gn2” “gnl”

sumed that there is a single or unified mechanism in-
volving an initially formed ion pair which progressively
dissociates as the individual ions are solvated. If the
initially formed ion pair is intercepted by the nucleo-
phile, Sn2 kinetics and stereochemistry would be ex-
pected, while, at the other extreme, combination of a
symmetrically solvated carbonium ion with a nucleo-
phile would show Snl Kkinetics and stereochemistry.
As the average or median site of interception of the
dissociating ion pair is shifted to the left, the “uni-
molecular” character of the reaction decreases and the
“bimolecular” character increases. Increasing the
concentration of the nucleophile, other things being
equal, should have such an effect. Again a positive
intercept for the reaction rate vs. bromide ion con-
centration curve would be expected and the rate con-
stant of the reaction should decrease with increasing
concentration of lithium bromide. Increasing the
ion-supporting ability of the solution, by, for example,
adding inert electrolyte, should accelerate the reaction

(9) R. A. Sneen and J. W. Larsen, J. Amer. Soc., 91, 362, 6031 (1969).
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Figure 2.—Schematic representation of the effect of association
of lithium bromide on the racemization of (+ )-lI-phenylbromo-
ethane in anhydrous acetone (rate = [RBr],/2i In aQfa). [Data
from E. D. Hughes, etal., J. Chem. Soc., 1173 (1936)].

if it involves an equilibrium ionization to even inti-
mate ion pair.

Finally, if association or ion-pair formation on the
part of the lithium bromide is occurring, increasing the
concentration of lithium bromide would increase the
fraction of the salt associated. Since the reactivity of
ion pairs and higher aggregates is generally much
lower than that of dissociated ions,1011 the rate of the
reaction would increase less rapidly than expected for a
bimolecular reaction as the concentration of lithium
bromide is increased. The anticipated behavior is
illustrated in Figure 2, again with the limited data of
Hughes, et al.,3 included. Here the intercept should
be zero (if there is no unimolecular component) and
the tangent of the curve at zero bromide ion concen-
tration would represent the rate behavior expected if
no association of the added salt occurred.

Results

Assuming that the reaction of optically active 1-phe-
nylbromoethane [(+)-R X] with bromide ion (X-) is an
equilibrium bimolecular process with inversion of stereo-
chemistry [i.e., giving (—)-RX], eq 1 can be written.

(-t)-RX + X- A=#I(—)-RX + X- @
A

However, the product will, together with an equal
molar quantity of unreacted alkyl halide, give racemic
material [(x)-RX], so that a second, instantaneous
“reaction,” eq 2, can also be written. Since the reac-

(+)-RX + ()-RX-AZ72912 (+)-RX )

aneous

tion of racemic product with bromide would have an
equal probability of giving either stereoisomer, both
the first and second equations can be considered to
be irreversible (i.e., racemic material does not spon-

(10) P. Beronius, L. Pataki, A.-M. Nilsson, and G. Wikander, Radio-
chem.Radioanal. Lett., 6, 333 (1971), and references cited therein.

(11) (a) S. G. Smith and M. P. Hanson, J. org. Chem., 36, 1931 (1971);
(b) G. H. Barlow and H. E. Zangg, ibid., 37, 2246 (1972), a.id references
cited therein; (c) J. Smid, Angew. Chem., Ini. Ed. Engl., 11, 112 (1972), and
references cited therein.
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Table Il
Racemization of 1-Phenylbromoethane in Anhydrous Acetone Containing Lithium Bromide and
Lithium Nitrate at 40.38°

lonic strength, A log a0/a
Run no. Concn of LiBr, mol/l. Concn of LiINCb, mol/1. mol/1l. of Li- AE, sec Kk X 103 I./mol sec

| 0.000 0.000 0.000 <0.008 X 10-4

2 0.0025 0.000 0.0025 2.19 10.09

3 0.0050 0.000 0.0050 2.95 6.79

4 0.0100 0.000 0.0100 4.36 5.02

5 0.0200 0.000 0.0200 6.66 3.83

6 0.0300 0.000 0.0300 9.17 3.52

7 0.0500 0.000 0.0500 12.89 2.97

8 0.0700 0.000 0.0700 16.74 2.75

9 0.1000 0.000 0.1000 21. 04* 2.42 (2.39)'
10 0.0000 0.100 0.1000 0.15d (0.0173)"

1 0.0050 0.0950 0.1000 1.34 3.09 (2.37)"
12 0.0100 0.0900 0.1000 2.37« 2.73 (2.37)"
13 0.0300 0.0700 0.1000 6.47 2.48 (2.36)"
14 0.0500 0.0500 0.1000 10.77 2.48 (2.41)'
15 0.0700 0.0300 0.1000 14.79 2.43 (2.38)"
16 0.0100 0.0200 0.0300 3.58 4.12
17 0.0100 0.0400 0.0500 2.90 3.34
18 0.1000 0.0600 0.0700 2.69 3.10

“ Average of two runs. 6Average of four runs.
rate of racemization increases as Br is liberated.

Figure 3.—Typical racemization results for (+ )- or (—)-I-
phenylbromoethane with lithium bromide in anhydrous acetone
at 40.38 + 0.03°. Curve numbers refer to Table Il and the con-
ditions, concentration of lithium bromide, and ionic strength
(sum of the concentration of lithium bromide and nitrate) in
moles per liter and time scale, are, respectively, run 4, 0.01 M,
0.01 M, X 10“sec; run 12, 0.01 M, 0.10 M, X 104sec; run 9,
0.10 M, 0.10 M, X 103sec; run 1, 0.00 M, 0.00 M, X 104sec.

taneously convert to one enantiomer). The observ-
able process can then be represented by eq 3 and 4.

(+)-RX + X--U- (-)-RX + X" (3)
instant-

(+)-RX + (- )-RX - >a(+ )-RX (4)

aneous
For eq 3, a rate expression can be written

d((+)-RX]

o *[X10(+)-RX]

However, for every molecule of (+)-R X reacting viaeq
3, a second molecule is “used up” via eq 4, so the over-
all or actual rate expression can be written

-d[(+)-RX] = 2fc[X-][(+)-RX]
dt

¢ Average of three runs.
' Values in brackets are corrected for the nonzero intercept which represents the rate
of reaction 10 plus the contribution to the rate by the Br- so liberated.

dInitial rate constant for NO3 as the nucleophile. The

Figure 4.—Racemization rate as a function of concentration
of lithium bromide and ionic strength in anhydrous acetone at
40.38°. Curve A: rate vs. concentration of lithium bromide.
Curve B: rate vs. concentration of lithium bromide at constant
ionic strength (sum of the concentrations of LiBr and LiNO.i
equal to 0.100 M). Curve C: rate vs. ionic strength with fixed
(0.0100 M) lithium bromide concentration.

The concentration of the halide ion is a constant
throughout, so that on integration the following ex-
pression is obtained.

In [(-f)-RX] = —2fc[X-]i
or
log [RXI0 2k
% [rx]  2.303 XI<

This last expression was used to evaluate the rate con-
stants reported in Table Il. Because the optical
purity of the 1-phenylbromoethane varied somewhat
from batch to batch and was, in fact, unknown in any
case, the angle of rotation, a, of plane-polarized light
was used directly as a measure of the concentration of
the asymmetric material, [(+)-RXj. That this pro-
cedure is valid can be seen from Figure 3, where not
atypical plots of log afa vs. time are shown. The
linearity shows the racemization process to be first
order with respect to the optically active reactant.

In Figure 4 are plotted some rate data for the racemi-
zation of optically active 1-phenylbromoethane at
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40.38° in anhydrous acetone. Curves are shown for
the rate as a function of concentration of ionic bromide
both at constant (curve B) and at varying ionic
strengths (curve A). Also shown is the curve for con-
stant concentration of ionic bromide (0.0100 M) but
with changing ionic strength, i.e., concentration of
lithium ion where that concentration is the sum of the
concentrations of lithium bromide and of lithium ni-
trate (curve C).

Discussion

The shape of the curve for the racemization of 1-phe-
nylbromoethane (curve A, Figure 4) is analagous to
that commonly obtained for reactions in nonpolar
solvents where the reactant whose concentration is
being varied is ionic (see, for example, ref 12). Such a
curve with a zero intercept is inconsistent with there
being bimolecular and unimolecular processes in com-
petition. (Had Snl and Sn2 racemizations been oc-
curring simultaneously, a result analagous to that
shown in Figure 1 would have been expected.) Thus
the first of the three possible explanations for the
“nonlinearity” with lithium bromide concentration
reported by Hughes, et al.,3can be discarded.

Similarly, the zero intercept for the racemization
rate vs. the concentration of lithium bromide is incon-
sistent with the mechanism of Sneen, et al.,9 being the
explanation for the nonlinearity. That this second
explanation can be discarded is confirmed by the fact
that the rate constant of the racemization decreases
rather than increases with increasing ionic strength of
the solution, an observation inconsistent with an ion-
ization process.

The only one of the three explanations not incon-
sistent with the empirical observations is the third
one, ion-pair formation by the lithium bromide. Anal-
agous conclusions as to the source of apparent non-
zero intercepts have been reached by other workers.21213

The concentration of dissociated bromide ion will
be given by the expression

ru,—+ A'dis[LiBr]
[Br 1= [Hi 1

where [Br~] and [Li+] are, respectively, the concen-
trations of dissociated bromide and lithium ions, [LiBr]
is the concentration of associated lithium bromide, and
Kds is the applicable dissociation constant. If a
second salt, for example lithium nitrate, is added so
that the total concentration of lithium ion (associated
plus dissociated) is kept constant as the amount of
lithium bromide is varied, the concentration of dis-
sociated lithium ion will remain approximately con-
stant. At the high salt concentrations employed in
the weakly ionizing solvent, acetone, a relatively small
fraction of the lithium bromide will be dissociated, so
that, under the conditions employed at constant total
lithium ion concentration, the concentration of dis-
sociated bromide ion should be linearly dependent upon
the total amount of lithium bromide present. Con-
sequently, at constant ionic strength a linear correla-

(12) P. Beronius, U.
24, 189 (1970).

(13) R. w. c. Broadbank, A. H. E. Harhask, and S. Kanchanalai, Radio-
isotop. Phys. Sci.lnd. Proc. Conf., Copenhagen, 1960, 3, 179 (1962).

Isacsson, and A.-M. Nilsson, Acta Chem. Scand.,
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tion between rate of racemization and total concen-
tration of lithium bromide would be anticipated. This
is observed and shown as curve B in Figure 4, a further
confirmation that the “nonlinear” increase in rate
with increasing concentration of lithium bromide ob-
served by Hughes, et al.,3is caused by association of
the salt.

Finally, in conclusion it should perhaps be empha-
sized that the present study does not disprove the ion
pair dissociative mechanism proposed by Sneen and
Larsen9 as an alternative to the Hughes-Ingold Snl-
Sn2 mechanisms. Rather it has been shown that by
far the major source of inconsistency in the earlier re-
sults with 1-phenylbromoethane was ion pairing of the
ionic reactants. The observed decrease in reaction
rate with ionic strength is attributable to a decrease in
activity of the bromide ion with increasing concentra-
tion of lithium ions. Unfortunately, solubility and
dissociation problems precluded the use of other ob-
vious electrolytes to determine whether this is a true
salt effect or a cation concentration effect.

Experimental Section

Solvent.—The acetone employed was “ Analar” quality solvent
(BDH) that was stored for several days over molecular sieves
(Davison, Type 4A) and, immediately before preparation of the
solutions, was distilled through a short Vigreux column from
fresh molecular sieves in oven-dried glassware in a dry nitrogen
atmosphere.

Salts.— Hydrated lithium nitrate (BDH) was twice recrystal-
lized from anhydrous acetone and dried at room temperature and
finally at 200° (0.1 mm) for 36 hr. The salt was stored under
dry nitrogen and was reevacuated overnight at 200° immediately
before use. Anhydrous, reagent grade (BDH) lithium bromide
was dried and stored in an analogous manner. Both salts were
off-white, microcrystalline solids.

(+)- and (—)-I-Phenylbromoethane.—By the procedure of
Downer and Kenyon,# 1-phenylethanol (Aldrich) was resolved
and the resolved material was converted to (+)- or (—)-I-
phenylbromoethane by the procedure of Hughes, et at.,3 with
toluene as the solvent. On a 0.05-molar scale, for example,
(+)-I-phenylethanol, [<*%> +40° (lit. 44.1°), gave after two
distillations at 87° [10.5 mm) an 87% yield of (—)-lI-phenyl-
bromoethane, [a]“E —12.6 (lit. 12.8°). Both the (+ ) and
(—) bromides were employed in this study and had molecular
rotations of 11.7-12.9°. At high concentrations in CCh, no
hydroxylic absorption was observable in the infrared spectra nor
were aliphatic protons of the corresponding alcohol detectable by
nmr.

Rate Studies.— In anhydrous acetone, 0.1000 M stock solutions
of LiBr and LiNO3were prepared. The appropriate quantity of
each solution was pipetted into a 10-ml volumetric flask which
was made up to volume with anhydrous acetone if appropriate.
After equilibration to the bath temperature, 40.38 + 0.03°
throughout this study, 0.1 ml (0.13-0.14 g, 7.3 X 10-4 mol) of
the optically active 1-phenylbromoethane was added, the solution
was shaken and the 10.000-cm jacketed quartz cell (capacity 6.6
ml) of the Perkin-Elmer Model 141 polarimeter was filled. The
angle of rotation as a function of time was determined from the
Servowriter potentiometric recorder connected to the polarimeter.
The initial rotation at the 365-nm wavelength employed was
0.200-0.215° and the infinity value was 0.000 + 0.003° (owing
to instrument zero wandering). Typical results are shown
graphically in Figure 3.
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Halogen interchange reactions with aluminum chloride on I,2-dimethyl-3,3,4,4-tetrafluorocyclobutene and
I-methyl-2,3,3,4,4-pentafluorocyelobutene have been shown to lead tc I,2-dimethyl-3,3-difluoro-4,4-dichlorocy-

clobutene (2) and I-methyl-3,3-difluoro-2,4,4-trichlorocyclobutene (5), respectively.

The assignment of the HF

coupling constants between the vinylic methyl group and the allylic ring fluorines in the nmr spectra for these

materials was aided by compounds produced by alternate synthetic pathways.

Thus, I-methyl-1,2,2-trichloro-

3,3-difluorocyclobutane (7 ), prepared by a thermal codimerization technique, served as the starting material for
the synthesis of I-methyl-2-chloro-3,3-difluoroeyclobutene (8) and I-methyl-3,3-difluoro-4,4-dichlorocyclobutene

).

Fluorocyclobutenes arc known to undergo a facile
substitution of the vinylic halide with methyllithium2d' ¢
and methyl Grignard reagents2lto yield monomethyl-
or dimethylperfluorocyelobutenes. Studies on the
chemical reactivity of these materials have been con-
cerned with hydrolysis of the ring fluorines,2 the
halogénation of the vinylic methyl group,2and elimina-
tion reactions which occur in the presence of alkoxide
ions.3 This paper reports on a halogen interchange re-
action with aluminum chloride to produce methyl-
substituted fluorochlorocyclobutencs and chlorocyclo-
butenes and the assignment of the HF coupling
constants between the vinylic methyl group and the
allylic ring fluorines in the nmr spectra.

Halogen interchange with aluminum halides has been
observed to take place with fluorinated cyclobutenes
with particular ease.4 Application of this convenient
technique to I,2-dimethyl-3,3,4,4-tetrafluorocyclobu-
tene led to the characterization of two major products,
1,2-dimethyl-3,3-difluoro-4,4-dichlorocyclobutene  (2)
and |,2-dimethyl-3,3,4,4-tetrachlorocyclobutene (3), as
indicated in Scheme |I. The proton nmr spectrum of 2

SCHEMVE |
F,]--jiCH;, CL,jiCH, CLr—---nCH,
F j--CH; " fJ——RH + pi k—UCH
1 2 3
4 5 6

(1) (a) Taken in part from the Ph.D. dissertation of T. S. Croft, Uni-
versity of Colorado, 1967. (b) To whom inquires should be sent. Ad-
dress correspondence to Central Research Laboratories, 3M Co., St. Paul,
Minn. 55133.

(2) (a) S. Dixon, J. Org. Chem., 21, 400 (1956); (I») A T. Blomquist
and P. P. Nicholas, ibid., 32, 863, 866 (1967); (c) A. T. Blomquist and R. A.
Vierling, Tetrahedron Lett., 655 (1961); (d) J. D. Park and R. Fontanelli.
J.Org. Chem.,28, 258 (1963).

(3) J. D. Park and R.J. McMurtry, J.oOrg. Chem., 32, 2397 (1967).

(4) (@) J. D. Park and G. G. |I. Moore, Abstracts of Papers, 150th Na-
tional Meeting of the American Chemical Society, Atlan ic City, N. J.,
Sept 1965. p 5K; (h) W. C. Solomon, L. A. Dee, and D. \V. Schults, J. org
Chem., 31, 1551 (1966); (c) K. V. Scherer, Jr., and T. J. Meyes, J. Amer.
Chem. Soc., 90, 6253 (1968).

consisted of a triplet at r 8.29 with a coupling constant
J = 16 Hz and a triplet at r 8.17, J = 3.2 Hz, as
indicated in Table | along with the nmr data obtained

Table 1

Nmr Spectra for Cyclobutenes

Compd o* r Group Coupling
Clzi—jCH, 8.29 ch3 t, J = 1.6 Hz
8.17 ch3 t,J = 3.2 Hz
8.03 ch3 t,J = 3.1 Hz
& : -
110.4 Ring CF2 q,J = 3.1 Hz
cln, cH 7.99 ch3 d, t,J = 1.5,
f. h 3.2 z
4.04 Vinyl H m,J = 1.5,
2.2 Hz
104.6 Ring CF2 d q J - 2.2,
3.2 Hz
Ha CH 8.09 ch3 t, t,J = 3.3,
F.LJlci 1.3 Hz
7.15 Ring CH2 t,gq J = 27,
1.3 Hz
111.3 Ring CF2 t, g J = 2.7,
3.3 Hz
HO cl 8.29 ch3 t,t,J = 1.6,
2.3 Hz
6.92 Ring CH2 t,g,J = 27,
2.3 Hz
112.5 Ring CF2 t,9,J —2.7,

1.6 Hz

“ Data obtained from ref 8. Compound prepared from CHa.i
and I-chloro-2,3,3-trifluorocyclobutene.

for all of the methyl-substituted fluorocyclobutenes
discussed in this report. Since the cross ring allylic
fluorines would be expected to deshield the vinylic
methyl protons more than do adjacent fluorines,b this
resonance should occur at a lower field position and the
coupling constant for the vinylic methyl protons coupled
with cross ring allylic fluorines must be 3.2 Hz, thus

(5) (a) Unpublished results, this laboratory; J. H. Adams, Ph.D. Dis-
sertation, University of Colorado, 1965; (b) J. D. Park, J. R. Dick, and J. H.
Adams, J.Org. Chem., 30, 400 (1965); (c) J. D. Park, G. Groppelli, and J. H.
Adams, Tetrahedron Lett., 103 (1967).
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larger than the value of 1.6 Hz for adjacent allylic
fluorines. This would be consistent with the data of
Sharts and Roberts,6who reported that the HF coupling
constant of a vinylic proton with the cross ring fluorines,
through four bonds, was larger than that found with
vicinal fluorines, through three bonds.

Scheme | also depicts the products, compounds 5 and
6, obtained from aluminum chloride and 1-methyl-
2,3,3,4,4-pentafluorocyclobutene (4), the assignment of
the structure of 5 as I-methyl-3,3-difluoro-2,4,4-
trichlorocyclobutene being based upon the coupling
constant of 3.1 Hz observed in the nmr spectrum.

To establish definitively the coupling constant of the
vinylic methyl group with the cross ring allylic fluorines,
the synthesis of I-methyl-2-chloro-3,3-difluorocyclo-
butene (8) and I-methyl-3,3-difluoro-4,4-dichlorocyclo-
butenc (9) was carried out as shown in Scheme II.

Scheme Il

CH.,=CC1CH; c
H2F--- |CE,
+
cf2= ccl Fob— Id.

\Y% \E*N

CH3 CE.
cl H

8 9

The thermal codimerization of |,I-dichloro-2,2-difluoro-
ethylene and 2-chloropropene would be predicted7 to
produce 1-methy1-1,2,2-1richloro-3,3-difluorocvclobu-
tane (7), an assignment borne out by the nmr and mass
spectra reported in the Experimental Section. De-
chlorination of 7 with zinc gave 8 and a dehydro-
halogenation induced with triethylamine produced 9.
In both cases, the nmr spectra contained a coupling
value of about 3.2 Hz from the cross ring allylic fluorines
and the vinylic methyl protons. The magnitude of the
coupling value of fluorines /3to the vinylic methyl group
in I-chloro-2-methyl-3,3-difluorocyclobutene, an isomer
of 8, was 1.6 Hz.8 These data provide convincing
evidence for the coupling and structural assignments.

Experimental Section

Infrared spectra were taken on a Perkin-Elmer Infracord
spectrophotometer. The nuclear magnetic resonance spectra
were obtained from a Varian XL-100 spectrometer, utilizing an
internal standard of CFC13for the determination of 19 chemical
shifts, reported as t*values,9and tetramethvisilane as reference®
for the proton values. Product analyses and preparative scale
separations were carried out on an Aerograph Autoprep Model
A-700 utlilizing a column with a fluorosilicone 1265 (QF-1) sub-
strate. A Bausch and Lomb refractometer was used to measure
the refractive indices. Densities were determined by weight
difference with a calibrated 10-/T syringe. Microanalyses were
performed by Galbraith Laboratories, Knoxville, Tenn. The
mass spectrum was taken on a CEC 21 110c mass spectrometer.

(6) C. M. Shartsand J. D. Roberts, 3. Amer. Chem. Soc., 79, 1008 (1957).

(7) (a) J. D. Roberts and C. M. Sharts, org. React.,, 12, 1 (1962); (b)
W. H. Sharkey in “Fluorine Chemistry Reviews,” Vol. 2, P. Tarrant, Ed.,
Marcel Dekker, New York, N. Y., 1968, Chapter 1.

(8) Unpublished results, this laboratory: R. O. Michael, Ph.D. Dis-
sertation, University of Colorado, 1969.

(9) G. Filipovich and G. V. D. Tiers, J. Phys. Chem ., 63, 761 (1959).

(10) G.V.D. Tiers,J. Phys. Chem., 62, 1151 (1958).
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I-Methyl-2,3,3,4,4-pentafluorocyclobutene (4).—The title com-
pound was prepared following the procedure of Park and Fon-
tanelli,Mbp 46-47° (626 mm) [lit.2dbp 44-45° (630 mm)].

1,2-Dimethyl-3,3,4,4-tetrafluorocyclobutene (1).—The proce-
dure of Dixon2 was used to prepare the desired compound: bp
98-98.5° (626 mm); nxd 1.3475 [lit.2 bp 100-104° (760 mm);
nZD 1.3478].

Reaction of 1,2-Dimethyl-3,3,4,4-tetrafluorocyclobutene (1)
with Aluminum Chloride.—To an ice-cooled mixture of 11 g of
aluminum chloride (B and A reagent powder) and 40 ml of carbon
disulfide, under nitrogen atmosphere, was added 21 g of 1,2-
dimethyl-3,3,4,4-tetrafluorocyclobutene. After stirring at room
temperature for 16 hr, water was added, the black solution was
filtered, and the organic layer was dried with anhydrous mag-
nesium sulfate. Distillation gave 10 g of I,2-dimethyl-3,3-
dichloro-4,4-difluoroeyclobutene (2): bp 139° (629 mm); ?i2id
1.4334; d% 1.27; molar refractivity, calcd 37.7, found 37.4; ir
1680 cm“1(CH3=CCHJ).

Anal. Calcd for CeH&C1F2 C, 38.50; K, 3.21; CI, 37.97;
F, 20.32. Found: C, 38.57; E, 3.13; ClI, 38.13; F, 20.25.

Also isolated was 2 g of |,2-dimethyl-3,3,4,4-tetrachlorocyclo-
butene (3): bp 201.5-202.5° (629 mm); nZd 1.5037; d5 1.40;
molar refractivity, calcd 47.2, found 46.2; ir 1630 cm-1 (CHX =
CCE3J3); nmr (CCh) x8.12 (s, CEDJ).

Anal. Calcd for C&6&h: C, 32.73; H, 2.73;
Found: C, 32.94; K, 2.73; CI, 64.49.

Traces of other products were noted by glc but were not isolated
in sufficient quantities to be characterized.

Reaction of I-Methyl-2,3,3,4,4-pentafluorocyclobutene (4) with
Aluminum Chloride.— The dropwise addition of 25 g of 1-methyl-
2.3.3.4.4- pentafluorocyclobutene to a suspension of 23 g of
aluminum chloride in 75 ml of carbon disulfide cooled in ice turned
the solution black. After 5 hr under a nitrogen flow, the mixture
was filtered, the solid being extracted with methylene chloride.
The organic layer was dried and distilled to give 10 g of 1-methyl-
2.4.4- trichloro-3,3-difluorocyclobutene (5):
mm); uZXd 1.4489; d& 1.50; molar refractivity, calcd 37.82,
found 37.35; ir 1670 cm-1 (C1C=CCEJ).

Anal. Calcd for C-I113C1F2 C, 28.89; H, 1.45; CI, 51.30;
F, 18.32. Found: C, 29.19; E, 1.65; ClI, 50.94; F, 18.38.

A trace was also found of I-methyl-2,3,3,4,4 pentachlorocyelo-
butene (6): rnp 50.5-52.5; bp 203-203.5° (627 mm); ir 1670
cm*“1(C1C=CCK3); nmr (CC14) r 8.03 (s, CHJ).

Anal. Calcd for CHLCh: C, 24.95; E, 1.25; ClIl, 73.84.
Found: C, 25.16; H, 1.32; CI, 73.74.

Traces of other products were also seen in the glc curve of the
product but were not characterized.

Codimerization of 2-Chloropropene and |I,I-Dichloro-2,2-di-
fluoroethylene.—In a 0.5-1. autoclave, 76 g of 2-chloropropene
and 132 g of I,I-dichloro-2,2-difluoroethylene, along with 1 ml of
d-limonene to prevent polymerization, were heated to 180° for
12 hr. Distillation of the yellow liquid gave 7 g of 1,2-dichloro-
3.3.4.4- tetrafluorocyclobutene, bp 60.5° (628 mm), and 30 g of
1,1,2,2-tetrachloro-3,3,4,4-tetrafluorocyclobutane, bp 124° (628
mm), both identified by comparison with the infrared spectra of
authentic samples.1 Also collected was 31 g of I-methyl-1,2,2-
trichloro-3,3-difluorocyclobutane (7): mp 46-49°; bp 148°
(628 nm); nmr (CFC13) x 8.09 (d, J = 1.2 Kz, CE3), 6.93 and
7.11 (AB pattern, Tab = 13.8 Hz, ring CH2), with fine structure
visible, with 6.93 (d, d, 3 = 9.5, 15.2 Ez, ring CH) and 7.11
(d, d, T = 11.8, 6.5 Ez, ring CH), < 98.10 and 102.31 (AB
pattern, Tab = 190.0 Hz, CF2) with fine structure visible, with
98.10 (d,d, T = 9.5, 6.4 Hz, CF) and 102.31 (d, d, q, T = 11.6,
15.1, 1.2 Hz, CF); mass spectrum (150°) m/e (ion) in decreasing
order of intensity, 76 (CH2ZC1CH3), 144 (P — CF2H2), 109
(P - CHZXF,, Cl), 41 (CH3J, 39 (CH3), 132 (CFXC1,), 51
(CF,H), 64 (CF,CH2, 172 (P - HC1), 208 (P).

Anal. Calcd for CHIIF2 C, 28.64; H, 2.39; ClI, 50.08;
F, 18.14. Found: C, 28.87; H, 2.50; CI, 50.71; F, 18.36.

Reaction of I-Methyl-1,2,2-trichloro-3,3-difluorocyclobutane
(7) with Zinc.—After a mixture of 10 g of 1-methyl-1,2,2-tri-
ehloro-3,3-difluorocyclobutane, 0.5 ml of hydrochloric acid, and
6.5 g of zinc was heated in 1-butanol for 24 hr, distillation gave 4
g of I-methyl-2-chloro-3,3-difluorocyclobutene (8): bp 100°
(633 mm); «“d 1.3998; dX51.18; molar refractivity, calcd 28.2,
found 28.2; ir 1670 cm-1 (C1C=CCH3J).

Anal. Calcd for CHLCIF,: C, 43.32; H, 3.61; CI, 25.63;
F, 27.80. Found: C, 43.41; 11,3.70; ClI, 25.80; F, 27.39.

Cl, 64.54.

(11) A. L. Henne and R. P. Ruh, J. Amer. Chem. Soc., 69, 279 (1947).

bp 139-139.5° (632
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Reaction of I-Methyl-I,2,2-trichloro-3,3-difluorobutane (7)
with Triethylamine.— A 10-g sample of I-methyl-I,2,2-trichloro-
3,3-difluorocyclobutane was refluxed with 7.5 g of triethylamine
for 91 hr. After washing with hydrochloric acid, separation, and
drying, 4 g of starting material was recovered by distillation.
Also isolated was 4 g of I-methyl-3,3-difluoro-4,4-dichlorocyclo-
butene (9): bp 130° (629 mm); n"D 1.4261; dX51.34; molar re-
fractivity, calcd 33.0, found, 32.9; ir 1645 cm-1 (HC=CCH3J).

Anal. Calcd for CsHRChF,: C, 34.68; H, 2.31; CI, 41.04;
F, 21.96. Found: C, 34.79; H, 2.38; CI, 41.09; F, 21.83.

Acknowledgments.—The authors wish to express
their appreciation to Dr. J. J. McBrady and Dr. G. R.

Majid and Shreeve

Sparrow of the 3M Co., St. Paul, Minn., for having run
the 19 nmr spectra and the mass spectrum reported in
this paper. We also wish to thank AFOSR Chemical
Division and the 3M Co., St. Raul, Minn., for their
support of this work.

Registry No.— 1, 356-58-1; 2, 41785-17-5; 3, 41785-18-6; 4,
356-59-2; 5,41785-19-7; 6,41785-20-0; 7,41785-21-1; 8,41785-
22-2; 9,41785-23-3; aluminum chloride, 7446-70-0; 2-chloropro-
pene, 557-98-2; |,I-dichloro-2,2-difluoroethvlene, 79-35-6; 1,2-
dichloro-3,3,4,4-tet.rafluorocyclobutene, 377-93-5; 1,1,2,2-tetra-
chloro-3,3,4,4-tetrafluorocyclobutane, 336-50-5; zinc, 7740-66-6;
triethylamine, 121-44-8.

Fluorinated Esters Stable to Fluoride lon

A. Majid and Jean’'ne M. Shreeve*

Department of Chemistry, University of Idaho, Moscow, Idaho

83843

Received June 11, 1973

Some new fluorinated esters, CFLORt [Rf = (CF33L, CFHCFIYZX, (CFIHZACHIC, and (CFIYZH], with sub-
stituents other than fluorine on the alkoxy a carbon have been prepared using the cesium fluoride catalyzed reac-

tions of trifluoroacetyl fluoride with fluoro alcohols.

and mass spectra are reported.

In our earlier studies,1 we had observed that, while
the totally fluorinated esters were stable at 25° and
above when pure, they disproportionated readily at
> —78° in the presence of fluoride ions. Each of these
esters contained a perfluoroalkoxy group with at least
one fluorine atom bonded to the a carbon adjacent to
the oxygen, -OCRf(Rf)F (Rf = CF3 Rf = F; Rf
= Rf' = CF3. We now have extended our study to a
variety of other esters with different substituents on
that carbon to determine their stabilities to attack by
fluoride ions.

Contrary to the well-known reactions of acid chlo-
rides with alcohols, the corresponding reactions of acid
fluorides have neither been as popular nor as lucrative;
e.g., trifluoroacetyl fluoride with ethanol yielded a trace
of ethyl trifluoroacetate, CF3CO2CH5 accompanied
by other products.8 However, we found that a modi-
fication of this route provided a good general prepara-
tive method for esters.

Although some of the esters described in this paper
have been previously reported,3-7 little spectral char-
acterization was included. Full details of infrared,
mass, and H and 1F nmr spectra are given.

Results and Discussion

Fluorinated esters of the type RfC02CF(CF§2
which contain fluorine on the alkoxy a carbon are un-
stable in the presence of fluoride ion at —78° or above.1
However, esters described in this paper that contain
substituents other than fluorine at this carbon are very

(1) R. A. De Marco, D. A. Couch, and J. M. Shreeve, J. Grg. Chem., 37,
3332 (1972).

(2) W.T. Miller, Jr., and M. Prober, J. Amer. Chem. Soc., 70, 2602 (1948).

(3) F.J.Pavlik and P. E. Toren, J. Org. Chem., 35, 2054 (1970).

(4) E.Bergman, J. Org. Chem., 23, 476 (1958).

(5) B. L. Dyatkin and E. P. Mochalina, Izv. Akad. Nauk SSSR, Ser
Khim., 1035 (1965).

(6) E. T. McBee and D. L. Christman, J. Amer. Chem. Soc.,
(1955).

(7) G. Gorin, O. R. Pierce, and E. T. McBee, J. Amer. Chem. Soc., 75, 5622
(1953).

77, 755

Unlike the fluorinated esters with fluorine at the alkoxy a
carbon atom, these esters are stable in the presence of fluoride ion at 25° or higher temperatures.

Their ir, nmr,

stable in the presence of fluoride ion even at higher
temperatures. Since Rf is an electronegative group, it
enhances the electrophilic character of the carbonyl
carbon atom and thus promotes addition to the car-
bonyl double bond.

@

F.C— E_ OCH, + RNH,

t)

[ ]
F.C— C—OCH5
ro FRCONHR + CZHEOHS8
R— N-"H
[
H+

The fluoride ion, which is strongly nucleophilic, can
readily attack at the positive carbon of the carbonyl
group to form a similar intermediate which will then
disproportionate to give the acid fluoride.

Owing to the very strong inductive effect of F, its

departure as shown in eq 1 will be favored. However,
ONCs+
r F~
RCU ~C(Rf)-, + Cs+ R(C™ ~C(R'fR
Y'O IX q?
F F
A

o
|
RICF + (R)2C= 0 + CsF (1)

the inductive effects of CF3and particularly of H and
CH3are very much less than that of fluorine.& Thus,
these moieties will not be good leaving groups in a com-
plex like A. This explains the greater stability of the

(8) (@) M. M. Joullie and A. R. Day, J. Amer. Chem. Soc., 76, 2990

(1954); (b) H. P. Braendlin and E. T. McBee, Advan. Fluorine Chem., 3, 2
(1963).
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Table |
Infrared Spectra of RFfCORT'
Compd Ir,cm 1
cfXoZxhb 2985 m, 2950 sh, 2890 vw, 1790 vs, 1450 w,

br, 1375 m, 1340 m, 1228 vs, 1180 s,
1145 s, 1015w, 852 vs, 770 w, 725 m
2985 w, 2960 w, 1810 vs, 1412 m, 1350 m,
1282 s, 1242 s, 1185 s, 975 m, 900 w,
770 w, 733 m, 650 w, 550 vw, 455 vw
1876 s, 1379 sh, 1346 w, 1295 vs, 1277 sh,
1261 sh, 1211 s, 1136's, 1078 w, 1012 m,
995m, 756 m, 733 m ,718 w, 671w
1858 s, 1330 m, 1265 sh, 1258 vs, 1235 sh,
1198 s, 1128 s, 1065 m, 1085 w, 1000 m,
985 sh, 925 sh, 905 sh, 895 m, 750 m,
735 m, 715 m, 665 w-m, 618 w-m, 540 w,
518s, 445 w
2975 m, 1825 sh, 1823 s, 1378 s, 1343 m,
1298 s, 1275 m, 1235 s, 1215 m, 1195 s,
1160 sh, 1125 s, 1024 m, 915 s, 824 w,
760 m, 744 m, 710 s, 688 s, 820 m, 474 w,
CFX0X(CF32H3 2950 w, br, 818 s, 1456 m, 1396 w, 1341 w,
1315 s, br, 1205 s, 1195 m, 1182 sh,
1141 s, 1125 sh, 1093 s, 891 w, 835 w,
760 w, 742 m, 693 m, 645 w, 520 br, w

cfXoXxhXf3

CFL0X(CF33

CFX0Xsn

CFL0X(CFIH

fluorinated esters with groups other than fluorine on
the alkoxy carbon.

The primary alcohols ethanol and trifluoroethanol
reacted at 100° with trifluoroacetyl fluoride in the ab-
sence of cesium fluoride to give significant amounts of
the respective trifluoroacetates. Secondary and terti-
ary alcohols, e.g., hexafluoroisopropyl, hexafluoro-2-
methylpropyl, perfluoro-iert-butyl, and perfluoroiso-
amyl alcohols, reacted only in the presence of cesium
fluoride. Their order of reactivity is roughly repre-
sented by (CF33OH > (CF32CZF*5COH > (CF32
C(CH30H « (CF32ZHOH. This can be explained
on the basis of the inductive effect of the fluorinated
chains and thus the acidity of the alcohols, since the
introduction of fluorine or of perfluoroalkyl groups
increases the acidity of the alcohols.9 Based on a com-
parative study of the pK &values of the hydrogenated
and fluoro alcohols, the secondary fluoro alcohols have
the same order of acidity as phenol, and, whereas the
primary alcohols are less acidic, the tertiary alcohols
compare with carboxylic acids.1011 Since ethanol and
trifluoroethanol are fairly basic (pK& = 15.93 and 12.8,
respectively),D their reactions with trifluoroacetyl
fluoride are typical acid-base reactions. However, the
other alcohols appear to react through the formation
of an alkoxide intermediate. With increasing acidity

R, R'r
1 1 - 4s
— C—OH + CSF — » Rf—C—0— H
1 1 i +S i
R" R'f Cs—F
/
R, O 0 RT
1
| 1 CFCF
R,— C— OCCFj Rr— C—0OCs + HF
1 | \CS
R"f R'r
CsHF,

(9) F. Swarts, Bull. Soc. Chim. Belg., 38, 99 (1929).
(10) J. Murto, Acta Chem. Scand., 18, 1043 (1964).
(11) S.liumar De and S. R. Palit, Advan. Fluorine Chem., 6, 73 (1970).
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Table Il

CFXOR( (17 eV)
m/e (assignments, rel intensity)]

142 (M, 4.8), 141 (M - H,
14.5), 140 (M - 2 H, 3.2),
127 (M - CH3 29), 113
(M - CH5H9.7), 99 (CH2
F3, 45.1), (CF3, 6.4),
73 (M - CF3 19.3), 69
(CF3 16.9), 30 (CH, 9.7),
29 (CH5 100), 27 (CH3
11.3)

77 M - F, 27.2), 127
(M - CF3 100), 99 (CH2
FsO, 22.8), 97 (CFJ, 7.1),
83 (CHZF3 79.6), 69 (CF3
17.0)

313 (M - F, 12.5), 263 (M -
CF3 73.9), 235 (M - CF3
CO, 17), 219 [(CF3,
13.2) , 200 (C,F& 1.8),
(CFe@, 2), 164 (?, 3), 162
(?, 4), 147 (CF LD, 9.5), 131
(CF5 13), 97 (CFXO,
85.5)
19.4) , 69 (CF3 100)

363 (M - F, 4.4), 313 (M -
CF3 4.4), 285 (M - CF3
CO, 0.8), 269 (M - CF3
C02 0.8), 247 (CF, 1),
181 (C47 3.8), 131 (CF5
1.8) , 119 (CZF5 6.8),
(CF4 1.6), 97 (CFQ,
28.8) , 93 (CF3 2),
(CFD, 1.8), 69 (CF3 100),
50 (CF2 3.8), 47 (CFO,
1.1), 44 (C02 1.1), 31
(CF, 2.8)

245 (M -F, 8.2), 226 (M -2
F,4.1),225 (M —HF249.6),
195 (M - CF3 48.4), 175
(CH#3 2 1.9), 167 (CsllFeO,
13.2), 151 (C3HF6 42.5),
132 (C3HF5 1.9), 130 (CF5
2.8) , 129 (CHF®D, 2.5), 128
(CFDH, 19), 113 (CFD2
5.7), 101 (CHF4 5.3), 100
(CF4 1.9), 98 (CHFD,
2.2), 97 (CFP, 52.2), 82
(CHF3 5.7), 79 (CHFD,
14.5) , 78 (CFD, 9.1),
(CF3 4.1), 63 (CHF2 4.1),
51 (HCF2 28.9), 50 (CF2
17.9), 44 (C02 6.3), 32
(HCF, 5.7), 31 (CF, 10.8),
29 (HCO, 16.4)

278 (M, 1.3), 259 (M - F,
2.9), 258 (M - HF, 9.0),
239 [M - (2F + H), 1.6],
209 (M - CF3 23.4), 181
(M - CFZXO, 55.1), 165
(M - CF302 45.5), 164
(CHZF6 7.4), 146 (C4
HF5 5.8), 145 (CHZF5
100), 115 (CHF4 19.9),
113 (CFX02 3.2), 97
(CFX0O, 15.1), 95 (C3
HZ3 14.4), 93 (CF3 14.4),
77 (CHF2 34.3), 69 (CF3
44.2)
CO, 72.4)

M ass Spectra
Registry no.

383-63-1

Compd
CFXOZXHS5

407-38-5 CF<LOXHZXF3

24165-10-4 CF3L0X(CF3I3

42133-36-8 CFX0XH,,

42031-15-2 CFLO0X(CF3H

42031-16-3 CFO0X(CF3LH:

166

, 87 (2, 3), 85 (CF®,

100

78

69

, 45 (2, 4.2), 43 (CH3
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Table Il

Nmr Spectra“

77.6 4.42 1.38 75.8 4.65 75.2
cf3 COXH2 CH3 CF, 00 ch2 cf3
(s) @ ® () (OIJ) (1

F S— 7 3 1 S U— 1
74.2 5.86 73.0 74.2 2.1 75.4
cf3 C(O)XH (CF3)2 cf3 oa C(CH3) (CF3)2
(s) (sept) (d) (s) (sept) D)

e 5.65-

-1.1
75.7 70.8 74.7 66.8 116 79.6
CF, co2 C(CF3)3 o oo C(CF32 cf2 cf3
(«© > (@) (@ < (sept) (sept) (a)
1.1

“ 'H chemical shifts in parts per million (low field of Me4Si); 18 chemical shift upheld relative to CC13 both as internal indicators.

Letters in parentheses:
each case.

of the-alcohols, the [RfCRf'(Rf")0~] anion becomes
more stable and thus alkoxide formation is favored.
This is in line with observed reactivities.

Except for hexafluoroisopropyl trifluoroaeetate, CF3
COXH(CF32 all of the esters are stable toward
hydrolysis by water at 25°, and all are hydrolyzed at
~100°. Since the proton on the alkoxy carbon of the
hexafluoroisopropyl group is acidic, nucleophilic attack
of water at this point should be very likely, which ex-
plains the rapid hydrolysis of this ester.

Infrared spectra of the fluorinated esters are given in
Table 1. As expected, the carbonyl stretching fre-
quency of ethyl trifluoroaeetate is the lowest, and agrees
with the previously reported value.6 Differences be-
tween the carbonyl stretching frequencies of CF3FF-
02X CF3 (CF3X(CH302XCF3 and (CF32(H)0XCF3
are not very large. The carbonyl frequencies for the
(CF32(CFHCO0AXLCF3 and (CF3X0ZXCF3 esters are
significantly higher than for the other four esters. This
again indicates that inductive effects of the fluoroalkyl
group are more significant than their steric effect. Oc-
currence of strong bands in the region of 1100-1300curl
for C-F stretching modes makes the assignments for
vc-o difficult.

The mass spectra are given in Table Il. Parent
peaks were found only for ethyl trifluoroaeetate and
hexafluoro-2-methylpropyl trifluoroacetate-2. For all
other esters, the highest peak observed corresponded
to M — F. For the general ester CFOXRf. a con-
sistent cracking pattern was found. Fragments were
observed for each ester corresponding to CF3 CF3CO,
(M — CF3, R(, and RfO. This is consistent with the
spectra of previously reported fluorinated esters.1 It
is significant to note that the CF3C 02fragment is onlv
observed for the esters CFX0XH5 CF3X02
C(H)(CF32 and CF3X02Z(CH3(CF32 This is in
line with the previous results.1

Xmr spectra of these esters are given in Table I11.
The spectra are first order and directly interpretable.

s, singlet; t, triplet; g, quartet; sept, septet.

Relative areas of the signals correspond to the assignments in

Xo spin-spin coupling of the acvl CF3group with the
fluoroalkyl CF3 in CFXO0XIiXF3 and CF30X-
(CF3R (R = H, CH3 CF3 occurs. However, con-
sistent with CFEC02X(CF3ZF and CFTCOX(CF3ZF,1
the C1'30of the perfluoroethyl group in CFCO>C(CF32
CZ5is split by the acyl CF3group because of through-
space coupling.

Experimental Section

General Procedures.—Standard vacuum line techniques were
used throughout and rigorous precautions were taken to exclude
moisture from all systems. In particular, all glassware was
flamed out before each experiment. All reactions were carried
out in 200-ml Pyrex bulbs fitted with Teflon (Quickfit) stopcocks.
Pressures were measured with a Heise-Bourdon tube gauge.
Amounts of volatile materials were determined by PVT measure-
ments assuming ideal gas behavior. In general, the esters were
readily separated from more volatile unreacted trifluoroacetyl
fluoride by fractional condensation (lowrtemperature separation
based on differences in volatility of components).

Infrared spectra were taken on a Perkin-Elmer 457 spectrom-
eter using a 10-cm Pyrex glass cell equipped with KBr windows
and were calibrated against known absorption bands in a poly-
styrene film. The 19 nmr spectra were obtained on a Varian
Model 11A-100 spectrometer operating at 94.1 MIlz using Freon-
11 as an internal standard. The *H nmr were determined on a
Varian A-60 spectrometer using tetramethylsilane as an internal
standard. Mass spectra were obtained using a Hitachi Perkin-
Elmer Model RMU-OE mass spectrometer at 17 and 70 eV.
Molecular weights were determined by vapor density measure-
ments. Vapor pressures were obtained by the method of Kellogg
and Cady.2 Equations describing pressure as a function of
temperature were obtained by a least-squares fit of the data.
Elemental analyses were performed by Laboratorium Beller,
Gottingen, Germany.

Reagents.—Cesium fluoride (99%) was obtained from ROC/
RIC Chemical Co. and was heated at 200° for 24 hr and then
powdered. Before use, CsF was activated by forming the salt
(CF3)ZFO - Cs+,u which was subsequently thermally decomposed
at  100° under dynamic vacuum. This gave a well-dried, finely
divided powder. Anhydrous ethanol was obtained from Com-
mercial Solvents Corp. All other chemicals were obtained from
PCli, Inc., and used without further purification.

(12) K. B. Kellogg and G. H. Cady, J. Amer. Chem. Soc.. 70, 3986 (1948).
(13) C. T. Ratcliffe and J. M. Shreeve, Chem. Commun., 674 (1966).
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Table IV
Reaction Conditions and Product Y ields"

CFsCOF, mmol Alcohol (mmol) Time, day Es”er (mmol) Mol wtf
10.0 CH®H (4.0) 0.5 CF302C2H5(3.9) 142.8 (142.0)
11.0 CFXH2DH (4.0) 0.5 CF0ZXHZXF3(3.9) 195.6 (196.0)

7.0 (CFTHOH (4.0) 4.0 CFE0X(CF3)H (3.4) 263.1 (264.0)
6.0 (CF92C(CH3OH (2.0) 4.0 CF3 0XL<CF3)TH3(1.6) 279.3(278.0)
5.0 (CF3IT O H (I.1) 2.0 CF0X(CF3)3(1.1) 331.3 (332.0)
0.8 (CF3)Z(CF5HO0H (0.6) 3.0 CF0X(CF3XF5(0.6) 380.7(382.0)

“ All reactions were carried out in the presence of CsF at room temperature.

by Regnault's method. c Calculated value.

Table V

6Vapor density determined assuming ideal gas behavior

Elemental Analysis and T hermodynamic Data

-Elemental analysis, % ---

Ester C H
CFX 02X HS5 33.8 (33.8)" 3.6(3.5)
cfkoZXhZf3 24.5 (24.5) 1.0 (1.0)
CFX02C(CF3)H 22.7(22.7) 0.4 (0.4)
CF3CO02C(CF32CH3 25.9 (25.9) 1.1(1.1)
CF3X02(CF3)3 21.7(21.7)
CF3CO0ZX(CF3XF5 21.9(22.0)

: Calculated value.

Preparative Procedure.—In a typical reaction a 2.5:1 excess
of CF3COF was condensed into a vessel which contained 4 mmol
of the appropriate alcohol and about 5 g of activated CsF.
The mixture was left at 25° until the band due to OH stretch
(~3600 cm-1) disappeared from the infrared spectrum of the
mixture. The volatilities of all the esters prepared were much
less than that of the trifluoroacetyl fluoride (CF3COF), which
facilitated the separation of the esters from the excess unreacted
CF3XOF by fractional condensation. Except for hexafluoroiso-
propyl alcohol, (CF3ZZHOH, and hexafluoro-2-methylpropanol-
2, (CF3Z(CH3OH, reaction of CFCOF with the other alcohols
went to completion without any difficulty, giving pure esters.
The cesium fluoride recovered from these reactions became in-
creasingly more active. (CF32ZZHOH and (CF3Z(CHJ3)OH re-
acted more slowly. Some unreacted alcohol always remained in
these latter cases and the complete separation from the ester was

Halomethyl-Metal Compounds. LXV.

""""""""""" a Bp AHy, Asv, Log Pmm —ma - b/T
F “C kcal/mol eu a b
39.9 (40.1) 62 8.3 24.6 8.27 1809
24.5 (24.5) 57 7.6 23.1 7.92 1663
65.5 (64.8) 48 6.8 21.2 7.51 1487
62.0(61.5) 65 8.0 23.6 8.04 1743
68.9 (68.7) 56 7.9 24.0 8.12 1724
69.7(69.6)
difficult. However, completion of the reaction could be achieved

by condensing the impure ester onto fresh CsF in the presence
of excess CFOF. The solid recovered from these latter re-
actions had a moist appearance and on heating at 100° evolved
the parent alcohol. Reaction conditions and yields of products
are given in Table 1V. Elemental analyses and thermodynamic
data are found in Table V.
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The organomercurials PhHgCFCICOR (R =

CH3and CH5) and PhHgCFBrC02Z2H5have been prepared by

reaction of the respective alkyl dihaloacetate with potassium ierf-butoxide and phenylmercuric chloride or by
mercuration of the respective ethyl trihalovinyl ether with mercuric nitrate in ethanol, followed by redistribution

of the mercuration product with diphenylmercury.

These mercurials are FCCOXR transfer agents at tem-

peratures above 125°, reacting with olefins to give gfm-fluorocarboalkoxycyclopropanes and inserting FCCOR

into the Si-H bond of triethylsilane.

In a previous investigationiwe prepared PhHgCCI2
COZXH3 and PhHgCCIBrCOXH3 both C1CCO2CHS3
transfer agents, as well as PhHgCBr2ZZ202CH3 a source
of BrCCO02CH3 Inview of our interest in organometal-
lic routes to fluorinated carbenes,49 we have extended

(1) Part LXIV:
95, 6763 (1973).

(2) Preliminary communication:
Fluorine Chem., 2, 214 (1972).

(3) D. Seyferth, R. A. Woodruff, D. C. Mueller, and R. L. Lambert, Jr.,
J.Organometal. Chem., 43, 55 (1972).

D. Seyferth and Y. M. Cheng, J.
(This paper is labeled part X111 by error.)
D. Seyferth and R. A. Woodruff, J.

Amer. Chem. Soc.,

Also described is FCCOZEt addition to the C=N bond of PhN=CCI2

these studies to mercury compounds of the type
PhHgCFXCChR (X = CI, Br;R = CH3or CH§. The
divalent carbon transfer chemistry of the PhHg-
CC1XCOXH3 compounds and of PhHgCBrZZ02CH3
required rather drastic conditions, but it was expected

(4) D. Seyferth and S. P. Hopper, 3. Org. Chem., 37, 4070 (1972).

(5) D. Seyferth, H. Dertouzos, R. Suzuki, and J. Y.-P. Mui, J. Org. Chem .,
32, 2980 (1967).

(6) D. Seyferth and K. V. Darragh, J. Org. Chem., 35, 1297 (1970).

(7) D. Seyferth and G. J. Murphy, J. Organometal. Chem., 49, 117 (1973).

(8) D. Seyferth and S. P. Hopper, J. Organometal. Chem., 51, 77 (1973).

(9) D. Seyferth and G. J. Murphy, J. Organometal. Chem., 52, C| (1973).
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Table |
Fluorocarboalkoxycarbene Transfer Reactions of PhHgCFCICOR

Recov-
ered
Mmol Reac- start-
of Sol- Reaction tion Yield ing
Substrate mer- vent temp, time, PhHgCl, mate- Products (% yield based on consumption of
(mmol) curial (ml) °C hr % rial, % starting mercurial)

Reactions of PhHgCFCICOZXEt

CO.Et
12.0 Olefin 144 36 96 . .
O (20) F+i | con
tH
(neat) H H
(I part) (2.45 parts)
(85%)
CO.Et F
Olefin 132 24 79 19
E
O (20 (sealed tube) co-Et
. H
(neat) H
U part) (2.39 parts)
(69%)
Bac 12.0 Benzene 135 24 26 64
(2 (sealed tube)
HjC CHj
(36)
HjC CHj 12.0 Benzene 155 72 72
(12) (sealed tube) + Hg<*
@)
HjC CHj
(72)
Me.SICHICH=CH 12.0 Olefin 129 36 66 “dMe;
(neat) (20 (sealed tube) +Hge |
(19)
(1 part) (185 parts)
(24%)
Me.SICHXH=CH! 12.0 Olefin 133 62 55 SiMe: SiMe,
(neat) (20) (sealed tube) + Hg* 1 |
@ M coe . fH ¢
CO.Et
(1 part) (1.9 parts)
(55%)
CH2=CHCiHn-n 12.0 Olefin 134 48 37
(neat) (20) (sealed tube) + Hg®
(18)
(1 part) (2.5 parts)
(15%)
CH/MCHCsHN-n 10.3 Olefin 145 24 33 18 CH,
(neat) (12 (sealed tube) + HO qQH CO.Et «*et F
(14)
F CO.Et
(1 part) (2.6 parts)
. (184
EtiSiH 12.0 EtaSiH 108-110 50 25 EtaSiCHFCOaEt
(neat) (20) 4-Hge (71%)
(54)
CHa
C«HsCH 24.0 Cumene 155 72 23 37+ None
| (20) (sealed tube) + Hg®
(11)
12.0 THF 155 48 0, + None
(30) (sealed tube) Ho
(54)

(neat>
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Table |
(Continued)

Recov-
ered
start-
Mmol Reac- Yield ing
of Sol Reaction tion PhHgCI, mate-
Substrate mer- vent temp, time, Yield rial, Product« (% yield based on consumption of
(mmol) curial (ml) °C hr % % starting mercurial)
Reactions of PhHgCCIFC02Me
CO,Me F
7.2 Benzene 135 48 58 38
(7.0) (sealed tube)
(22)
(1 part) (1.8-1.9 parts)
(85-88%)
COjMe F
8.0 Benzene 135 60 57
0 ® (sealed tube)
(24) H H
(1 part) (1.9 parts)
(47%)
H.C 10.0 Benzene 155 2 43
(20) (sealed tube) + Hgo
9
H.,C
(60)
Me3SiCH,CH=CH: 8.0 Benzene 135 60 71 10
(24 ® (sealed tube)
(1 part) (L4 parts)
(61%)
CH:f=CHCsHnN-7i 8.0 Benzene 135 60 47
(8) (sealed tube)
(1 part) (1.9 parts)
(24%)
EtjSiH 8.0 Benzene 135 60 63 EtaSiCHFCChMe
(24 ® (sealed tube) + HpO (25) (72%)

that the extrusion of FCCOR from PhHgCFXCOR
compounds should occur more readily. Previous work
in these laboratories had shown that thermolytic elim-
ination of fluorocarbenes is much more favorable than
elimination of the analogous chloro- or bromocarbenes.78

Results and Discussion

Mercurial Synthesis.—Phenyl (fluorochlorocarbome-
thoxymethyl) mercury could be prepared by a varia-
tion of our route to phenyl(trihalomethyl)mercury com-
pounds® (eq 1). It was found essential to neutralize
the reaction mixture at low temperature with dilute
HC1. When this step was omitted, no product could
be isolated. Application of this procedure to the re-
action of phenylmercuric chloride, ethyl bromofluoro-
acetate, and potassium ferf-butoxide gave the desired
PhHgCFBrCOXH5in only 8% vyield.

I.sf-BuOK 1IC1-HO
>

o

THE/-60°
PhHgCCIFCOXH3 (44%) + i-BuOH + KC1

PhHgCl + HCC1FCOXH3

€Y

(10)
(1969).

D. Seyferth and R. L. Lambert, Jr., J. Organometal. Chem., 16, 21

A second route to such mercurials is based on some
results of Knunyants and his coworkers,l1who reported
that halogenated vinyl ethers could be mercurated (eq
2) to give a mixture of products. We found that this
mixture, isolated as a heavy oil, could be converted
cleanly into the desired product, PhHgCFCICOZEt, by
a substituent redistribution reaction with diphenyl-
mercury. After filtration of the phenylmercuric chlo-
ride which had formed, phenyl(fluorochlorocarbo-
methoxymethyl)mercury was isolated in good yield. A
similar approach was used in the preparation of PhHg-
CFBrCOZEt (Scheme I).

All three of these mercurials are stable, crystalline
solids and were found to transfer FCCO2I to appro-
priate carbenophiles.

Divalent Carbon Transfer Chemistry.—When a
cyclooctene solution of PhHgCFCICOZEt was heated at

EtOH aq NacCl
EtOCF=CFCIl + HQ(N03)2--rmrmrms wmeemmmemmmcncs s

Hg(CFCICOEL)2+ CIHCFCICOA&t (2)

(11) V. R. Polishchuk, L. S. German, and |I.
Nauk SSSR, Ser. Khim., 2024 (1971).

L. Knunyants, 1zv. Akad.
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Scheme |

EtOH

CBrF=CFOEt + Hg(NOI),

Br F
\ / Br
C— HgNoO, OEt
O.NHgC— C.
C +
/\
F OEl

JEtOH

0 ;NHgCFBrCOjet + EtF + HNO;

Jaq Na('l

CIHgCFBrCO.Et
iphiHg in (\H

PhHQCFBrCOjEt + PhHGCKs)

144° under nitrogen for 36 hr, transfer of FCCOZEt to
the olefin occurred in high yield (eq 3). Precipitation

PhHgCFCICO,Et +

PhHgCI +
96%

1part 245 parts

85%

of phenylmorcuric chloride did not occur until the re-
action mixture was cooled. Further experiments with
other olefins established the generality of this transfer
reaction. Rather similar reactivity was exhibited by
PhHgCFCICOZH3 These reactions arc summarized
in Table 1. Although better product yields were ob-
tained when no diluent such as benzene was used, re-
actions in which benzene was present also gave reason-
ably good results. Both of these mercurials inserted
their respective divalent carbon species into the Si-H
bond of triethylsilane in good yield (eq 4), but attempted

PhHGCFCKXbR + Et®BiH — ?-
EtSICHFCOR + PhHgCl (4)

FCCOZEt insertion into C-H bonds known to be quite
reactive to CC12 (cumene and tetrahydrofuran)2 was
not successful.

The reaction conditions required for FCCOXR trans-
fer from PhHgCFCICOZR compounds, 2-3 days at 135-
145°, were rather severe. Since the elimination of
PhHgX from PhHgCCI2X compounds becomes more
facile as X is changed from Cl to Br to I,1B3it was ex-
pected and found that FCCO2t transfer proceeds more
readily from PhHgCFBrCOZt than from PhHgCFCI-
COZt. Thus a reaction of the former with cyclo-
octene (1:3 molar ratio) in benzene medium at 125°
gave 9-fluoro-9-earboethoxybicyclo[6.1.0]nonane in
74% vyield and phenylmercuric bromide in 83% yield
after only 20 hr. Other reactions are summarized

(12) D. Seyferth, J. M. Burliteli, K. Yamamoto, S. S. Washburne, and
C. J. Attridge, J. org. Chem ., 35, 1989 (1970).
(13) D. Seyferth and C. K. Haas, J. Organometal. Chem., 30, C38 (1971).

Seyfebth and Woodruff

in Table Il. Phenyl(fluorobromocarboethoxymethyl)-
mercury also reacted with triethylsilane to insert
FCCOZEt into the Si-H bond, but no C-H insertions
{e.g., with cyclooctane and 2,5-dihydrofuran) were
observed. Fluorocarboethoxycarbene addition to a
C=N bond also was achieved (eq 5).

PhHYCFBrCOIEt + PAN=CCh — >

PhN-——-CFCO/t + PhHgBr 0)

\ /
Cc

Cl2

It would be of interest to know the nature of the
transfer process involved in these reactions, i.e., whether
an FCCOR carbene intermediate actually is involved,
but the results in hand do not allow an answer to this
question. Mechanistic implications cannot be derived
from product yield comparisons between the various
olefins, and, since many of the reactions were carried out
in sealed tubes, even crude rate measurements were not
possible. With unrcactive substrates {e.g., cumene and
cyclooctane), starting mercurial recovery was high after
heating times which in the case of reactions with olefins
gave high phenylmercuric halide yields. However, this
observation also does not help to distinguish between a
direct transfer process and one involving a carbene inter-
mediate, In the case, of a carbene extrusion process,
such starting material recovery can be explained in
terms of continual regeneration of starting mercurial by
insertion of FCCORXR into the Hg-X bond of the phenyl-
mercuric halide formed in the extrusion step. Dichloro-
carbene extrusion from PhHgCCI2Br is known to be a
reversible process.¥4 In the present instance, the re-
versibility of carbene extrusion was implied by the find-
ing that, when the decomposition of PhHgCFBrCOZXEt
was carried out in the presence of 1 molar equiv of
phenylmercuric chloride, PhHgCFCICO02Et was formed
in 55% isolated yield, together with phenylmercuric
bromide (eq 6). This observation is best rationalized

PhCl, 133°
PhHgCFBrCOjEt + PhHQCIl---------- >

PhHgCFCICOjEt + PhHgBr (6)

in terms of FCCO>Et insertion into the Hg-Cl bond
of phenylmercuric chloride. The organomercury com-
pound formed, being more stable than the starting
mercurial, thus accumulates in the reaction mixture.

The absence of C-H insertion reactions in the chem-
istry of these new mercurials also provides no mecha-
nistic insight. Insertion reactions of bromocarbo-
ethoxycarbene occur in only low yield,5 and the sta-
bilizing effect of fluorine' relative to bromine on a singlet
state carbene center should increase the selectivity of
the FCCOXR species sufficiently so as to preclude C-H
insertion.

In any event, this limited investigation has shown the
PhHgCFXCOXR reagents to be useful I**CCOR transfer
agents, although the reaction conditions, ca. 1 day of
heating at 125°, are still rather severe. Since they serve
to introduce both a fluorine atom and a reactive func-
tional substituent into the product, they may find useful
synthetic applications.

(14) D. Seyferth, J. Y.-P. Mui, and J. M. Burlitch, J. Amer. Chem. Soc.,
89, 4953 (1967).
(15) U. Schollkopfand M. Reetz, Tetrahedron Lett., 1541 (1969).
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Table Il

Fluorocarboethoxycarbene Transfer Reactions of PhHgCBrFCOZEt

Mmol Reac-
of tion
Substrate mer- Solvent Reaction time,
(mmol) curial (ml) temp, °C hr
7.0 Benzene 125 20
) (sealed tube)
(21)
7.0 Benzene 125 20
@) (sealed tube)
Me3SiCH2XH=CH2 6.0 Benzene 135 24
(18) (6) (sealed tube)
CH2=CHCsHu-7I 6.0 Benzene 135 24
(18 (6) (sealed tube)
EtaSiH 7.0 Benzene 125 20
(21)\ 7) (sealed tube)
6.0 Olefin 125 24
) (sealed tube)
(neat)
PhN=CCI2 6.0 Benzene 125 24
(6.0) (6) (sealed tube)
6.0 Hydrocarbon 135 24
(6.0) (sealed tube)
(neat)

Experimental Section

General Comments.—All reactions were carried out in flame-
dried glassware under an atmosphere of dry nitrogen. Solvents
were dried before use. Sealed tube reactions were carried out
using a tube oven which was thermostatically controlled to
+2°. Proton nmr spectra were recorded using a Varian As-
sociates T60 or a Hitachi Perkin-Elmer R-20B spectrometer.
Chemical shifts are recorded in s units, parts per million down-
field from internal tetramethylsilane. Chloroform or dichloro-
methane were used as alternative internal standards when neces-
sary. Fluorine nmr spectra were recorded using the R-20B
spectrometer with accessory 1 FR generator (56.44G MHZz).
Fluorine chemical shifts are reported in parts per million upfield
from internal hexafluorobenzene. Infrared spectra wEre ob-
tained using a Perkin-Elmer Model 257 or 457A grating spectro-
photometer. Reactions of the PhlIgCFXCOzR compounds are
summarized in Tables | and Il. Characterization data for com-
pounds prepared are found in Table IIl. Two examples of the

Recov-
ered
start-
ing
Yield mate-
PhHgBrT, rial, Products (% yield based on
% % starting material consumed)
QR F
( part) (22 parts)
(74%)
€e]= F
80
H H
(@ part) (22 parts)
<59»
86 SMe, SiMVe,
( part) (L6 parts)
(129
7
( part) (29 parts)
(19»
93 EtsSiCHFCO.Et
(74%)
Mixed with 0
polymer and / \ (e0]=
F (60]=+
(@ part) (L3 parts)
(ca. 1B
38 Fh
(40-55)
68 No volatile products

general techniques used in these reactions are reported in detail.
All other reactions followed these procedures, with the exception
of those involving PhN=CCl2and PhHgCI as carbenophiles.

Preparation of the Organomercury Reagents. A. By the
Base Procedure.—A 500-ml, three-necked flask equipped with an
addition funnel, paddle stirrer, and Claisen adapter with low-
temperature (pentane) thermometer and a nitrogen inlet was
charged with 15.65 g (50 mmol) of phenylmercuric chloride, 8.86
g (70 mmol) of methyl fluorochloroacetate,5and 100 ml of THF.
In the addition funnel was prepared a solution of 7.85 g (70
mmol) of potassium icri-butoxide (MSA Research) in 50 ml of
THF, precipitated as the alcoh6late by addition of 6.6 ml (ca. 70
mmol) of ieri-butyl alcohol.

The reaction mixture was cooled to below —50° in a Dry Ice-

(16) (a) E. R. Larsen, J. Org. C hem 28, 1133 (1963). (b) R. S. Corley,
J. Lai, and M. W. Kane, J. Chem. Soc., 78, 3489 (1956). (c) B.
Englund, “Organic Syntheses,” Collect. Vol. 1V, Wiley, New York, N. Y.,
1963, pp 184, 423.

Amer.
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Table 111
R eaction Products
Registry Ir (C—O),
no. Structure” n2D Nmr (CCU), € ppm 19F nmr, ppm upfield from C«F6
38204-10-3 R 1.4652 1732 113 (t, J = 7 Hz, 3 H, 11.3 (t, J = 23.6 Hz)
och.chj)
F 0.75-1.81 (m, 14 11, ring H)
HH 4.06 (q, J = 7 Hz, 211,
OCHZXH3)
38204-09-0 1.4699 1746 113 (t, J = 7 Hz, 3 H, 57.0 (s, hr)
1729 OCHsCHa)
H 0.93-1.90 (m, 14 IT, ringH)
H 4.06 (q,d = 7Hz, 2H,
H OCHjCH.)
38324-35-5 QR 1.4559 1735 110 (t, J = 7Hz, 3 11 10.5 (t, J = 21.5 Hz)
OCHZXH?J)
" F 0.66-1.86 (m, 10 11, ring H)
H 403 (g, = 7Hz 211,
OCHsCHa)
38204-11-4 1.4580 1744 133 (t, J = 7 Hz, 3 H, 53.2 (s, hr)
1730 OCHSsCHa)
R 1.0-2.2 (m, 10 H, ring 11)
422 (q,J = 7Hz 2H,
. OCHsCHa)
38204-13-6 ?'Vb 1.4299" 1734 0.10 (s, 9 11, Me3Si) 14.6 (t, of d,
™H . 0.6-1.8 (complex m, 5 II, JFh —18.7 Hz,
SiCH2) JFHb = 8.5 Hz)
=4 1.37 (t, J = 7Hz, 3 H,
OCHZXH3)
H, H 419 (@, J = 7Hz, 2H,
. OCHSsCHs)
38204-12-5 ?’Vﬁ 1.43026 1749 0.14 (s, 9 11, Me3i) 45.0 (d of t,
CH 1733 0.7-1.7 (complex m, 5 Il, JK+Ha = 15.2 Hz,
F SiClI2) JF+b = 5.6 Hz)
H 1.36 (t, J = 7 Hz, 3H,
QH OCHZXH?J
4.18 (4, J = 7 Hz, 2H,
OCHZXH))
42086-83-9 Vv fee)=4 1.4267 1733 0.40-1.56 (m, 14 H, alkyl 21.7 (complex m)
J and ring I1)
rr % 1.15 (x,J = 7Hz, 311,
H H OCHZXHJ
4.08 (q,d = 7Hz 21T,
OCHsCHa)
42086-84-0 GH = 1.4271 1751 0.43-1.43 (m, 14 H, alkyl 46.1 (complex m, approximates
H 1732 and ring H) adoublet of triplets)
Fr oR 110 (t, J = 7 1z, 3 H,
H H OCHsCHa)
401 (9,0 = 7Hz 21,
OCHsCHa)
38204-14-7  EtaSiCHFCOSEt 1.4354 1752 0.42-1.2 (m, 15 H, 64.0 (d,/ = 48 Hz)
EtaSi)
1719 1.25 (t,J = 7 Hz, 311,
OCHZXHJ
4.06 (q,J = 7Hz, 2 H,
OCHjCHa)
482 (d, J = 47.2 liz, 1H,
SiICHFCOs-)
42117-05-5 Q F 1.4307 1731 1.16 (s, 6 H, Me2
H 1.21 (s, 6 H, Me,)
lee)=1 1.33 (t, J = 7 Hz, 3 H,
H™H, OCH,CHJ
418 (g, J = 7 Hz, 2 H,
OCHsCHa)
42117-06-6 Fh F 15190 1761 135 (t, .1=7 Hz 3 H,
OCHsCHa)
oE 434 (q,J = 7 Hz, 2 H,
4 OCH,CHa)

6.7-7.5 (m, 5 H,
Ph)
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Registry
no.

42086-85-1

42086-86-2

42117-08-8

42117-09-9

42086-87-3

42086-88-4

42086-89-5

42086-90-8

42086-91-9

42086-92-0

42086-93-1

42086-94-2

“ All compounds listed gave acceptable (+0.3%) carbon and hydrogen analyses.
formed, the mixture of isomers was analyzed.

Structure®

ch3 f

EtSiCHFCO2Me

nMD
1.4408

1.4492

1.4315

1.4362

1.4691

1.4727

1.4372

1.4330

1.4242

1.4262

1.4580

1.4604
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Tabie Il
(Continued)

Ir (C=0),
cm-1

1742

1750
1736

1735

1754
1727

1737

1751
1735

1753 (sh)
1738

1756
1738

1754 (sh)
1740

1756
1739

1738
1732 (sh)

1752
1748
1735

Nmr (CCL), 5 ppm

135 (t,/ = 7 Hz, 3 H,
OCHZCH?J)

2.1 and 2.4 (c of m, / hf =
18 Hz, 2 H, cyclopropyl H)

3.6-4.1 (m, 4 H, ring H)

4.24 (9, = 7Hz, 2 H,
OCH2XCH?J)

1.37 (t,/ = 7 Hz, 3 H,
OCHZCH3J)

2.25-2.45 (m, 2 H, cyclo-
propyl H)

4.10 (m, 4 H, ring H)

4.27 (q,/ = 7 Hz, 2 H,
OCHZCHYJ)

1.0-1.2 (m, 12 H, Me<)

3.75 (s, 3 H, OCH,)

0.44-1.22 (m, 15 H,
EtjSi)

3.62 (s, 3 H, OCH3)

484 (d,/ hf = 475
Hz, 1 H, SiCHFCCh-)

0.93-1.93 (m, 14 H, ring)
3.75 (s, 3 H, OCHJ)

0.93-2.08 (m, 14 H, ring)
3.75 (s, 3H, OCHJ

0.05 (s, 9 H, Me3®i)

0.56-1.70 (m, 5H, SiCH2c-

CH6
3.80 (s, 3 H, OCHJ)

0.08 (s, 9 H, MejSi)

0.41-1.61 (m, 5H, SiCH2c-
CH5Y

3.77 (s, 3 H, OCHJ

0.61-1.83 (m, 14 H, ring and
chain H)
3.80 (s, 3 H, OCHJ

0.66-1.66 (m, 14 H, ring and
chain H)
3.78 (s, 3 H, OCHYy)

1.0-2.1 (m, 10 H, ring H)
3.80 (s, 3 H, OCH3

3.75 (s, 3 H, GCHJ

19 nmr, ppm upfield from C«Fi
249 (t,/ hf = 18 Hz)

62.2 (t,/ = 3.2 Hz)

36.5 (s, br, some fine splitting
to Me)

64.9 (d, / hf = 47.9 Hz)

14.2 (t,/FH = 21.1 Hz)

60.0 (s, br) width at half height
=1lHz

25.4 (tofd, / frh= 19, / Ab =
8.5-10 Hz)
48.0 (d Oft, / FH, = 17,/ Ab =

5.3 Hz)

25.3 (complex m, approximates
atofd,/FH = 19,/ Ab =1
Hz)

50.2 (complex m, approximates
adoft /fh = 18,/ Ab =
5.3 Hz)

10.9 (t,/ h = 21.5 Hz)

54.2 (s, br, width at half height
= 13 Hz)

In those cases where two geometrical isomers were

b Refractive index of material ca. 95% pure, contaminated with its epimer.

acetone bath, and the solvated butoxide was added over a 15-min
period, keeping the temperature below —50° at all times. The
resulting clear solution was stirred at —50° for 30 min, then was
poured into 500 ml of cold w'ater containing 6 ml (70 mmol) of

concentrated HC1, to give a milky white, two-phase system.
The mixture was extracted with 500 ml of chloroform. The
chloroform was removed on a rotary evaporator to give a white,
crystalline residue, which was slurried in 100 ml of chloroform and
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filtered to remove phenylmercuric chloride. A 100-ml portion of
hexane was added, precipitating a small additional amount of
phenylmercuric chloride. The solution was placed in a freezer
overnight. Filtration gave, in two crops, 8.9 g (22 mmol, 44%)
of PhHgCFCIC02CH3. Material recrystallized twice from 1:1
chloroform-hexane gave a constant melting point of 115-117°.

The following analytical data support the assigned structure:
nmr (CDCI13) 87.41 (m, 5 H, C&H5) and 3.96 ppm (s, 3 H, OCH?3J);
ir (CC14) 3080 (w), 1965 (w), 1764 (vs), 1733 (vs), 1483 (w), 1434
(m), 1280 (vs), 1240 (sh), 1070 (m, br), 1028 (w), and 700 cm*“1
(m).

Anal. Calcd for CH&CIF02Hg:
C, 26.81; H, 2.05.

Essentially the same procedure was used in the reaction of 30
mmol of phenylmercuric chloride with 6.61 g (35.6 mmol) of ethyl
bromofluoroacetate7and 35 mmol of i-BuOK-i-BuOH in 150 ml
of THF at —50° for 1 hr. The same work-up procedure gave,
upon crystallization from 1:1 chloroform-hexane, 1.10g(8% )of
PhHgCFBrCOXt: mp 111-114° (two further recrystalliza-
tions gave a constant melting point of 113-115°); nmr (CDCI13) 8
135 (t, J = 7 Hz, 3 H, OCHXH3), 4.26 (q,/ = 7 Hz, 2 H,
OCH2), and 7.15 ppm (m, 5 H, Ph); 19 nmr (acetone) 36.9
ppm downfield from internal C&6(s, with Hg satellites, Jf hb =
565 Hz); ir (CCU) 3075 (w), 3060 (w), 2989 (m), 2960 (wi, 1753
(s), 1722 (vs), 1487 (w), 1465 (w), 1432 (m), 1385 (w), 1368 (w),
1295 (m), 1265 (sh), 1246 (vs, br), 1170 (w), 1091 (m), 1070
(sh), 1058 (s), 1035 (sh), 1026 (sh), 1000 (w), 911 (w), 860 (w), 700
(s), 618 cm-1 (m).

C, 26.81; H, 2.00. Found:

Anal. Calcd for CioHiBrFO2Hg: C, 26.01; H, 2.18; Br,
17.31. Found: C, 25.93; H, 2.18; Br, 17.57.

B. By the Olefin Mercuration Procedure. 1. Phenyl-
(fluorochlorocarboethoxymethyl)mercury.—A  250-ml  three-

necked flask equipped with an addition funnel and a magnetic
stirring bar was charged with 32.5 g (0.10 mol) of mercuric nitrate
(Merck, reagent) and 40 ml of absolute ethanol. From the addi-
tion funnel was added 15.0 g (0.118 mol) of ethyl 2-chloro-I,2-
difluorovinyl ether.88 The mercuric nitrate dissolved with heat
evolution. The resulting solution was stirred for 1 hr and then
was poured into a solution of 27.1 g (0.1 mol) of mercuric chloride
in 600 ml of distilled water. A dense white oil separated. Ex-
traction with chloroform followed by drying and removal of
solvent gave 35.0 g of a dense, light yellow oil. The oil was
diluted to 100.0 ml with benzene.

A solution of 3.54 g (10.0 mmol) of diphenylmercury in 40 ml
of benzene in an erlenmeyer flask was “ titrated” with the above
solution until phenylmercuric chloride no longer precipitated.
The end point was reached after addition of 15.0 ml of this solu-
tion. Filtration of the resulting mixture gave 3.16 g (10.0
mmol, 100%) of phenylmercuric chloride, mp 254-256°.  Solvent
was removed from the filtrate to give a white powder which was
washed with hexane and suction filtered to give 3.77 g of material,
mp 98-105°. Itecrystallization two times from methylene
chloride-hexane gave material of constant mp 101-105°, which
was identified as phenyl(chlorofluoroearboethoxymethyl)mercury
(9.05 mmol, 90%) on the basis of the following data: nmr (CD-
C13 81.33(t,/ = 7Hz,3H, OCHXH?3),4.35(q,J = 7Kz, 2 H,
OCH2CHDJ), and 7.13-7.47 ppm (m, 5 H, Ph); 19 nmr (acetone)
39.9 ppm downfield from internal C&6 (s, with Hg satellites,
JF-ug = 578 Hz); ir (CCU) 3070 (w), 3060 (w), 2985 (m), 2905
(w), 1758 (vs), 1730 (vs), 1432 (w), 1371 (w), 1300 (sh), 1268
(vs), 1239 (s), 1070 (s, br), 1030 (m), 730 (s), 700 (m), 672 (w),
and 679 cm-1 (w).

Anal. Calcd for CiHIOCIFO2Hg: C, 28.78;
8.50. Found: C, 28.80; H, 2.55; ClI, 8.78.

Based upon the stoichiometry used, the overall yield of the title
mercurial was 67 mmol (67%). The originally obtained mercura-
tion product is thought to consist of a mixture of CIHgCCIFCCb-
Et and Hg(CCIFCOZt)2 based upon its nmr spectrum, which
showed two overlapping quartets assigned to the CH?2 resonance
of the ethyl group.

H, 2.42; CI,

2. Phenyl(fluorobromocarboethoxymethyl)mercury.—The re-

quired starting material, ethyl 2-bromo-I,2-difluorovinyl ether,
was prepared in a two-step sequence from bromotrifluoroethylene.
A 250-ml three-necked flask equipped with a magnetic stirrer,
a gas addition tube extending to the bottom of the flask, and a
Dewar condenser was charged with 100 ml of absolute ethanol and
2.3 g (0.1 mol) of sodium. When the sodium had dissolved, the

(17) R. N. Haszeldine, 3. Chem. Soc., 4259 (1952).
(18) S. Dixon, J. Org. Chem., 21, 400 (1956).
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flask was cooled in an ice bath, and a total of 41.5 g (0.26 mol) of
bromotrifluoroethylene was distilled into the stirred sodium
ethoxide solution. When bromotrifluoroethylene no longer con-
densed on the cold finger, the reaction mixture was poured into
250 ml of cold water, separating a dense, yellow liquid. The
aqueous layer was extracted with two 25-ml portions of methylene
chloride, which were combined with the organic layer, washed
with cold water, dried over anhydrous magnesium sulfate, and
distilled. A fraction boiling at 102-107.5° (47.5 g, 0.25 mol,
96%) was collected (lit.IZbp 108°)and identified as 2-bromo-I,1,-
2-trifluoroethyl ethyl ether: rsa 1.3707 (lit.Zn®n 1.375); nmr
(CCh) 81.35 (t, J = 7 Hz, 3H, OCHZXH3J), 4.07 (q, / = 7 Hz,
2H, OCH2ZH?J), and 6.29 ppm (d of t, Jr- = 48 Hz, Jr-na =
5 Hz, 1H, CHFBrCF2); ir (thin film) 3000 (m), 2949 (w), 2930
(w), 2884 (w), 1485 (w), 1448 (w), 1412 (sh), 1380 (s), 1361 (s),
1307 (s, br), 1276 (s), 1254 (w), 1217 (vs, br), 1195 (s, br), 1149
(w), 1085 (vs, br), 1051 (vs, br), 1025 (sh), 936 (w), 912 (sh),
900 (m), 830 (m), 755 (s), 737 (s), and 681 cm*“1(w).

A 250-ml three-necked flask equipped with a paddle stirrer and
an addition funnel was charged with 13.4 g (120 mmol) of potas-
sium ert-butoxide (MSA Research) and 30 ml of ra-decane.
From the addition funnel was added 20.7 g (100 mmol) of 2-
bromo-I,1,2-trifluoroethyl ethyl ether over a 5-min period. A
pale yellow color developed, and the mixture became somewhat
viscous. The reaction was mildly exothermic. The addition
funnel was immediately replaced with a 6-in. Yigreux column and
stillhead, an additional 10 ml of n-decane was added to aid stir-
ring, and the mixture was heated to distil out volatiles. Two low-
boiling fractions (I, 81-83°, and 11, 83-90°) were examined by glc
and found to contain principally ieri-butyl alcohol. A third
fraction (91-101°) was virtually pure I-bromo-I,2-difluorovinyl
ethyl ether (7.82 g, 42 mmol, 42%), and a fourth fraction, 101—
115°, was found to contain the I-bromo-I,2-difluorovinyl ethyl
ether and n-decane. Both of the higher boiling fractions
were suitable for use in the preparation of bromofluorocarbo-
ethoxymethylmercurie chloride. The infrared spectrum of a
portion of fraction 11l was identical with that of an authentic
sample of the ether prepared previously and characterized on the
basis of the following analytical data: nmr (CC1() (mixed cis and
trans) 81.41 (t, / = 7 Hz, 3 H, OCH2ZH?3) and 4.03 and 4.05
ppm [2t,J = 7 Hz, 2 H (combined), OCH2CH3J; ir (thin film)
3000 (m), 2919 (w), 1867 (vs), 1743 (s), 1480 (w), 1445 (w), 1395
(w), 1377 (m), 1275 (vs), 1251 (sh), 1196 (s), 1165 (vs), 1110 (m),
1070 (vs), 1048 (sh), 1027 (s), 996 (m), 985 (sh), 880 (s, br),
and 690 cm*“1(m); naD (mixture of isomers, as obtained) 1.3961.

Anal. Calcd for CHBrFD: C, 25.69; H, 2.70; Br, 42.74.
Found (mixed isomers): C, 25.61; H, 2.73; Br, 42.93.

The preparation of the mercurial then was accomplished as
follows.

A 250-ml three-necked flask equipped with an addition funnel
and a paddle stirrer was charged with 13.0 g (40 mmol) of mer-
curic nitrate and 60 ml of absolute ethanol. From the addition
funnel was added 7.8 g (42 mmol) of ethyl 2-bromodifluorovinyl
ether over a 5-min period. The mixture became homogeneous,
and a yellow color appeared. Cooling was required to moderate
the reaction. The solution was stirred for 10 min at 0°, then 2.34
g (40 mmol) of NaCl in 50 ml of water was added. The mixture
became cloudy. The mixture was poured into an additional 100
ml of water and extracted with two 200-ml portions of chloroform.
Filtration removed a small amount of yellow powder, leaving a
colorless, homogeneous solution. The solvent was removed on a
rotary evaporator and the oily white residue was taken up in
benzene and diluted to 50.0 ml. A 3.54-g (10.0 mmol) portion of
diphenylmercury in 40 ml of benzene was “ titrated” with the
mercurial solution. After addition of 24 ml of the latter, a pre-
cipitate of phenylmercuric chloride no longer appeared on addi-
tion of 1drop of the solution. The remaining 26 ml of solution
was added to another 10 mmol of diphenylmercury, and the
mercurial slurries were combined and filtered to give 6.20 g (19.8
mmol) of phenylmercuric chloride (99%), mp 256°. The filtrate
was concentrated on a rotary evaporator, then precipitated by
addition of cold hexane, giving 9.0 g (19.5 mmol) of the title
mercurial, mp 113-115° (49% based on starting mercuric ni-
trate).

The spectroscopic properties of this product were identical with
those of the material obtained by the base reaction (see above).

Reaction of Phenyl(fluorochlorocarboethoxymethyl)mercury
with Cyclooctene.—A 100-ml three-necked flask equipped with a
reflux condenser, a thermometer, and a magnetic stirring bar was
charged with 5.0 g (12.0 mmol) of the mercurial and 20 ml (ca.
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150 mmol) of cyclooctene. The mixture was heated to reflux,
becoming homogeneous at ca. 100°. Heating was continued at
143-145° for 36 hr. On cooling, the flask was filled with a pre-
cipitate of phenylmercuric chloride. The mixture was filtered
to give 3.63 g (11.6 mmol, 96%) of phenylmercuric chloride, mp
255-261°. Glc examination of the filtrate indicated the pres-
ence of two products (MIT isothermal glc, 4 ft SE-30, 142°). A
portion of the filtrate was saved for analysis and the remainder
was distilled in vacuo in two fractions: 1, 0.04 mm, to room
temperature; 11, 0.04 mm, 61-155°. Fraction Il was analyzed
by glc and found to contain two products: A, minor product,
retention time 4.2 min; B, major product, retention time 5.5
min. They were separated by preparative glc (F & M 720, 6
ft DC-200, 180°) and identified as 9-ezo-fluoro-9-endo-carboeth-
oxybicyclo[6.1.0]nonane (A) and 9-en<fo-fluoro-9-iu;o-carboeth-
oxybicyclo[6.1.0]nonane (B) on the basis of the analytical data
shown in Table I11.

Fraction Il (2.07 g) contained no other products; thus the
distilled yield of mixed isomers of 9-fluoro-9-carboethoxybicyclo-
[6.1.0]nonane was 9.67 mmol (80%). Glc yield analysis in-
dicated the overall yield to be 85%. The products were formed
in a ratio of 1:2.45 in order of elution on glc.

The assignment of structure for the two isomers is based on the
fact that in fluorocyclopropanes, Jhf (cis) > Jhf (trans).19
Thus, the 18 nmr spectrum of A appeared as a triplet, Jhf =
23.6 Hz, at 11.3 ppm upfield from internal hexafluorobenzene,
while the corresponding fluorine signal of B appeared as a broad-
ened singlet at 57.0 ppm, with a width at half height of 8.5 Hz.D
The limit for J in this system thus becomes 4.25 Hz. Precedent
for such assignments may be found, for example, in the case of
7-phenyl-7-fluoronorcarane.2l

Reaction of Phenyl(chlorofluorocarboethoxymethyl)mercury
with Cyclohexene.— A heavy-walled Pyrex tube (flame dried and
flushed with nitrogen) was charged with 5.0 g (12.0 mmol) of the
mercurial and 20 ml of cyclohexene. It was evacuated to ca. 0.5
mm and sealed. The sealed tube was heated in a tube oven at
133° for 24 hr with occasional agitation. When removed from
the oven, the contents of the tube were homogeneous, but on
cooling, the tube was filled with a precipitate. Filtration of the
reaction mixture gave a white, crystalline solid, mp 255-258°,
identified as phenylmercuric chloride (2.97 g, 9.5 mmol, 79%),
and traces of elemental mercury. A portion of the filtrate was
saved for yield analysis, and the remainder was distilled in vacuo
in two fractions: 1, 0.04 mm, to room temperature; 11, 0.04
mm, 37-43°. Glc analysis of fraction Il (F & M 5750, 4 ft
UCW 98, 145°) showed six products. However, two of these
accounted for ca. 88% of the fraction. These were separated by
preparative glc (F & M 720, 6 ft DC-200, 155°) and identified as
the two isomers of 7-fluoro-7-carboethoxybicyclo[4.1.0]heptane
on the basis of the analytical data shown in Table I11.  Crystalli-
zation of the pot residue from distillation from hexane gave 0.95 g

(19) K. L. Williamson. Y.-F. Li, F. H. Hall, and S. Swager, J. Amer. Chem.
Soc.. 88, 5678 (1966).

(20) The half-height width of a singlet may he taken as the limiting value
approached by 23 for the same peak interpreted as a poorly resolved 1:2:1
triplet.

(21) T. Ando, Y. Kotoku, H. Yamanaka, and W. Funusaka, Tetrahedron
Lett., 2479 (1968).
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{ca. 19%) of starting mercurial. Glc yield analysis (MIT iso-
thermal glc, SE-30, 142°) indicated the overall yield of 7-fluoro-7-
carboethoxybicyclo[4.1.0]heptane to be 69%, based on starting
mercurial consumed.

Reaction of Phenyl(fluorobromocarboethoxymethyl)mercury
with W-Phenyliminophosgene.—A reaction of 6 mmol of the
mercurial with 1.04 g (6 mmol) of PhN=CCI2in 6 ml of dry ben-
zene was carried out in a sealed tube at 125° for 24 hr.  After the
tube had been opened, filtration removed 0.82 g (38%) of phenyl-
mercuric bromide, mp 276-278°, from the light yellow solution.
Glc examination of the filtrate showed the presence of PhN=CCI2
(47%) and a higher boiling product. Vacuum distillation re-
moved the solvent and the unconverted PhN=CCI2 The pot
residue was dissolved in ether and treated with a small amount of
hexane to precipitate 0.6 g (22%) of starting mercurial. The
remaining material was chromatographed on a small silicic acid
column. The first fraction to elute (using 1:1 v/v hexane-
dichloromethane) was a colorless oil which was purified by pre-
parative glc (F & M 700, 6 ft UCW 98, 175°) and identified as
I-phenyl-2,2-dichloro-3-fluoro-3-carboethoxyaziridine (Table I11).
Its yield, estimated by glc, was ca. 50%. The second fraction to
elute crystallized upon removal of solvent to give another 0.4 g of
PhHgCFBrCO02Et, making a total recovery of 36%.

Reaction of Phenyl(fluorobromocarboethoxymethyl)mercury
with Phenylmercuric Chloride.—A 50-ml flask equipped with a
magnetic stirring bar and a reflux condenser with a nitrogen inlet
tube was charged with 2.13 g (4.6 mmol) of the mercurial, 1.45 g
(4.6 mmol) of phenylmercuric chloride, and 10 ml of dry chloro-
benzene. The mixture was stirred and heated at reflux for 4 hr.
As the reflux temperature was reached, the reaction mixture be-
came homogeneous, and as the heating period progressed, gradual
precipitation of a flaky white solid was observed. The mixture
was cooled and filtered to leave 1.87 g of white solid, mp 271-
277°, assumed to be mostly PhHgBr containing some PhHgCI.
The filtrate was evaporated. Addition of pentane to the residue
and refrigeration produced 1.06 g of white solid, mp 99-101°,
identified as PhHgCFCICOZEt (ir and nmr). The absence of
significant amounts of PhHgCFBrCOZXt was indicated by the
absence of the Br-C stretch at 618 cm-1. Recrystallization
raised the melting point to 101-105°.
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The reaction of 0.1 equiv of EADC under mild conditions on some styrene derivatives gives rise mainly to the

formation of indan-type cyclic dimers and in some cases also cyclic trimers.

The initially formed carbonium

ion can simultaneously also lead by different pathways to products derived from alkylation of the aromatic

solvent or to a reduced hydrocarbon.
to liberate ethylene.

It has been found in our laboratory2that EADC acts
as a very potent catalyst in the cycloalkylation of
benzene, giving rise to cycloalkylbenzenes in almost
guantitative conversion in a few minutes at room
temperature. In this reaction, the EADC functions in
catalytic amounts as a Lewis acid in a typical Friedel-
Crafts alkylation.

It has also been known that some styrene derivatives
undergo a cyclodimerization reaction to form saturated
indan-type derivatives when treated with acids or
Lewis acids. Thus Bergmann, et al.,3showed that by
the action of an acid and a Lewis acid on «-methyl-
styrene (1) the saturated dimer |[,1,3-trimethvl-3-
phenylindan (2) is obtained. Similarly, 1,1-diphenyl-
ethylene (3) gave 1,3,3-triphenyl-I-methylindan (4) as
saturated dimer.4

In a recent communication,5Alberola has shown that
styrene and some styrene derivatives like «-methyl-
styrene, /3-methylstyrene, |;l-diphenylethylene, or 1,1-
diphenylpropene-1 undergo a hydroalumination reaction
in 70-90% vyield when carried out in benzene solution
at 80° in the presence of an equivalent amount of
diethylaluminum chloride (DEAC). Hydrolysis of
the organometallic intermediate gave rise to the cor-
responding alkane.6 An intramolecular hydride ion
shift from the ethyl group of the reagent accompanied
by a release of ethylene was shown to have taken place.
Similar results were obtained by the action of ethyl-
aluminum dichloride (EADC).

The above results prompted us to repeat Alberola’s
experiment on a-methylstyrene. In fact we carried
out the reaction on a benzene solution of 1 in the
presence of EADC under both “drastic” and “mild”
conditions. Under the drastic conditions we tried to
follow as closely as possible the conditions used by

(1) Presented firstin Tel-Aviv at the annual meeting of the Israel Chemi-
cal Society; cf. R. Wolovsky and N. Maoz, Proceedings of the 41st Annual
Meeting of the Israel Chemical Society, 1971, p 222.

(2) (a) R. Wolovsky and N. Maoz, Israel J. Chem., 8, 6p (1970); (b)
R. Wolovsky, N. Maoz, and Z. Nir, Synthesis, 656 (1970); (c) R. Wolovsky
and N. Maoz, Proceedings of the 41st Annual Meeting of the Israel Chemical
Society, 1971, p 221.

(3) (a) E. Bergmann, H. Taubadel, and H. Weiss, chem. Ber., 64B, 1493
(1931); (b) J. C. Petropoulos and J. J. Fischer, 3. Amer. Chem. Soc., 80,
1938 (1958); (c) R. L. McLaughlin, U. S. Patent 3,161,692 (1964); Chem
Abstr., 62, 9082d (1965).

(4) (a) E. Bergmann and H. Weiss, Justus Liebigs Ann. Chem., 480, 49
(1930); (b) A. G. Evans and D. Price, J. Chem. Soc., 2982 (1959); (c) A. G.
Evans and D. Oven, ibid., 4123 (1959); (d) A. G. Evans, E. A. James, and
E. D. Oven, ibid., 3532 (1959); (e) A. Uchida, Y. Hamano, Y. Mukai, and
S. Matsuda, Ind. Eng. Chem. Prod. Res. Develop., 10, 372 (1971).

(5) A. Alberola, Tetrahedron Lett., 3471 (1970).

(6) The hydroalumination reaction of butadiene by triisobutylaluminum
followed by hydrolysis with methanol to yield 29% of butane in addition to
other products was observed in the polymerization reaction under conditions
where no solvent was used; cf. E. Marcus, D. L. MacPeak, and S. T. Tinsley,
J. Org. Chem.., 34, 1931 (1969).

The latrer is not a catalytic process as it consumes 1 equiv of the reagent

Alberola, i.e., 1 equiv of EADC under reflux in benzene
for 5 hr. Under the mild conditions we allowed only
0.1 equiv of EADC to react for 5 min at room tempera-
ture. In both cases the main products obtained by us
were the substituted indan-type dimer 2 and trimer
1,3-dimethyl-I- (2'-methyl-2'-phenylpropyl)-3-phenylin-
dan (5) as given in Scheme I.

Scheme |

benzene

CH,

The reaction of «-methylstyrene with EADC vyielded
dimers and trimers in different proportions depending
on temperature, as shown in Table 1.

Table |

Reaction of «-M ethylstyrene in Benzene in the

Presence of EADC at Various Temperatures

Temp, °C 4« 25¢ 805
Cyclic dimer' 2, % 37 52 73
Cyclic trimer' 5, % 55 28 13

“EADC, 0.1 equiv. bEADC,
calculated from glc curves.

1 equiv. ' The yields are

/3-Methylstyrene (6) similarly gave under mild
conditions 46% of the cyclic dimer l-ethyl-2-methyl-3-
phenylindan (7) and 17% of the cyclic trimer [I-(3'-
phenyl-2'-pentyl)-2-methyl-3-phenylindan (8).

Reaction of 1,1-diphenylethylene (3) with EADC in
benzene yielded under mild conditions 70% of the
known cyclic dimer 4 through path A (vide infra,
Scheme I1), 11% of the saturated product 1,1-diphenyl-
ethane (9) obtained via path C, and some higher
boiling products. However, under the drastic condi-
tions, the cyclic dimer 4 initially formed underwent a
further decomposition reaction to produce a new cyclic
product, I-methyl-3,3-diphenylindan (10).
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Scheme |l

Et
\ / EADC
(cat.)
R = HR = Ph
CH CH.
R
<=CH. C—CHA1—C
N N ~
a - e
) R1=CH;R-=H
(1 cquiv)

R = Ph:R-= H

ira»s-Stilbene (11) reacted under mild conditions via
path A to yield 73% of the cyclic dimer I-benzyl-2.3-
diphenylindan7 (12) as well as 10% of 1,1,2-triphenyl-

ethane (13) by path B (alkylation of the solvtuit). cis-
Stilbent' (14) reacted similarly to yield 34% of 12
through path A and 47% of 13 via path B.

(7) (a) E. Bergmann, D. Winter, and W. .Schreiber, Justus Liebigs Ann.

Chem., 500, 122 (1933); (b) G. Montaudoand G. Purrelo, Ann. Chim. {Home),
51,865 (1961); Chem. Abstr.,56, 10021#/ (1962); (c) M. Sall.wedel, V. Wer-
ner, and D. Schulte-Frohlinde, Angew. Chem., 76, 989 (1964).

(Q>
Q

13
alkylated product

CH; CH
/ Et
C—CH —C—CH AlI—CI + 5
"\
cl
16
dimerization and
trimerization products
CH.=CH. + CHCH;

reduced product

Experimental Section

Materials.—«-Methylstyrene, 0-methylstyrene, and trans-
stilbene were purchased from Fluka, cfs-stilbene from Koch-
Light, and 1,1-diphenylethylene from Eastman. «-Methyl-
styrene was distilled before use; all other starting materials
were used as purchased. EADC was obtained from Texas
Alkyls as a 20% solution in benzene (1 ml of solution =1.6
mmole of EAEC). Benzene was distilled over sodium before
use. All reacti ms were carried out under a nitrogen atmosphere
and the EADC reagent solutions were added with a syringe to
the magnetically stirred solutions. The products were checked
for their purity by glc.

Instruments.—Nmr spectra were taken on a Varian A-60
instrument in CCh solution using TAIS as an internal standard.
The decoupling experiment was carried out on a Broker HFX-10
instrument operating at 90 MHz. Mass spectra were run on an
AtlasCH4 mass spectrometer. Aslightly modified Packard Model
7400 series research gas chromatograph, to which an additional
heater was added, was used for the glc analyses. A flame ioniza-
tion detector was used throughout in conjunction with a 1:10
gas splitter for sample collection. Aluminum columns 6 ft X 0.25
in. 0.d. filled wi.h 0.5% OV 17 on Chromosorb W were used; the
nitrogen flow rate was 300 ml/min.

Reaction of «-Methylstyrene (1). A. Mild Conditions.—To
a solution of 1.18 g (0.01 mol) of 1in 30 ml of benzene, 0.64 ml
(0.001 mol) of a benzene solution of EADC was added. A red
color developed immediately. The reaction mixture was
stirred for 5 min at room temperature and terminated by adding
a few drops of methanol. The solution was then washed with
water and dried over anhydrous sodium sulfate, and the benzene
was removed. The remaining oily residue was distilled in a
Biichi ball-tube fractionator. The cyclic dimer 2 distilled at
S0° (0.1 nun), yielding 0.07 g (57%) of an oil5 (lit.9 mp 52°),
m/e 236, glc retention time 2.3 min (programmed between 60
and 300° at a rate of 30°/min), and the cyclic trimer 5 distilled
at 135° (0.1 mm), yielding 0.33 g (28%) of a mixture of isomers,
m/e 354, retention time 4.5 min.

B. Drastic Conditions.—The reaction was carried out as
above, but now equimolar quantities of EADC reagent were

(8) R. A. Renkeser, J. Hooz, T. V. Liston, and E. A. Tresillyan, 3. Amer.

Chem. Hoc., 85, .1984 (196.1).
(9) I, M. Adams, It. 3. Lee, and F. T. Wadsworth, J. orff. Chem., 24,
1186 (1959).
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used and the mixture was refluxed for 5 hr. The same products
as above were obtained but the proportions were different (c/.
Table I).

ira??.s-/3-Methylstyrene (6).—To a solution of 1.18 g (0.01 mol)
of 6 in 30 ml of benzene, 2 ml (0.0032 mol) of a 20% benzene
solution of EADC was added, causing development of a yellowish
color. The reaction mixture was stirred for 15 min at room tem-
perature and terminated with methanol as above. The benzene
solution was washed, dried, and evaporated. The remaining oil
was chromatographed on 150 g of basic Woelm alumina using as
eluent increasing proportions of benzene in hexane. There was
obtained 0.55 g (47%) of the cyclic dimer®D 7 as a mixture of
isomers, m/e 236, retention time 2.4 min (under conditions as
above). Then the cyclic trimer 8 (mixture of isomers) was
eluted, 0.20 g (17%), m/e 354, retention time 4.7 min. Further
elution gave mixtures of higher molecular weight products which
were not analyzed.

1,1-Diphenylethylene (3). A.—A 1.8-g (0.01 mol) portion of
3 was dissolved in 30 ml of benzene to which 0.8 ml (0.0013 mol)
of a 20% benzene solution of EADC was added. A green color
developed immediately. After stirring at room temperature for
5 min, the reaction was terminated with methanol and worked
up as above, leaving a residue of 1.71 g. Chromatography as
above gave fractions which were analyzed by glo and combined
accordingly. There was obtained first 0.2 g (11%,) of 1,1-
diphenylethanell (9), m/e 182, retention time 1.5 min (when
programmed between 100 and 400° at a rate of 40°/min).
Second to elute was the cyclic dimer 1,3,3-triphenyl-lI-methyl-
indan (4), 1.25 g (70%), m/e 360, mp 143° (lit.o mp 143°; also
cf. ref 13), retention time 2.9 min. Then followed by elution
higher molecular weight unidentified products.

B. —To asolution of 1.8 g (0.01 mol) of 3in 30% ml of benzene

was added 7 ml (0.011 mol) of the 20% EADC reagent. The
reaction mixture was stirred at room temperature for 5 hr,
decomposed with dilute HC1, and worked up as above to give
1.66 g of anoil. The oil was dissolved in chloroform, and, upon
addition of hexane, 0.59 g (33%) of the crude dimer 4 was
precipitated, mp 137-140°. The remaining 1.07 g was chro-
matographed as above to render first 0.15 g (8%) of 9, m/e 182,
retention time 1.5 min, followed by* 0.31 g (17%) of the degra-

dation product I-methyl-3,3-diphenylindan (10), m/e 284,
retention time 2.2 min, mp 89-90° from ethyl acetate.
Anal. Calcd for CZHAQ C, 92.91; H, 7.09. Found; C,

93.06; H, 7.20.

The third compound to be eluted was the cyclic dimer 4, 0.31 g
(17%), mp 143-144°. The last to elute were again higher
molecular weight unidentified product mixtures.

C. —The reaction was carried out with 1 equiv of EADC as

above but now under reflux for 5 hr. Work-up and chroma-
tography yielded 0.20 g (11%) of 9, 0.27 g (15%) of 10, and 0.34
g (19%) of 4.

1,3,3-Triphenyl-I-methylindan (4).—To a solution of 0.36 g
(0.001 mol) of 4 in 6 ml of benzene was added 0.7 ml (0.0011
mol) of the 20% EADC reagent and the mixture was refluxed for
5 hr. Decomposition with dilute HC1 and work-up yielded 0.33
g of an oil. Trituration with ethanol recovered 0.2 g (55%) of
crystalline starting material 4. Chromatography of the residue
yielded 0.11 g (31%) of crystalline 10, mp 88-89°, m/e 284,
retention time 2.2 min. A mixture melting point with 10 ob-
tained from the reaction of 3 gave no depression. Following
from the chromatography there were recovered 3% of 4 and
other unidentified products.

frans-Stilbene (11).— A solution of 1.8 g (0.01 mol) of 11 in 30
ml of benzene was treated with 0.64 ml (0.001 mol) of a 20%
EADC-benzene solution. A red color developed immediately
upon the addition of the reagent. Stirring for 5 min at room
temperature followed by decomposition with methanol and
work-up yielded an oil that was distilled at 0.1 mm in a Biichi
ball-tube fractionator to give three fractions. Fraction A,
distilling at 80°, gave 0.01 g of starting material 11. Fraction B,
distilling at 140°, gave 0.55 g of a mixture of 12, m/e 360, reten-
tion time 3.0 min, and 13, m/e 258, retention time 2.2 min.
Fraction C, distilling at 170°, gave 0.95 g of 12 only as a mixture
of isomers (lit.7a mp 184°), m/e 360, retention time 3.0 min.
Chromatographic separation of fraction B gave 0.18 g of pure 13

(10) (a) J. At. Van tier Zaden and Th. R. Rix, Reel. Trav. Chim. Paye-Bas,
76, 1166 (1956); (I>) ibid..76, 1343 (1956).

(11) "Dictionary of Carbon Compounds.” Vol. V. Oxford University
Press, London, 1965, p 1279.
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and 0.34 g of pure 12.
and 72%, respectively.

c?s-Stilbene (14).—The reaction of 14 was carried out in the
same way as that with 11. The yields were 0.93 g (52%) of the
alkylation product 13, mp 54-55° from ethanol (lit.22mp 54.5°),
and 0.68 g (38%) of the cyclic dimer 12 (isomer mixturel3).

The overall yields of 13 and 12 were 10

Discussion

When a certain styrene derivative is allowed to react
with EADC in benzene solution, the EADC reagent4
attacks the double bond to produce first a carbonium
ion (15), which may in turn react further in one or more
of the pathways A, B, and C outlined in Scheme 11,
depending on the derivative and conditions used.
Path A leads to the formation of cyclic dimers and
trimers, path B leads to alkylation products of the
solvent (benzene), Avhile path C, consuming the
reagent in a noncatalytic reaction, leads after hydrolysis
to the reduced product. As illustrated in Scheme 11,
path A, the monomeric carbonium ion 15 reacts with a
second molecule' of 1 to produce the dimeric carbonium
ion 16. The latter may now react in two ways: (a) it
may undergo an intramolecular ring closure to render the
indan system 17, which Avith the aid of a proton released
in the cyclization step regenerates the catalyst and
forms the dimer 2, or, alternatively, (b) it may first
undergo an oligomerization step by the attack of
another molecule of a-methylstyrene to form a trimeric
carbonium ion5 18, followed by cyclization in an ir-
reversible intramolecular attack. The proton liberated
in the cyclization reaction regenerates the catalyst,
giving rise to the cyclic trimer 5 (Scheme II1). The
action of catalyst regeneration can take place whether
the molecule is in the monomeric or oligomeric stage as
well as whether in the carbonium ion, cyclized, or un-
saturated form (vide infra). Path A thus requires
only catalytic amounts of EADC. For similar reasons
catalytic amounts are sufficient also for path B.

An additional pool from Avhich protons can tempo-
rarily be “borrowed” to regenerate the catalyst (and
thus make it more efficient) is the reversible, very
fast reaction of the linear dimer or trimer carbonium
ions 16 and 18 to form the corresponding unsaturated
linear compounds, thereby acting as an auxiliary pool
for temporarily available protons.

The irreversible intramolecular formation of the
indan type dimer and trimer is very considerably
enhanced through the “locking” effectl7 of the sub-
stituents on the side chain. The «-substituted side
chain in the carbonium ion of the linear dimer or
trimer forces a preferred conformation to prevail with
the carbonium ion in close proximity to the ortho
position of the neighboring aromatic ring. The
intramolecular cyclization is thus a more preferred
reaction over the competing intermolecular attack of

(12) Reference 11, p 3199.

(13) Seeref 7.

(14) C. G. Overberger, E. M. Pearce, and D. Tanner, J. Amer. Chem. Soc.,
80, 1761 (1958).

(15) The possibility that very small amounts of promoting substances or
cocatalysts (e.g., traces of water, protonic acids, or alkyl halides) combine
with the EADC to form an ionic complex which provides the cations neces-
sary for the initiation of the reaction cannot be excluded.

(16) L. R. C. Barclay, “Friedel-Crafts and Related Reactions,” Vol. II.
Part2, G. A. Olah, Ed., Interscience, New York. N. Y., 1964, p 944.

(17) (a) S. Milstein and L. A. Cohen, Proc. Nat. Acad. Sci. U. s., 67,
1143 (1970); (D) 3. Amer. chem. soc., 92, 4377 (1970); (c) ibid., 94, 9158
(1972).
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Scheme Il

another monomer to give oligomerization. Cycliza-
tion rate enhancement due to the r/fem-dimethyl effect
in somewhat related systems has been shownXZ’ to
increase cyclization rates by a factor as high as 106

At a somewhat lower temperature (4°) a-methyl-
styrene yielded more trimer than dimer (trimer:dimer
1.48), while at higher temperature this relation changes
considerably (at 25° trimer:dimer 0.54 and at 80°
trimer:dimer 0.18). This result may be a reflection of
the difference in the dependence of reaction rates on
temperature of the two competing reactions. Cationic
polymerizations®8 of a-methylstyrene are known to
take place at low temperature (~ —80°); however, at
room temperature only dimers and trimers were ob-
served.

Reaction of /3-methylstyrene through path A yielded
similar results to those of «methylstyrene but in
lower yield. This may be attributed to the fact that
the chain is less substituted in the a position to the
aromatic ring.

Path B represents alkylation of the aromatic solvent
by the olefin. The carbonium ion 15 of trans- or cis-
stilbene, in addition to the dimerization reaction to
some extent through path A, reacts to a larger extent
with the benzene used as solvent to produce the
alkylation product 1,1,2-triphenylethane (13) in sub-
stantial yield. This reaction requires also only cata-
lytic amount of the reagent (vide supra). Path C
involves an intramolecular hydride ion shift from the
ethyl group of the reagent, leading after hydrolysis to
the reduction of the double bond5 along with the con-
sumption of an equimolar quantity of EADC. This
pathway has taken place to some extent in the reaction
of 1,1-diphenylethylene along with its main reaction
through path A, leading to the corresponding cyclic
dimer 4.

Nmr Spectra.19—The cyclic dimer of «-methylstyrene
possesses an asymmetric carbon atom next to the
methylene®of the indan ring. The nonequivalence of
the geminal protons in the nonplanar five-membered

(18) (a) F. S. Dainton and R. H. Tomlinson, J. Chem. Soc., 151 (1953);
(b) D. C. Pepper, Quart. Rev., Chem. Soc., 8, 88 (1954); (c) “Friedel-Crafts
and Related Reactions,” Vol. Il, Part 2, G. A. Olah, Ed., Interscience, New
York, N. Y., 1964, p 1293.

(19) See paragraph atend of paper regarding supplementary material.

(20) R. M. Silverstein and G. C. Bassler, ‘‘Spectroscopic Identification of
Organic Compounds,” 2nd ed, Wiley, New York, N. Y., 1967, p 129.

ring is exhibited in their nmr spectrum giving rise to an
AB pattern quartet centered at 2.3 ppm with a splitting
constant./ = 13 Hz. Similarly, and for the very same
reason, the cyclic dimer of 1,1-diphenylethylene shows
in the nmr for the geminal protons a quartet centered
at 3.7 ppm with a splitting constant of J = 14 Hz.
The nonequivalent methylene protons in 10, in addition
to their geminal splitting, are also split by the presence
of avicinal proton next to the methylene, giving rise to a
somewhat more complex pattern in the region 3.3-2.2
ppm for all three protons. The methyl protons of
this compound, however, are split by their geminal
proton into a doublet centered at 1.4 ppm with J = 6
Hz. A similar splitting constant of J = 6 Hz was
obtained for the methyl doublet also when taken on a
90-MHz instrument. A decoupling experiment was
conducted where the methyl doublet collapsed into a
singlet upon irradiation at a frequency of 3 ppm.

Compounds 5, 7, 8, and 12 are most probably mix-
tures of geometrical isomers, a fact that is well reflected
in the complexity of their nmr spectra. Of particular
mention may be the cyclic dimer of stilbene 12, where
the isomer mixture derived from irans-stilbene was
different from the mixture derived from cis-stilbene.
This is also well reflected in the difference in the rela-
tive abundance of various peaks in the mass spectro-
metric fragmentation.

The cyclic nature of the dimers, trimers, and the
degradation product 10 obtained in these reactions was
based mainly on the proper ratio obtained in their
nmr spectra between the aromatic and aliphatic pro-
tons.

Mass Spectra.19—The mass spectra of all the 3-
phenylindan derivatives taken exhibit a common gen-
eral fragmentation pattern. The common step in the
fragmentation of the molecular ion is rupture of a sub-
stituent in position 1, leaving a positive charge stabilized
at the benzylic position 1, while a phenyl substituent at
position 3 is still attached to the indan nucleus. This is
followed by a loss of a neutral molecule CeH6 (phenyl
from position 3 and hydrogen from position 2) to give
an indan carbonium ion which is now stabilized by two
benzylic positions, 1 and 3.

Degradation of 4 to 10.—In the reaction of 1,1-di-
phenylethylene with 1 equiv of EADC on prolonged



4044 J. Org. Chem., Vol. 38, No. 23, 1973

-K, or R.

reaction time, in addition to the dimerization and
reduction products 4 and 9 obtained through paths A
and C, there was formed also compound 10. This
compound is a product of a secondary reaction of the
cyclic dimer 4 obtained through path A. To prove
this point, pure 4 was submitted to the reaction under
the drastic conditions to yield 10 as the major product2

(21) Adamss reported a somewhat similar degradation of 2 to 1,1,3-tri-

phenylindan when 2 was heated with AICh at 110° for s hr.

McEvoy and Allen

(ca. 73% of the fraction that underwent reaction).
Based on the nmr data (splitting of the methyl) we
conclude that, in the degradation process of 4 to 10, the
substitution of phenyl by hydrogen occurred on the
phenyl in position 1 next to the methyl rather than one
of the two geminal phenyls in position 3 (see above).
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A general method for the preparation of 3-(substituted benzoyl)-3-substituted alkanoic acids is described.
The key feature of the method is the conversion of a quaternary salt (V) derived from the Mannieh base of a
phenone into the corresponding 7-keto nitrile (V1), hydrolysis of which furnishes the acid. The transformation

of V into VI by cyanide proceeds in two stages:
resulting enone.

(1) B elimination, and (2) conjugate hydrocyanation of the
The efficiency of the method is compared to (1) the preparation of y-keto esters by alkylation

of enamines with ethyl bromoacetate and (2) the reduction of /3-benzoylcrotonic acids obtained by condensation of

phenones with glyoxalic acid.

Wo required a general synthesis of 3-(substituted
benzoyl)-3-substitutcd propionic acids (1) in order to
evaluate a series of pharmacologically interesting 6-(sub-
stituted phenyl)-o-substituted 4,5-dihydro-3-(2i/)-py-
ridazinones (11),1which are readily prepared by reaction
of I with hydrazine (eq 1).1'2 Many of the procedures
HNNH, + COCHCHXO.H

I .

R

0 + HX> (1)

described in the literature for the preparation of | rely
on anionic condensations between ketones and esters,3

(1) W. V. Curran and A. Ross, \] Med Chem submitted for publication.

(2) E. A. Steck, R. P. Brundage, and L. T. Fletcher, \] Amer Chem SOC,
75, 1117 (1953), and references cited therein.

(3) (@) W. H. Puterbaugh and R. L. Readshaw, \] Amer Chem SOC, 82,
3635 (1960); (b) W. Cocker, L. O, Hopkins, L. Mabrouk, J. McCcrmick, and
T. B.H.McMurray, J. Chem. O% 2230 (1960); (c) M. S. NeAvman, W. C.
Sagar, and C. C. Gochrane, \] Org hem, 23, 1832 (1958); (d) J. A. Marshall
and a £. Brady, IDI]. 35, 4068 (1970); (e) W. E. Bachmann and G. D. John-

son, J. Amer. Chem. S0C., 71, 3463 (1949).

and do not appear applicable to those reactants having
substituents containing active hydrogens (see below).
Those acid catalyzed procedures, e.g., Friedel-Crafts
condensations, compatible with substituents possessing
active hydrogens usually give mixtures containing the
isomeric  3-(substituted benzoyl)-2-substituted pro-
pionic acid.’4 In this paper we describe a method of
apparent generality for the preparation of I; moreover,
its effectiveness is compared with that of two other pro-
cedures.

The general method is based on an improved syn-
thesis of 7-keto nitriles (VI), the hydrolysis of which
readily furnish | (see Scheme 1).56 The preparation of
certain 7-keto nitriles by treatment of Mannieh bases
with aqueous alkali cyanide has been reported by
Knott,6 and we have used a modification of this pro-
cedure to prepare the requisite intermediates. Thus,
ketones 11l were converted into Mannieh bases IV
using the procedure of Back,7 and reaction of the crude
IV with methyl iodide furnished the quaternary salts

(4) A. G. Peto in “ Friedel-Crafts and Related Reactions,” Vol. Ill, Part
1, G. A. Olah, Ed., Interscience, New York, N. Y., 1964, pp 573, 583.

(5) C. F. H. Allen, M. R. Gilbert, and D. M. Young, J. Org Chem,, 2,
227 (1937).

(s) E.B. Knott, ]!] Chem. Sac. 1190 (1947).

(7) w. Back, Arch. Pharm. (Welnhelm), 303, 491 (1970).
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Table |

N-(Substituted benzoyl)alkyl]trimethylammonium lodides (V)

0
/=\ !
ss, VZ4
T - R
Compd R Ri Yield," % Crystn solvent Mp, °C Formulas
1 oNO7 H 64 Acetone 152-155 CIH,,INQV
2 0-NO0 2 ch3 61 Acetone 168-170, CRTOIND 3
195-200 dec
3 m-NO. ch3 93 Acetone 206-208 clh,ind3
4 p-Br ch3 93 Acetone 184-185 CuHigBrINO
5 »-Cl ch3 82 Acetone 171-173 c,h1xiino
6 p-F ch3 91 Acetone 186-187 CIHIFIN(V
7 H ch3 92 Acetone-ether 149-151 clhlino
8 p-F ch5 71 Acetone-ether 164-165 C,.H,,FINO
9 p-NHAc ch3 85 Acetone 206-207 CIHHmIND 2
10 p-F cthb5 85 Acetone-ether 168-170 cB2fino
n H Cells 77 Acetone-ether 191-192 CisEWNO
Overall for two stages from the corresponding phenone. » Satisfactory analytical data (x0.4% for C, H, I, N) were reported for all
compounds except as noted. N analysis only. « I: caled, 33.56; found, 34.38. 'l: caled, 34.52; found, 34.01. < I: caled,
36.14; found, 36.70.
Tabie Il
/3(Substituted benzoyl)alkylnitriles (VI)
0
Compd R Ri Reaction solvent Yield, % Recrystn solvent Mp, °C Molecular formula®
12 o-NO, H MeOH 59 Acetone-hexane 73-74 CidHaN2D 3
13 m-NQOj ch3 HD 92 EtD 63-64 C,,HiON203
14 p-NHACc ch3 MeOH-HD 92 Acetone-petroleum ether 131-132 chh,nd»2
15 p-NHAc chs>5 H2D 574 Acetone-petroleum ether 129-130 CuH, NSO,
16 p-NHAc n-CH, hd 406 Acetone-petroleum ether 103-105 ch ’h 2
17 p-F cth5 MeOH 91 EtD-petroleum ether 82-85 C,eHIFNO*
18 H ceH3 MeOH 97 EtD-petroleum ether 87-88 chh o

“ Satisfactory analytical data (+0.4% for C, H, N) were reported for all compounds. 1 Overall yield for three stages from the 4'-
acetamidophenone, the last characterized intermediate. CF: ealed, 7.50; found, 7.72.

Scheme | proceeds in two stages: (1) 8 elimination8to ketone 36
and (2) conjugate hydrocyanation.59 Thus, reaction
of 4 with aqueous cyanide gave 63% of the a,/9-un-
saturated ketone 36 and 37% of nitrile 37 (Scheme I1).

Scheme Il

\Y|

(V) of Table l. Exposure of V to agueous or methanolic
solutions of potassium cyanide effected smooth, efficient
conversion into the y-keto nitriles (VI) of Table II.

Those nitriles that were liquid were converted directly 87 —=> 20 38

into the y-keto acids | (see Table I11) without purifica- ) )

tion. The present procedure for the preparation of VI Ketone 36 gives a mixture of the same substances when
appears to be more efficient and general than that of treated similarly. Methanol is a more effective solvent
Knott. for the conversion of either the quaternary salt or

Examination of the reaction of [2-(p-bromobenzoyl)- ) o
. . . . . (s) S. Patai, S. Weinstein, and Z. Rappoport, J. Chem. Soc., 1741 (1962).

propyl]trimethylammonium iodide (4) with potas- (9) W. Nagata, M. Yoshioka, and S. Hirai, 3. Amer. Chem. Soc., 94, 4635

sium cyanide showed that conversion of V into VI (1972), and references cited therein.
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Tabte Il

(i-(Substituted benzoyl)alkanoic Acids (l)

0

~--Yield, %-
—a=—Method-

Compd R Rt A B Recrystn solvent Mp, °C Molecular formula®
19 0-NO0 2 H 68 Ether-petroleum ether 95-97 C.oHoNOs
20 p-Br ch3 86' 90 Ether-petroleum ether 95-96¢ CnHiiBr0 3
21 p-Cl ch3 82b 78 Petroleum ether 79-82* CnHRNCIO,
22 p-F ch3 87b 94 Ether-petroleum ether 57-58 CnHNFOa
23 m -NO2 ch3 87 ClIZXI2petroleum ether 89-90 c,h,nob5
24 H cii3 95 Ether-petroleum ether 57-58« c,h1»b3
25 p-NH2 ch3 73 Acetone-benzene 121-123 c,hIho3
26 p-F CH5 91* 94 Ether-petroleum ether 80-81 c,hBFro3
27 p-NIli chb5 82 Acetone-petroleum ether 128-129 clh o3
28 p-NH2 c, 69 CHZXCI2petroleum ether 110-111 CIHNN<V
29 p-F Cflr, 63 Ether-petroleum ether 114-115 c.,th BFo3
30 H cth6 91 64 Ethanol-HD 147-149» c,th»o03

a Satisfactory analyses (x0.4% for C, H, F, N) were reported for all new compounds except as noted. 1 Overall yield from the last
crystalline intermediate, the quaternary ammonium saltVV. eLit.¥4mp 9.55°. 4 Lit.3* mp 81.0-82.5°. eLitAI mp.58°.  C: calcd,
66.36; found, 65.79. 0 A dimorph of the reported form having mp 163°: A. M. Cragg, F. M. Dean, and O. Winfield, 5. chem. soc.,
2431 (1959).

the enone into the nitrile, and the reaction is conve-
niently monitored by tic. As reaction proceeds from
intermediate 36, two more polar products, which remain
after disappearance of 4 and 36, appear in the chromato-
gram. One of these is keto nitrile 37; nmr spectros-
copy of a fraction rich in the second product suggests
it to be methoxy ketone 38. The formation of this
product by competitive 1,4 addition of solvent is not a
serious factor, for acid hydrolysis of the mixture gave
86% of 7-keto acid 20.10

We also examined the condensation of an enamine with
ethyl a-bromoacetate (eq 2)11 and base-catalyzed con-
densation of glvoxylic acid with the appropriate ketone
(eq 3)X das alternative routes to 7-keto acids. Alkyla-

R
IX

tion of the pyrrolidine enamine of propiophenonc2 (VII,
R = H) with ethyl bromoacetate gave 61% of ethyl /3
benzoylbutyratc (VIII, R = H). However, this pro-

(10) The fate of methoxy ketone 38 under these conditions was not deter-
mined; acid-catalyzed elimination of methanol and conversion of *he result-
ing 36into other nonacidic products isapparent.

(11) (a) G. Stork, R. Terrell, and J. Szmuszkovicz, J. Amer Chem SOC,
76, 2029 (1954); (b) G. Stork, A. Brizzolava, H. Landesman, J. Szmuszkovicz,
and R. Terrell, ibid., 86, 207 (1963).

(12) P. Y. Sollenberger and R. B. Martin, J. AMET, Chem. SOC., 92, 4261
(1970).

cedure proved to be limited, for its application to o-
acetamidoacetophenonc gave only 12% of ethyl /3-(o-
aeetamidobenzoyl)propionate. Moreover, the enamine
derived from p-acetamidopropiophenone and mor-
pholine could not be separated from unreacted ketone,
and attempts to utilize this mixture were abortive.

The procedure of eq 3 was somewhat more versatile.
Thus, condensation of glyoxylic acid, generated in situ
by periodate oxidation of tartaric acid,3d with the
appropriate ketone Ill gave the /3-substituted acrylic
acids (IX) listed in Table IV; however, the yields of
product were disappointing (13-47%). Reduction of
the halobenzoyl (31, 32, 34) and benzoyl (35) deriva-
tives with zinc in acetic acid gave 64-94% of the
corresponding ~-(substituted benzoyl)alkanoic acids
(Table I11). Yet a similar reduction of the acid 33 did
not give /?-(wi-aminobcnzoyl)butyric acid. Moreover,
the isomeric acid could not be prepared from p-acet-
amidopropiophenone by this sequence, since condensa-
tion of the ketone with glyoxylic acid failed. In addi-
tion to the above shortcomings, comparison of the over-
all yield of 1 by this two-step procedure with that pro-
duced by the Mannich sequence demonstrates superior-
ity for the latter method (see Chart 1).13

Chart |
COCHCH.CCLH
R
————— % yield-
Compd R Ri A B6
20 p-Br ch3 80 44
21 p-Cl ch3 67 32
22 p-F ch3 79 44
23 m-NOi ch3 74 c

26 p-F c2h3 65 12

“ Synthesis via Mannich reaction.
acid condensation. ¢ Not achieved.

6 Synthesis via glyoxylic

(13) The direct preparation of certain 7-keto esters and 7-keto nitriles
by conjugate addition of benzaldehyde and p-chlorobenzaldehyde to a,fi-
unsaturated esters and nitriles was described after completion of this work:
H. Stetter and M. Schreckenberg, Angew. Chem. Int. Ed. Engl., 12, 81 (1973).
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Tabte IV

/IS-Benzoyl-/3-substituted Acrylic Acids

0

Compd R Ri Yield, %
31 p-Cl ch3 41
32 v-F ch3 47
33 m-NOj ch3 33
34 s.F ch3 13
35 H cthb 44

» Satisfactory analytical data (x0.4% for C, H, N) were reported for all new compounds.
. soc., 56, 2000 (1934).

W. D. Peterson, and C. L. Bickel, 5. Amer. chem
Soc., 75, 5997 (1953)

Amer. Chem .

Experimental Section

Melting points were determined in open capillary tubes on a
Mel-Temp apparatus and are uncorrected. Infrared spectra
were determined in pressed KBr disks on a Perkin-Elmer Model
21 spectrophotometer, and the ultraviolet spectra were measured
in methanol solution with a Cary Model 11 recording spectrom-
eter. Nmr spectra were determined in deuteriochloroform on a
Varian HR-100 spectrometer using tetramethylsilane as an in-
ternal standard. All evaporations were carried out at reduced
pressure. The petroleum ether used was that fraction boiling at
30-60°.

Preparation of the [(Substituted benzoyl)alkyl]trimethylam-
monium lodides (V).—The following preparation of [2-(p-
acetamidobenzoyl)propyl]trimethylammonium iodide (9) il-
lustrates the general procedure. A solution of 21.0 g (0.257 mol)
of dimethylamine hjulrochloride in 15.2 ml (0.203 mol) of 37%
aqueous formaldehyde was allowed to stand at room temperature
for 30 min. To the solution was added 105 ml (1.1 mol) of acetic
anhydride and the mixture was swirled until a clear solution re-
sulted and spontaneous gentle boiling began. To the still warm
solution was added 32.8 g (0.172 mol) of p-acetamidopropiophe-
none and the mixture was heated on the steam bath for2 hr. The
reaction mixture was evaporated on a water bath at 55-60°. To
destroy the excess reagents the residue was treated with 350 ml of
acetone and the solution was boiled for 5 min and then evapo-
rated. The residual gum was dissolved in 350 ml of water and
washed with three 250-ml portions of methylene chloride. The
aqueous solution was stirred in an ice bath with 250 ml of methy-
lene chloride and rendered alkaline by the dropwise addition of
2.5 A sodium hydroxide solution. The methylene chloride solu-
tion was separated and the aqueous solution was extracted with
an additional 250 ml of methylene chloride. The combined
organic extracts were washed with saline, dried, and evaporated,
leaving 40 g of 4'-(3-dimethylamino-2-methylpropionyl )acet,ani-
lide as a liquid which was used without further purification. A
solution of this material and 22 ml (0.33 mol) of iodomethane in
400 ml of acetone was stirred at reflux temperature for 18 hr.
The mixture was cooled and 51.9 g (85%) of methiodide, mp 206-
207°, was collected by filtration. The characterization of this
substance and the other Mannich base quaternary salts is given
in Table I.

Preparation of the ~-(Substituted benzoyl)alkylnitriles (V1).—
The following preparation of 4'-(3-cyano-2-methylpropionyl Ac-
etanilide (14) illustrates the general procedure. To astirred solu-
tion of 88.0 g (1.35 mol) of potassium cyanide in 1.76 1. of water
was added a solution of 220 g (0.565 mol) of [2-(p-acetamido-
benzoyl)propyl]trimethylammonium iodide (9) in 440 ml of
methanol and 2.2 1 of water. An oil separated and gradually
became a white solid during 4 hr of stirring. The solid was col-
lected and washed liberally with water, affording 119 g (92%) of
nitrile, mp 127-130°. Characterization of this substance and
others prepared in a similar manner is given in Table Il. Ab-
sence of an entry corresponding to the acids obtained by method
B in Table 11 signifies a liquid product, which was used without
attempted purification.

A similar reaction in methanol between 3.40 g of potassium
cyanide and 9.00 g of [2-(p-bromobenzoyl)propyl]trimethylam-
monium iodide (4) gave, after 3 hr, a binary product mixture
(ri 0.31, 0.54 on silica plates), which was partially separated on a

Recrystn solvent Mp, "c Formula®
Benzene-heptane 128 C,iHCI103
Benzene-heptane 97-99 CuHF03
Benzene-heptane 137-139 Cn~NO-,
Ether-hexane 88-89 clh,fo3
Benzene-heptane 120-123" clh,o3

b Trans isomer, mp 128°: E. P. Kohler,

Cis isomer, mp 140-141°: C. R. Bauer and R. E. Lutz, 5.

column (5 X 46 cm) prepared from a synthetic magnesia-silica
absorbent using heptane-methylene chloride (4:1) as the solvent
system. The material (2.12 g) eluted by this solvent was a mix-
ture of 37 and 4'-bromo-3-methoxy-2-methylpropiophenone (38)
as indicated by tic and the distinctive nmr spectrum: inter
atia 5™cu 3.30 (s, OCH3). Further elution of the column with
methylene chloride gave 3.40 g (62%) of 3-(p-bromobenzoyl)-
butyronitrile (37), the homogenity of which was indicated by tic
and ir.

2- Allyl p-Bromophenyl Ketone (36).— A mixture of 29.13 g

(0.071 mol) of [2-(p-bromobenzoyl)propyl]trimethylammonium
iodide (4) and 10.5 g (0.162 mol) of potassium cyanide in 650 ml
of water was mecnanically stirred in a baffle flask for 22 hr. The
products were isolated with methylene chloride in the usual
manner to give 16.81 g of a liquid that was dissolved in hexane-
methylene chloride (4:1) and adsorbed onto a column (5 X 46
cm) prepared from this system and a synthetic magnesia-silica
adsorbent. Elution of the column with hexane-methylene
chloride (4:1, 5.51.) gave 10.1 g (63%) of ketone as white crystals,
mp 45-47°. A sample was recrystallized twice from petroleum
ether at —78° to give white crystals: mp 50-51°; uv max 258
nm (« 12,800); ir max 6.04, 6.14, 6.28 ;ij nmr benc ©2.06 (d, 2,
3 = 0.8 Hz, CHJ3),558 (d, 1,/ = 0.8 Hz, HC=CCH23), 5.90
(d, 1,5 - 0.8 Hz, HC=CCH3J), 7.58 (s, 4, aryl H).

anal. Calcd for CioHBrO: C, 53.37; 1l, 4.03.
C, 53.39; H, 3.93.

Elution of the column with 3 1 of methylene chloride gave 6.87
g (37%) of 3-(p-bromobenzoyl)butyronitrile (37) as a colorless
liquid, ir max 4.50, 5.95, 6.31 ju

Found:

3- (p-Bromobenzoyl)butyronitrile (37).—A solution of 8.70 g

(39.6 mmol) of 2-allyl p-bromobenzoyl ketone (36) and 5.80 g (89
mmol) of potassium cyanide in 150 ml of methanol was stirred at
room temperature for 3 hr to give 9.55 g (96%) of product as a
liquid, the ir spectrum of which was identical with that prepared
from quaternary salt 4 and acid hydrolysis of which gave 7.71 g
(75%) of 3-(p-bromobenzoyl)butyric acid (20), mp 93-96°.

Use of water as the reaction medium and chromatography of
the crude product as described above gave 38% of ketone 36 and
46% of nitrile 37.

Preparation of the 0-(Substituted benzoyl)alkanoic Acids (1).
Method A.—A solution of 23.2 g (0.10 mol) of 4'-(3-eyano-2-
methylpropionyl)acetanilide (14) and 230 ml of 6 A hydrochloric
acid was stirred at reflux temperature for 1 hr.  The solution was
evaporated and the residue was triturated with acetone, affording,
in two crops, 28 g of a mixture of amino acid hydrochloride and
ammonium chloride. A 1.22-g sample of this material was dis-
solved in 12 ml cf water and the solution was brought to pH 4 by
the dropwise addition of 1.0 A sodium hydroxide solution. The
ice-cooled solution deposited 690 mg of 3-(p-aminobenzoyl)-
butyric acid (25) as white crystals, mp 119-123°. The char-
acterization of this substance is given in Table I11.

Those compounds of Table 111 lacking an amino group were
isolated by extraction of cooled acid solution with CH2CI2 re-
moval of solvent, and recrystallization.

Method B.—A mixture of 31.40 g (0.116 mol) of /3-(p-bromo-
benzoyl)crotonic acid4and 15.2 g of zinc dust in 168 ml of glacial
acetic acid and 68 ml of water was stirred at steam-bath tempera-

(14) R. E. Lutz and R. J. Taylor, J. Amer. Chem. Soc., 55, 1168 (1933).
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ture for 30 min. The mixture was filtered into 1 1 of water to

precipitate an oil that crystallized on rubbing. Filtraion gave

26.41 gofsolid, mp 88-93°. Extraction of the filtrate with ether
and recrystallization of the material from CHacClj-petroleum

ether gave an additional 1.66 g (90%) of material, mp 82-86°,

having suitable purity for further use. The preparation and

characterization of other acids prepared by this procedure is given

in Table IV.

I-(I-Phenylpropenyl)pyrrolidine.— This enamine was prepared
by the procedure outlined by Stork.1l A solution of 13.4 g (0.10
mol) of propiophenone, 11.6 ml (0.14 mol) of pyrrolidine, and 100
mg of p-toluenesulfonic acid in 30 ml of benzene was heated under
reflux with water removal try a Dean-Stark trap for 23 hr. The
mixture was evaporated in vacuo and the residual gum was dis-
solved in 30 ml of benzene. To the solution was added 11.6 ml of
pyrrolidine and 100 mg of p-toluenesulfonic acid and the mixture
was again heated under reflux with water collection for 18 hr.
The solvent was removed and the residue was distilled to give
9.60 g (51%) of enamine, bp 83-85° (0.6 mm), ir max 5.94
Sollenberger and Martin12report bp 139.5-140° (13 mm).

Ethyl i'1-Benzoylbutyrate.—To a boiling solution of 3.74 g (20
mmol) of the above enamine in 30 ml of ethanol was added drop-
wise a solution of 3.3 ml (30 mmol) of ethyl bromoacetate in 10
ml of ethanol. The solution was heated at reflux for 90 min and
then for an additional 60 min with 20 ml of water. The alcohol
was evaporated and the residue was diluted with water. The
product was isolated with methylene chloride and vacuum dis-
tilled to give 2.53 g (61%) of ester, bp 108-116° (0.6 mm), ir
max 5.76, 5.95, 6.29 p. This product was characterized further
by its conversion into the known 4,5-dihydro-5-methyl-6-phenyl-
3(21/)-pyridazinone, mp 151-153° (lit.1 mp 147-149°), by reac-
tion with hydrazine in ethanol containing a catalytic amount of
acetic acid.

Ethyl /3-(o-Acetamidobenzoyl)propionate.— Application of the
above transformations to 17.7 g (0.10 mol) of o-acetamidoaceto-
phenone gave 3.11 g (12%) of product as an orange oil following
chromatography on a synthetic magnesia-silica adsorbent: ir
max 3.10, 5.78, 5.88, 6.06, 6.30, 6.58 p. This material was con-
verted directly into the 4,5-dihydro-3(2//)-pyridazinone without
further purification.
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Preparation of the /3-Benzoyl-d-Substituted Acrylic Acids
(1X).—The following preparation of d-(p-bromobenzoyl)crotonic
acid illustrates the general procedure. A solution of 36.00 g
(0.24 mol) of tartaric acid in 72 ml of water was added to a me-
chanically stirred, ice-cooled mixture of 51.36 g (0.24 mol) of
sodium metaperiodate in 300 ml of water containing 4.8 ml of
concentrated sulfuric acid. Stirring was continued at ice-bath
temperature for 5 min and then at room temperature for 25 min,
whereafter 50.95 g (0.24 mol) of p-bromopropiophenone, a solu-
tion of 36.00 g of sodium hydroxide in 660 ml of water, and 600 ml
of ethanol were added in the indicated sequence. The resulting
mixture was stirred at room temperature for 15 hr, whereafter it
was heated at steam-bath temperature for 1 hr. The cooled
mixture was diluted with water sufficient to dissolve the solids.
The solution was extracted with ether to remove 8.11 g (16%) of
p-bromopropiophenone. Dissolved ether was removed from the
aqueous solution under reduced pressure, and the concentrate was
rendered acid to Congo Red paper by addition of 3~ hydrochloric
acid solution. The precipitated solid was collected and recrys-
tallized with the aid of activated carbon from benzene-heptane
to give 31.40 g (49%) of tan crystals, mp 140-143° (lit.4 mp
144.5-145.0°). The preparation of other j3-benzoyl-/3-substituted
acrylic acids is summarized in Table 1V.
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The diethyl 2,3-diarylsuccinates, I-H, 11-H, I-Cl, I-OMe, I-NH2 and 1-NO2 have been synthesized and their

nmr spectra examined.
isomers.
the electron-withdrawing power of the substituent.

I-H, 11-H, I-Cl, 1-OMe, and I-NO2have been equilibrated with their respective stereo-
In each case the threo isomer predominated at equilibrium and the equilibrium constant increased with
The / hcch obtained for the benzylic protons in I-NOsand

11-XO2(12 Hz) and other characteristics of the nmr spectra indicate that predominant conformers for the erythro

and threo isomers are A and I1A, respectively.

As a result of stereochemical questions raised by our
earlier work on the thermal decomposition of vieso-
di-tert-butylperoxy 2,3-diphenylsuccinate,1 we have
synthesized a series of erythro-d\ethy\ 2,3-diaryl-
succinates (I-H, I-Cl, I-OMe, I-XHo and I-XO>) and
the threo isomer II-H and examined their nmr spectra
in some detail.

Our initial intent was to use the coupling constant for
the benzylic protons in conjunction with the Karplus
equation2 to establish the major conformer for each
succinate isomer (Figure 1). This relationship has been
used with considerable success in cyclic and acyclic

(1) L. M. Bobroff, L. B. Gortler, D. J. Sahn, and H. Wiland, J. oOrg.
Chem. 31,2678(1966).

(2) M. Karplus, 3. chem. Phys., 30, 11 (1959); J. Amer. Chem. Soc., 85,
2870 (1963).

systems,3although some apparent exceptions have been
observed.4

Thecompounds|-H, I11-H, I-Cl, I-OMe, and I-NO> were
subjected to base-catalyzed equilibration and the re-
spective equilibrium constants determined. The equil-
ibration of 2,3-diphenylsuccinic acid had been observed
as early as 1890 by Anschutz,5and the equilibration of
the unsubstituted esters was studied in some detail by

(3) A review of the literature pertaining to acyclic systems can be found
in C. A. Kingsbury, J. org. chem., 35, 1319 (1970), and the preceding papers
in the series.

(4) (a) D. C. Best, G. Underwood, and C. A. Kingsbury, Chem. Commun.,
627 (1969), and references therein, (b) W. T. Borden, Harvard University,
2,2-dimethyl-4-
phenyl-3-pentanol have a Jhcch for the methine protons of about 3.5
Hz.

(5) R. Anschutz and P. Bendix, Justus Liebigs Ann. Chem., 259, 61 (1890).

1971, private communication. Both diastereomers of
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H
C— CO,CH,CH;, H
C— CO.CHXH,

C— CO,CH,CH, ch:(ch2oa -
H

I (erythro or meso) 11 (threo)
I-H, X = H 1-H
I-Cl, X = ClI 11-C1
I-OMe, X = OMe 11-OMe
I-NH2, X = NH, 11-N02
i-no2 X = no?2

Wren and Still.6 No equilibrium constants were de-
termined in these earlier studies.

This work has enabled us to establish the absolute
configurations of the substituted diarylsuccinates and to
assign the major conformer for each isomer.

Results and Discussion

Synthesis of the Esters. —Alost of the esters were
prepared through the condensation of the appropriate
para-substituted benzaldehyde and benzyl cyanide
followed by addition of hydrogen cyanide to yield the
mono-para-substituted 2,3-diphenylsuccinonitrile. The
procedure developed by Davis7 permits the condensa-
tion and addition to proceed together. The dinitrile
was hydrolyzed and the resulting acid was esterfied.
The p-nitro ester, however, could not be made directly
using either p-nitrobenzaldehyde or p-nitrobenzyl
cyanide. This direct synthesis apparently fails be-
cause of difficulty in adding HCX to the 2-phenyl-3-p-
nitrophenylacrylonitrile.  An indirect synthesis starting
with p-acetamidobenzaldehyde yielded small quantities
of the p-nitro ester.

The fact that only one diastereomer, I-H, I-Cl, I-OMe,
I-NHj and 1-X 02 was obtained in each synthesis is an
interesting, if not surprising, phenomenon. The
stereoselective addition of hydrogen cyanide to (Z2)-2,3-
diphenylacrylonitrile is known,7 but is difficult to

(6) (a) H. Wren and C. J. Still, 3. chem. Soc.. 107, 444 (1915); (b) ibid.,
111,513 (1917); (c) ibid.. 111, 1019 (1917).

(7) (a) R. B. Davis, 3. Amer. Chem. Soc., 80, 1752 (1958) ; (b) N. Rabjohn,
Ed., “Organic Syntheses,” Collect. Vol. 1V, Wiley, New York, N. Y., 1963,
pp 392-395.
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rationalize on mechanistic grounds. The addition
surely goes through the anions Ilia and I11b8 which

H NC \

NC*~ C— C(CN)C,H, H — C(CN)C;H,

llia 11b

should, on protonation, yield a mixture of diastereomers.
We strongly suspect that the erythro dinitriles are far
less soluble than the threo isomers and precipitate as
they are formed; i.e., the product ratio is determined by
the solubility of the products. We are currently in-
vestigating this problem.

Absolute Configuration of the Diastereomers. —The
fact that I-H, I-Cl, 1-OMe, I-XH2, and I-X02were all
obtained in essentially the same way, i.e., from a selec-
tively produced dinitrile, is one basis for assigning
stereochemistry to these isomers. Compound I-H is
well characterized6l as the meso-diethyl 2,3-diphenyl-
succinate. The other | compounds, by analogy, can be
assigned the same absolute configuration.

We have also used the chemical shift of the methyl
protons to determine the stereochemistry of the various
isomers. Compound I-H has a methyl triplet in the
nmr centered at 50.8S (CDC13. The equally well char-
acterized®' threo isomer, 11-H, has a methyl triplet cen-
tered at 5 1.16. Compound I-OMe has two methyl
triplets9 centered at $ 0.90 and 0.93. Compound
11-OMe, observed only in a mixture with 1-OMe, has a
single methyl triplet at 5 1.18.10 Two upheld triplets
are also observed for I-Cl, I-NH2 and 1-X02(Table I).
Compound 1I-C1 has a single downfield triplet, and
11-XOo0 has two closely spaced downfield triplets (chem-
ical shift difference of about 0.8 Hz).

All of the | compounds, then, have methyl absorption

(8) C. A. Fyfe, can. J. chem.. 47, 2331 (1969); D. J. Kroeger and R.
Stewart,J. Chem.Soc. B, 217 (1970).

(9) When the 60- and 100-MHz spectra were compared, we found the
resonance positions of the two triplets changed with respect to one another
but the coupling constants remained the same. We are, therefore, dealing
with two triplets and not the splitting of asingle triplet.

(10) The nmr da*a for 11-OMe, 11-C1, and 1I-NO:2 were obtained from
spectra of mixtures.
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Tabte |

Nmr D ata.* Proton Chemical Shifts,«6

Ethyl Phenylacetates X- < 0 X CH.CO CH CH

Registry mo X a h C
101-97-3 1l 3.51 (s) 4.06 (g, 6.5) 1.13 (t, 6.5)
14062-1,S-1 OMe 3.48 (s) 4.08 (0, 7) 1.17 (L, 7)
14062-24-9 d 3.50 (s) 4.08 (0, 6.5) 1.17 (t, 6.5)
m>443261 NO, 3.74 (s) 4.18 (g, 6.5) 1.25 (t, 6.5)
X -~ - CHCO.CHXH,
Diethyl 2,3- lliarylsuccinates,
CHCOTHXH,
Conpd a h c
in 4.38 (s) 3.84 (q, 7) 0.88 (t, 7)
1-H 4.22 (s) 4.14 (q, 7) 1.16 (t, 7)
1-OMe 4.31 (s) 3.88 (g, 7v 0.90 (1, 7)
0.93 (t, 7)
11-OMe 4.18 (s) 4.14 (9, 7) 1.18 (t, 7)
I-Cl 4.34 (s) 3.84 (g, 7)¢  0.90 (t, 7)
3.88 (9, 7) 0.94 (t, 7)
11-C1 4.20 Is) 4.15 (q, 7) 1.18 (t, 7)
1-NH2 4.31 (s) 3.85 (a, 7) 0.88 (t, 7)
3.87 (0. 7) 0.92 1, 7)
1-NO, 4.34 (d, 12) 3.86 (q, 7v 0.92 (t, 7)
4.51 (d, 12) 3.88 (a, 7) 0.96 (t, 7)
11-NO, 4.17 id, 12) 411 (q, 7) 1.20 (t, 7)
4.42 (d, 12) 1.21 (t, 7)

“ Solvent, CDC13; internal standard, TMS. 6When the signal
is not a singlet, the value is that for the center of the pattern.
The splitting pattern followed by the coupling constant in hertz
is given in parentheses after the chemical shift: s = singlet,
d = doublet, t = triplet, g = quartet, m = multiplet. 'Broad
bands. Probably more than one quartet. CH3D absorbs at s
3.77 for 1-OMe and « 3.07 for 1I-OMe. 4 With higher resolution
further splitting of the quartets was observed (see Figure 2).
The methylene protons are diastereotopie and the pattern is
probably that for an ABX3spin system.

at upfield positions (less than 5 1.0), and all of the 11
compounds have methyl absorption at downfield posi-
tions (above 5 1.0). This suggests that all of the I
compounds have the erythro configuration, and all of
the 11 compounds have the threo configuration.

The upfield and downfield chemical shifts and the
appearance of double and single triplets can be explained
in terms of the predominant conformer and will be
discussed in detail below.

Equilibration of the Diastereomers.—The equilibra-
tion of the diastereomers, | I, was effected hy re-
fluxing an ethanol solution of the erythro isomer con-
taining a small quantity of sodium ethoxide until the
ratio of the two isomers no longer changed. In one
experiment we started with the threo isomer, I11-H, and
the result was the same. Before analysis, the mixture
of isomers was isolated and then redissolved in CDC13
The equilibrium constants were calculated from the
integration of the methyl proton region of the spectra
(see Figure 2B). The results of our measurements are
tabulated in Table II.

The analyses were reproducible to +5%, and had an
accuracy of about * 10% determined using synthetic
mixtures of I-H and IlI-H. In cases where the threo
methyl triplet overlapped with the erythro methyl
triplet(s), the integrals of the outside peaks were com-
pared (see Figure 2). This comparison favors a
" threderythro > 1 because the methyl signal is not com-
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Tabte Il

hum Constants for | Il in Ethanot at 78

Compd* Xthrco/erythro*
1-OMe 1.25
I-H 1.35
1-H 1.37
1-Cl 1.5
i-no2 2.5

“ Compound with which equilibration was started.
rium constants have an accuracy of + 10%.

6Equilib-

pletely symmetrical and the downfield peaks, those
closest to the methylene signal, are larger than the up-
field peaks. The r.onsymmetry of the triplets is mini-
mal, however, because of the large chemical shift dif-
ferences between methyl and methylene (ca.53). Any
errors from this source are already included in the ac-
curacy errors mentioned above. The areas under the
benzylic proton signals could not bo measured since
they overlapped the methylene peaks, but a visual com-
parison yielded the same qualitative result, Kthreo/crythro
> 1, as that obtained from integration of the methyl
signals.

Although the K values could be off by as much as
10%, the trend of the equilibrium constants is obvious.
The more electronegative the substituent, the larger the
equilibrium constant. If, indeed, 1A and II1A (Figure
1) are the predominant conformers (see below), the
major factor determining the position of equilibrium
must be the decreasing repulsion of the gauche aryl
groups as the substituent becomes more electronegative.
Such a decrease in aryl repulsion would favor conformer
I1A and the K value would increase. The total repul-
sion must be a composite of steric and electronic effects,
Itotal = ffstoric + “electronic, and the electronic factor
must decrease significantly, or perhaps change sign, as
one aryl group becomes more electrophilic. The cor-
relation with the Hammett a function is not linear, but
this is not surprising. The change in K, however, is in
the direction we would expect for an “acid-base,” or
charge-transfer, like winteraction between the two aryl
groups.

On examination cf a model of 11 we find that, when the
aryl groups are gauche, the least steric interaction is
obtained when the t orbitals are facing each other.
The rings are not parallel, but the 1 carbon atoms, those
attached to the benzylic carbons, are about 3 A apart,
well within the van der Waals overlap distance of 3.7
A.1l The 4 carbons, those in the para positions, how-
ever, are >to 6 A apart. Some distortion of the bond
angles and bond distances may be necessary to maximize
the attractive forces.

Conformational Analysis. —Our initial objective was
the determination of the major ground-state conformer
for the diethyl 2,3-diarylsuccinates using the lvarplus
relationship. The only compounds for which an AB
coupling constant could be obtained for the two benzylic
hydrogens were 1-X02and 11-X02 (see Figure 2). The
coupling constant for each isomer is 12.0 Hz. This
coupling constant must be close to the maximum ex-
pected for trails protons in this system. Bothner-ByR

(1D J. lline, “Physical Qganic Cremistry,” 2d ed McGrawHill,
NewYork N Y., 192 p28 'I‘rekelfhd«esdmaramncnrgls
givenas L&A

A W‘&/&‘dc l\Bar—COlin, J. Amer. chem. Soc., 84,
728 o),
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Figure 2.— (A) IN02 100 MHz, sweep width 1000 Hz, CDC1S
protons (an AB quartet) and methylene multiple! (two quartets, each with s - 7 Hz; each quartet is further split into a doublet, 5
(B) Equilibrium mixture of INO2and IINO2 63 MHz, sweep width 500 Hz, CDCh.

0.6 and 1.5 Hz), sweep width 250 Hz.
methyl signals, sweep width 100 Hz.

uses values of 3 and 13 Hz for Jeand./1in his analysis of
the 2,3-diphenylbutanes, and values of 1 and 11 Hz for
the 2,3-dibromobutanes since electronegative groups
tend to decrease the size of the coupling constant. We
can assume, then, that Jt for our system must lie be-
tween 11 and 13 Hz (12 Hz is obviously the lower limit).
If this assumption is correct, conformers 1A and II1A
must account for over 90% of their respective isomers,
at least for the p-nitro compounds.

The fact that only I-N 02and I11-NO->had an observable
coupling constant for the benzylic protons is not sur-
prising. The insensitivity of the chemical shift of
benzylic protons to changes in the para substituent can
be observed in the ethyl phenylacetates (Table I) with

J. Grg. Chem. Vol 88 No.28 1973 4051

Inserts: (a) methyl triplets, sweep width 250 Hz; (b) benzylic

Insert:

only the p-nitro compound showing a significant shift
from the unsubstituted ester. A similar insensitivity of
the chemical shift of benzylic protons to substituent
has been observed by Indictor and coworkers in a study
of 2-aryl-1,3-dioxolanes and heteroatomic analogs.13
Here, too, the p-nitro group is anomalous.

As we argued in the previous section, the trend in the
equilibrium constants is consistent with a preponder-
ance of conformers IA and IIA. This suggests that a
similar conformer distribution exists for all of the com-
pounds, not just the p-nitro compounds.

(13) N. Indictor, J. W. Horodniak, H. Jaffe, and D. Miller, J. Chem. Eng.
Data, 14,76 (1969).
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In the section concerned with the stereochemistry of
the diastereomers we observed that the methyl signals
for erythro isomers were always upheld with respect to
the methyl signals of their threo counterparts. This
result is best explained by a carbe.thoxv aryl gauche
interaction where the methyl lies over the aromatic ir
cloud and is shielded by the induced diamagnetic held
above and below the plane of the ring.14 In the erythro
isomers there is at least one carbethoxy-aryl gauche
interaction in each of the conformers, and, in 1A, the
supposed predominant conformer, there are two such
interactions. In 1A, the major conformer for the threo
compounds, there are no carbethoxy-aryl gauche inter-
actions and the chemical shift for these methyl protons
is about the same as that for the ethyl phenylacetates
(Table I). If there were significant contributions from
1B and 11C we would expect to sec some upheld shift
of the methyl signal.

For each of the substituted compounds in series I,
two methyl groups were observed. This is reasonable
since the methyl groups are magnetically nonequivalent
in each of the conformers, assuming, of course, that, the
carbethoxy groups interact differently with phenyl and
substituted phenyl. The fact that only one methyl
triplet is observed for I11-C1 and 11-OMe can be explained
only by the predominance of conformer IlA. In this
conformation, the carbethoxy groups are essentially in
the same magnetic environment. If I1A is the predom-
inant conformer, the chemical shifts for the methyl
signals should differ no more than do the methyl signals
in the ethyl phenylacetates (Table 1). In an nmr spec-
trum of a mixture of ethyl phenylacetate and ethyl p-
chlorophenylacetate taken at 60 MHz, the methyl
groups wen' indistinguishable. The methyl in ethyl
p-nitrophenylacetate is shifted significantly from that
of the unsubstituted compound (5 1.25 vs. 1.10), and
this probably explains the appearance of the two closely
spaced triplets in 11-XO>.

Interaction of the carbethoxy group with the phenyl
or substituted phenyl attached to the same carbon must
be minimal. If such interactions were more important
than the gauche interactions, we would expect the spec-
tra of the diastereomers to be more alike.

All of the evidence, then, demands that I1A be the
predominant conformer for the compounds in series I1.
The arguments are not so overwhelming for 1A, but
the size of the benzylic proton coupling constant, energy
considerations, especially the three large group inter-
actions in IB and IC vs. two such interactions in IA,
and some of the spectral evidence, leaves little doubt
that this is the predominant conformer in series 1.

Experimental Section

Preparation of the Erythro Nitriles.—2,3-Diphenylsuccino-
nitrile, 2-p-methoxyphenyl-3-phenylsuccinonitrile, and 2-p-
chlorophenyl-3-phenylsuccinonitrile were prepared using proce-
dure A of It. B. Davis.7

cn/i/'ro-2-p-Acetamidophenyl-3-phenylsuccinonitrile.— A solu-
tion of 30.6 g (0.63 mol) of sodium cyanide in 50 ml of water was
heated until the solid dissolved. Absolute methanol (200 ml)
was added, the solution was heated to reflux, and 25 ml (0.21 mol)
of freshly distilled benzyl cyanide was added all at once. Solid
p-acetamidobenzaldehyde (41 g, 0.25 mol) was added to the

(14) L. M. Jackman and S. Sternhell. “ Applications of Nuclear Magnetic
Resonance Spectroscopy in Organic Chemistry.“ 2nd ed, Pergamon Press,
Oxford. 1969, p 97.

Gortler, Brandspigel, Harman, Hecht, and Leavitt

stirred, refluxing solution over 45 min. The p-acetamidobenzal-
dehyde did not go completely into solution. An additional 15 ml
(0.13 mol) of freshly distilled benzyl cyanide was added to the re-
action mixture followed by the addition of 150 ml of absolute
methanol. Following these additions, the solution was refluxed
for 1.5 hr. During this period it turned green. The solution was
cooled in an ice bath. The precipitate, a yellow solid, was
collected and washed with cold 75% methanol-water, with water,
and again with 75% methanol-water. The crude solid weighed
26.6 g (37%). Recrystallization from glacial acetic acid yielded
a colorless solid, mp 265-268°.

Preparation of the Erythro Acids.—2,3-Diphenylsuccinic acid,
2- p-met,hoxyphenyl-3-phenylsuccinic acid, and 2-p-chlorophenyl-
3- phenylsuccinic acid were prepared by hydrolysis of the corre-
sponding dinitriles using the procedure of Wawzonek.5 Melting
points of the various acids after recrystallization from acetic acid
follow: unsubstituted acid, mp 248-249° (lit.6 mp 252°); p-
methoxy acid, mp 225-227° (lit.7 mp 227°); p-chloro acid, mp
247-254° (1it.18249-250°).

i/ireo-2,3-Diphenylsuccinic Acid.—This acid was prepared by a
modification of the method of Corey and Casanova.®9 A 3-g
portion of m/i/iro-2,3-diphenylsuccinic acid that had been re-
crystallized from acetic acid was heat ed to 300° in a Wood'’s metal
bath. After 5 min, the white acid had been completely converted
to ayellow oil. The oil was cooled and triturated with a minimal
amount of ether while warming over a steam bath. The ether
solution was dried over magnesium sulfate, filtered, and some of
the solvent evaporated. The crude anhydride was collected by
suction filtration and recrystallized from ether. The faint yellow
crystals, 1.3 g (48%), of </ireo-2,3-diphenylsuccinic anhydride had
a melting point of 113-114° (lit.5mp 115-116°).

The anhydride (5 g, 0.02 mol) was dissolved by heating in a
minimal amount of 70% sodium carbonate. After the solution
was filtered, the threo acid was precipitated by acidification.
The acid (5 g, 0.019 mol, 95%) was collected and recrystallized
from ethanol. The acid melted at 178°, resolidified, and melted
again at 220-224°. This behavior is essentially that reported in
the literature,mp 183°, 220-221°.

eri/iliro-2-p-Aminophenyl-3-phenylsuccinic Acid.— A solution of
15.9 g (0.055 mol) of enl/ifiro-2-p-acetamidophenyl-3-phenyl-
succinonitrile in 60 ml of acetic acid, 40 ml of sulfuric acid, and
40 ml of water was refluxed for 3 days. After cooling to room
temperature, the solution was diluted with an equal volume of
water and neutralized to pH 6 with 6 N sodium hydroxide. The
solid was collected by suction filtration and washed thoroughly
with water to dissolve solid salts. The water-insoluble solid,
presumably the zwitterionic amino acid (5.6 g, 0.02 mol, 36%),
did not melt.

Preparation of the Erythro Esters. Diethyl 2-p-Aminophenyl-
3-phenylsuccinate (INH.).—A solution of 5.6 g (0.02 mol) of
cn/iAro-2-p-amiriophenvl-3-phenylsucciriic acid in 125 ml of
ethanol and 5 ml of concentrated sulfuric acid was refluxed for 3
days. The solution was cooled to room temperature and neu-
tralized with 20% sodium carbonate, and the ethanol was re-
moved at reduced pressure. Ether and additional agueous base
were added to the mixture remaining. The layers were separat cd
and the water layer was washed three times with ether. The
combined ether layers were dried over magnesium sulfate and
filtered, and the ether was evaporated. The solid was recrystal-
lized from ethanol, yielding 1 g (0.003 mol, 15%) of colorless
I-XH2 mp 136.5-137°; nmr (CDC13)56.4-7.7 (m, 9, aromatic),
431 (s, 2, benzylic), 3.83 (9,3 = 7Hz,-OCR,-), 387 (q, .7=7
Hz, OCR,-), broad -NIL. signal, center ca. 3.63, overlapped
methylene signals (total integral for -OClIb and -XH. was 6),
0.88 (t, 3 = 7 Hz, -CHJ3), 0.92 (t, 3 = 7 Hz, -CHJ) (total
integral for two methyl triplets was 6).

Anal. Calcd for (kolbiNG,: C, 70.36; H, 6.79; N, 4.10.
Found; C, 69.70; H, 6.77; N, 4.48.

Using essentially the same procedure, the following esters were
prepared: I1-H, mp 139-140° (lit.6' mp 140-141°); II-H, mp
78-82° (lit.6* mp 82-83.5°); 1-OMe, mp 101-102° (lit.7 mp
102°); and I-Cl, mp 112-113° (from known acid and nmr perfect
for diester).

(15) S.Wawzonek, J.Amer. Chem. Soc.,62, 745 (1940).

(16) W. Roser, Justus Liebigs Ann. Chem.. 247, 152 (1888).

(17) J. A. McRae and A. S. Townsend, Cnn. J.Res.. 11, 628 (1934).

(18) F. J. Villani and N. Sperher, U. S. Patent 2,852,526 (1958);
ADSIr., 63, s163i (1958).

(19) E.J. Corey and J. Casnova, Jr., J. Amer. Chem. Soc., 85, 165 (1963).

(20) K. L.Reimer, Chem. Ber., 14, 1803 (1881).

Chem.
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erythro-piethyl 2-p-Nitrophenyl-3-phenylsuccinate (1-N02).—
The p-amino ester, I-NH2 was oxidized to I-N02 using the
procedure of Emmons:2 mp 105-106° (from ethanol) (lit.2Imp
101°); nmr (CDC13) 57.1-8.3 (m, 9, aromatic), 4.34 (d) and 4.51
(d) (2, benzvlic), 3.86 (q) and 3.88 (g) (4, -OCHZ2), 0.92 (t) and
0.96 (t) (6, -CH?J).

Equilibration Procedure.—To asolution of 0.12 g (3.24 X 10-4
mol) of 1-N 02in 20 ml of absolute ethanol was added 1 ml (3.24 X
10“5mol of NaOEt) of a solution prepared from 7.4 mg of sodium
dissolved in 10 ml of absolute ethanol. Upon addition of the base,
the yellow ester solution turned light brown. The solution was
heated at reflux under nitrogen for 24 hr. The reaction was
terminated by acidification of the solution with dilute HC1 and
then pouring it into a beaker of ice. The brown color disappeared
when the acid was added. The water-ethanol was milky white
at this point. The ethanol was evaporated and the remaining
agueous mixture was washed three times with ether. The ether
extracts were combined, dried over magnesium sulfate, and
filtered. Evaporation of the ether left 113.9 mg of an oily, yellow
solid. This material was analyzed as described in the discussion
of the equilibrations.

Equilibrations of 1-H, 11-H, 1-Cl, and 1-O.Me were carried out

(21) W.D. Emmons,J. Amer. Chem. Soc., 76, 3470 (1954).
(22) J. Hoch and D. Legay, C.R. Acad. Sci,, Ser. C, 255, 2975 (1962).
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using the same procedure. However, no color changes ac-
companied these equilibrations and these esters were easily
collected by suction filtration of the melted ice solution as op-
posed to the extraction procedure described above.

The nmr spectra were taken using Varian A-60 and Varian
HA-100 spectrometers. CDC13containing T.MS was used as the
solvent in all cases.
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The methanolysis of p-nitrophenyl benzoate in methanolic buffers of sodium phenylacetate and phenylacetic
acid is general base catalyzed and leads to both methyl benzoate (in 17-54% yield, depending on the buffer-com-

ponent concentrations) and methyl phenylacetate (in corresponding 83-46% yield).

This shows that at least

a part of the catalyzed reaction occurs by a nucleophilic mechanism to generate benzoic phenylacetic an-

hydride, which then rapidly methanolyzes.

of methyl phenylacetate, under conditions of the kinetic study, to be 96.5 + 9.6%.

Synthesis of this anhydride and its methanolysis shows the yield

The data cited above show

that the yield of this product from the phenylaeetate-catalyzed part of the ester methanolysis is identical with
that from the anhydride methanolysis, demonstrating that the sole mechanism of general-base catalysis in this
system is the nucleophilic mechanism. This further supports the view that alcoholysis reactions prefer nucleo-
philic rather than protolytic general catalysis, in comparison to hydrolysis reactions.

The discrimination of the protolytic (kP and nucleo-
philic iy, mechanisms (Scheme 1) of general base
catalyzed acyl transfer processes,5 which are usually

Scheme |
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kinetically indistinguishable, is of interest not only from
standpoint of solution chemical dynamics, but also be-
cause of the role of such catalysis in the action of en-
zymes6 and in medicinal chemistry.7 For example, it
appears that the imidazole ring of the active-site His-57
of a-chymotrypsin can function either as a protolytic
catalyst or as a nucleophilic catalyst in the acylation of
the nearby Ser-195 hydroxyl group, with the choice of
catalytic mechanism depending on the structure of the
substrate.8 Very good leaving groups favor the nucleo-
philic mechanism, as is expected from the comprehen-
sive investigation of Gold, Oakenfull, and Riley.9
These workers studied the acetate-catalyzed hydrolysis
of a series of aryl acetates, trapping the acetic anhy-
dride intermediate formed in nucleophilic catalysis with
aniline, and found that leaving groups more reactive
than p-nitrophenoxide give preferential nucleophilic
catalysis and less reactive leaving groups give pref-
erential protolytic catalysis: p-nitrophenoxide itself
produced 56% nucleophilic and 44% protolytic catal-
ysis. The direct application of these results to enzymic
systems such as a-chymotrypsin and the other “serine

(6) R. M. S. Smel ie, Ed., “Chemical Reactivity and Biological Role of
Functional Groups in Enzymes,” Academic Press, New York, N. Y., 1970.

(7) R. D. Gandour and R. L. Schowen, Ann. Rep. Med. Chem., 7, 279
(1972).

(8) C.D.Hubbard and J. F. Kirsch, Biochemistry, 11, 2483 (1972).

(9) V. Gold, D. G. Oakenfull, and T. Riley, J. Chem. Soc. B, 515 (1968).
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Figure 1.— Graphical test of eq 3. Data are from Table I.

hydrolases” is complicated by the fact that the acyl
transfer is to an alcoholic function (the hydroxyl of
serine) in the enzymic reactions but to water in the
model reaction. Since the acyl acceptor is present in
the transition state, at least for protolytic catalysis, its
structure could easily affect the relative rate of theltwo
forms of catalysis. Indeed, Bohn discovered that acetyl
transfer from p-nitrophenyl acetate to methanol gave
less than 14% of protolytic catalysis, in contrast to 44%
in the agueous reaction, and suggested a steric destabi-
lization of the protolytic transition state by the methyl
group of the acyl acceptor.0 We now report the dis-
section of nucleophilic and protolytic routes in another
methanolytic reaction, determined using a different
substrate, catalyst, and analytical technique from those
of Behn.

Results

Kinetics.—The methanolysis of p-nitrophenyl benzo-
ate (eq 1) in buffers of phenylacetic acid and sodium

CHLOXMH,NO2+ CHOH — 5
CeH;,CO;CH3+ 1IOCsH.NO, (1)

phenylacetato yielded the first-order rate constants of
Table 1. If the reaction is general base catalyzed with
only terms in phenylacetato and methoxide ions being
important in the rate law, then eq 2 should hold. We

ko = ¢,[NaPAc] + fc,[NaOCH3| )

define the buffer ratio It by R= [NaPAc]/[HPAc]and
note that [NaOCH3] = KR. Substitution of these
relations into eq 2 produces eq 3, which shows that a plot

ko/R = & [HPAc] -j- kyik (3)

of kIR vs. [HPACc] should be linear with slope of kBand
intercept kK if the assumptions are correct. Figure 1
exhibits the requisite linearity, whence kB = 2.28 +
0.33 X 10-5 M~" sec-1 and k\K = 6.0 + 1.2 X 10-6
sec-1.

Products.—Scheme |1 shows the relationship of reac-
tion products to reaction mechanism. Methyl benzoate
(MB) is formed by the reaction of substrate with
methoxide ion (ktt), through protolytic catalysis by

(10) R. L. Schowen and C. G. Behn, J. Amer. Chem. Soc., 90, 5839
(1968).
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Table |

First-Order Rate Constants for the Methanolysis of
0.01 M p-Nitrophenyi. Benzoate in M ethanolic Buffers

of Sodium Phenylacetate (NaPAC) and Phenylacetic

Acid (HPAc) at 45.00 £+ 0.05° (p = 0.300 M Y
[NaPAc], M [HPAC], M 10+ kob sec 1
0.100 0.050 118 + 0.1
0.100 0.100 6.1 + o.1
0.100 0.200 4.2 + 0.1
0.100 0.400 3.4 + 0.1
0.200 0.100 16.7 + 1.8
0.200 0.200 11.2 + o.1
0.200 0.400 10.7 + 0.1
0.200 0.800 5.6 + 0.1
0.300 0.150 20.5 0.8
0.300 0.300 15.3 0.3
1

HoH W

0.300 0.600 9.2 0.

“ lonic strength maintained by added lithium perchlorate.
6 Error limits are standard deviations.

Scheme |1

phenylacetate (A>) and from that fraction (/mb of an-
hydride formed along the nucleophilic catalysis route
(&) which undergoes attack at the benzoyl carbonyl
group. Methyl phenylacetate (MPA) can be formed
only from that fraction <mpa of the anhydride formed
along the nucleophilic catalysis route which undergoes
attack at the phenylacetyl carbonyl group. The
fraction / mpa of methyl phenylacetate formed as prod-
uct in the methanolysis of p-nitrophenvl benzoate
under any set of circumstances will then be given by
the ratio of the rate of nucleophilic catalysis times
gmpa to the total rate (eq 4). If kQ/ mpa, and (/mpa could

I mpa = ¢N[NaPAc]yMPA/A'o (4)

all be determined at a given sodium phenylacetate con-
centration, ks could then be calculated from eq 4.

To determine Qnpa, benzoic phenylacetic anhydride
was synthesized and methanolyzed in dummy reaction
solutions from which only p-nitrophenyl benzoate was
omitted. The product composition was then deter-
mined gas chromatographically as explained in the Ex-
perimental Section. For two quite different sets of
conditions ([HPAc] = 0.400 M, [NaPAc] = 0.200 .1,
[LiCIOj] = 0.100 M and [HPAc] = 0O.IdO M, [Na-
PAc] = 0.300 .1/), the same result was obtained:
= 0.96-) + 0.006. This was therefore accepted as the
general value of (impa-

The products from methanolysis of p-nitrophenyl
benzoate were similarly determined, as shown in Table
Il. Each experiment in Table Il may be matched with
one in Table I to obtain the corresponding value of kO
and thus we can calculate five values of Ax from eq 4.

(Impa
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Tabte Il
Product Composition in the M ethanolysis of 0.01 M
p-NITROPHENYL BENZOATE IN M e THANOLIC BUFFERS OF

Sodium Phenylacetate (NaPAC) and Phenylacetic
Acid (HPAC) at 4500 + 0.05° (p = 0.300 M )a

[NaPAc], Al [HPAc], M (cmpel an)& Jmpa®
0 100 0.200 0.85 £ 0.03 0.46 = 0 02
0.100 0.400 1.94 + 0.09 0.66 £ 0.04
0. 200 0.400 1.98 + 0.07 0.66 = 0 03
0 200 0.800 481 + 0.19 0.83 + 0.04
0 300 0.600 1.88 + 0.07 0.65 = 0 03

“ lonic strength maintained by added lithium perchlorate.
6 Ratio of concentration of methyl phenylacetate to methyl
benzoate, determined as described in the Experimental Section.
Error limits are standard deviations. f Fraction of methyl
phenylacetate in product.

In the order of the entries in Table Il, we calculate 105
kn (A/-1 sec-1) = 2.00, 2.33, 3.66, 2.40, 2.07. Discard-
ing the value of 3.66, we have kx = 220 + 0.17 X
10-6 M~Isec-1. This is equal to the value of kB (2.28
+ 0.33 X 10-6 A'/-1 sec-1) determined above, which
shows the mechanism of catalysis to be solely nucleo-
philic.

Discussion

As before, we presume the activated-complex
structures along the protolytic and nucleophilic routes
to be 1 and 2, respectively. In the previously studied

0
?
CE. t
R X I'X OAr /
o R,
<~
H R; /
R CO
i
acetate catalysis of p-nitrophenyl acetate (Ri = R3 =

CH3 solvolysis, the shift from nearly equal free energies
of 1 and 2 in hydrolysis (R> = H)3to a lower relative
free energy for 2 in methanolysis (IT = CH3)is inter-
preted most simply as a steric destabilization of 1 rela-
tive to 2 by the methyl group. Two change's were
made in transforming to the system used in the present
study: Riwas changed from CH3to CEHBCH2and Ri
from CH3to C8H3 At first glance, Ri should have little
effect on the relative free energies of 1 and 2, while the
change in R3 to a more electron-withdrawing group
should favor 1, in which the center of negative charge is
closer to R3 Since only catalysis via 2 is observed, this
effect is apparently insufficient to overcome the steric
destabilization of 1 by the methyl at R2

It is of course possible that 1 is more crowded near
Ri and is therefore destabilized by Ca8H5vs. OH 3 thus
cancelling the tendency at R3 Indeed this reaction is
about 23-fold slower than the acetate-catalyzed reac-
tion of the acetate ester at the same temperature (we
calculate kN = 4.73 X 10-4 A/-1 sec -1 from Behn's
data® : the question is, how much of this factor comes
from the weaker basicity of the catalyst? To estimate
this contribution, we assume the difference in pAa of
acetic and phenylacetic acids to be the same in meth-
anol and water (Ap7Aa = 0.47, or a factor of 3). If 2
strongly resembles the tetrahedral intermediate, then
this factor of 3 should roughly represent the expected
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factor in rate, since the R3C 02 moiety in 2 would re-
semble that in RICO02H. As 2 more closely resembles
the anhydride product, however, the rate factor should
increase to a limitll of 3322 0r 6.3. Thus the residual
effect to be attributed to the phenyl group is between
23/3 ~ 4. Since some of this surely arises from de-
struction of reactant-state conjugation between phenyl
and carbonyl, on activation, it seems unlikely that
phenyl exerts a decisive differential steric effect in
determining the lower free energy of 2 in the present
case.

The conclusion is that nucleophilic catalysis of acyl
transfer to alcohlic functions is preferred over protolytic
catalysis, when compared to acyl transfer to water.
Other things being equal, this conclusion leads us to
expect nucleophilic catalysis in the chymotrypsin active
site as observed by Hubbard and Kirsch8for activated
esters. Needless to say, other things are radically not
equal in active sites of serine acyltransferases, but our
findings indicate that, when an enzyme undergoes pro-
tolytically accelerated acyl transfer to serine, its cata-
lytic power must by capable of overcoming an extra
barrier not apparent from model studies in aqueous
solution.

Experimental Section

Materials.— All commercially obtained materials were used
with no additional purification unless otherwise specified. Ab-
solute methanol (anhydrous, Mallinekrodt) was purified accord-
ing to the method of Lund and Bjerrum.2 Methyl phenylace-
tate, prepared by refluxing of phenylacetic acid (Matheson
Coleman and Bell, recrystallized) in methanol for 1 hr, had bp
213-214° (lit,.13bp 215°). p-Nitrophenyl benzoate was prepared
by the reaction of benzoyl chloride (Mallinekrodt, redistilled)
and p-nitrophenol (Matheson Coleman and Bell, practical
grade, recrystallized once from 0.5 n HC1) in cold pyridine (Baker
Analyzed Reagent| for 15 min. The slightly yellow crystals
obtained were recrystallized from an ethanol-methanol (1:7,
v/v) mixture, yielding white crystals, mp 140-141° (lit.4 mp
140-142°). Thalli.im(l) phenylacetate was prepared by adding
12.47 g (0.05 mol) of thallium(l) ethoxide, 98% (Aldrich), all at
once to astirred solution of 7.49 g (0.055 mol) of phenylacetic acid
in ether under dry nitrogen. The white crystals were recrystal-
lized from aqueous ethanol, mp 156-157°.

Benzoic phenylacetic anhydride, apparently not previously
described, was prepared by allowing 10 g (0.029 mol) of an ether
suspension of thallium(l) phenylacetate to react with 4.13 g
(0.029 mol) of benzoyl chloride at 35° for 5 hr.5 After the thal-
lium chloride was filtered from the solution and the ether was
evaporated, benzoyl chloride was removed by distillation at a
pressure of 0.1 mm. The residue was washed quickly with 10 ml
of 5% aqueous sodium bicarbonate solution and then with 10 ml
of water, dried over Drierite for 30 min, and dissolved in warm
benzene. Enough petroleum ether (bp 20-40°) was added to
cause cloudiness ar.d the solution was left in the refrigerator for
about 10 hr. The white crystals, mp 62-63°, showed ir and nmr
spectra and elemental composition (anai. Calcd for CicHuCL:
C, 74.99; 11,5.03. Found: C, 76.07; H, 5.25.) consistent with
the presumed structure. Samples were prepared immediately
before use to avoid disproportionation.

Kinetic Procedure.— Reaction rates were determined by fol-
lowing the increase in absorption at 395 nm, owing to the forma-
tion of p-nitrophenol, with a Gilford Multiple Sample Absorbance
Recorder (Model 2000).

Product Recovery by Multiple-Contact Pseudocountercurrent
Extraction.—The product esters were separated from the reaction

(11) .1. Gerstein and \V. P. Jencks, J. Amer. Chem. Soc., 86, 4655 (1964).

(12) H. Lund and I. Bjerrum, Ber.. 64, 210 (1931).

(13) A. 1. Vogel, J. Chem. Soc.. 654 (1948).

(14) M. L. Bender, F. J. Kezdy, and B. Zerner, J. Amer. Chem. Soc., 86,
3017 (1963).

(15) E. C. Taylor, G. W. McLay, and A. McKillop, 3. Amer. Chem. Soc.,
90, 2422 (1968).



4056 J. Org. Chem., Vol. 38, No. 23, 1973

mixture by the pseudo-CCD technique described by Wiberg. 6 A
reaction-solution aliquot of 30 ml was distributed in equal parts
into four separatory funnels, each containing 250 ml of water.
Four successive 50-ml portions of cyclohexane were passed down
the series of funnels and combined at the end. The cyclohexane
solution was then washed with 5% sodium bicarbonate solution
and with water, dried over Drierite, and concentrated to 1 ml by
flash distillation. After filtration through glass wool, the so-
lution was analyzed for ester composition by gas chromatog-
raphy.

Product Analysis by Gas Chromatography.— A Model 90-P3
Aerograph gas chromatograph, equipped with a thermal detector
and a Model 8000-2600 Barber-Coleman recorder, was used with
a 10 ft X 0.25 in. column of 60-80 mesh Varian Aerograph
Chromosorb W regular solid support coated with 15% by weight
diethylene glycol succinate (column temperature 190°, helium
carrier gas flow 45 ml/min). Area integrations of the chromato-
gram peaks were obtained by tracing the peaks using Clearprint
technical paper (no. 1000PH) and a light tracing pencil and then

(16) K.
McGraw-Hill, New York, N. Y., 1960, p 187.

Stable Carbocations.

B. Wiberg, "Laboratory Technique in Organic Chemistry,’
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cutting out the traces and weighing them on a Mettler analytical
balance (type H16).

Calibration.— Buffer solutions similar to those for the methano-
lysis of p-nitrophenyl benzoate and benzoic phenylacetic an-
hydride were used for acquiring the calibration data. These
buffers, containing no substrate, were heated for 4 hr at 45.00° in
a constant-temperature bath, after which methyl benzoate
(0.0010-0.0050 ™ ), methyl phenylacetate (0.0050-0.0090 m ),
benzoic acid (0.0050 m ), and p-nitrophenol (0.0100 m ) were
added to simulate the products of an actual methanolysis. The
samples of esters were weighed out in small combustion boats and
the entire boat was put into the calibration solution. All other
samples were added by volumetric pipettes from stock solutions.
The esters were then separated and analyzed by gas chromatog-
raphy as described in the above paragraphs. Esterification of
buffer under reaction conditions led to high values of the methyl
phenylacetate:methyl benzoate ratio. Therefore a plot of peak
area ratio vs. actual product composition had to be prepared and
used to calculate true reaction-product distributions.

Registry No.—p-Nitrophenyl benzoate, 959-22-8; benzoic
phenylacetic anhydride, 41085-80-7; thallium(l) phenylacetate,
41085-81-8; benzoyl chloride, 98-88-4.
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Protonation of 2,4,6-trimethoxytoluene and -m-xylene in FSO03H -S02 and in HF-SbFs-SOjCIF solution is re-
ported. The structure of the formed arenium ions and methylated oxocyclohexenyl dications is based on their
pmr spectroscopic study. The relative stability of these ions is discussed in terms of resonance, inductive, and

Meric effects.

A scries of stable arenium ions have been observed
previously in superacid media.3 Among them, methyl-
benzenium ions,4afluorobenzenium ions,14 halomethyl-
benzenium ions,5 and hydroxy- and alkoxybenzenium
ions6have; been reported. Recently, we have succeeded
even in the direct observation of the parent benzenium
ion7and naphthalenium ion.8

Protonation of arenes generally takes place at a ring
position to which hydrogen is attached. Carbons
bearing substituents, however, also can be protonated to
give stable arenium ions, as first shown by Vaughan
and his associates9 in case of some methoxy-l1,2,3-tri-
methylbenzenes and o-xylenes.

We now wish to report further such examples of
arenium ions and methylated cyclohexenyl dications ob-
tained by protonation of 2,4,6-trimethoxytoluene and

(1) Part CLVI: C.A.Olah and Y. K. Mo, J. Org. Chem., 38, 3221 (1973).

(2) Postdoctoral Research Associate, 1969-1971.

(3) For a review, see D. M. Brouwer, E. L. Mackor, and C. MacLean in
"Carbonium lons,” Vol. 2, G. A. Olah and P. v. R. Schleyer, Ed. Wiley-
Interscience, New York, N.Y., 1970, p 864.

(4) (@) G. A. Olah, 3. Amer. Chem. Soc.. 87, 1103 (1965); (b) G. A. Olah
and T. E. Kiovsky, ibid., 89, 5692 (1967).

(5) (a) G. A. Olah and T. E. Kiovsky, J. Amer. Chem. Soc., 90, 2583
(1968); (b) D. M. Brouwer, Reel. Trav, Chim. Pays-Bas, 87, 335, 342 (1968).

(6) (a) G. A. Olah and Y. K. Mo, J. Amer. Chem. SOC., 94, 5341 (1972);
(b) 3. org. chem., 38, 353 (1973); (c) A. J. Kresge, S. G. Mylonakis, Y.
Sato, and V. P. Vitullo, 3. Amer. Chem. Soc., 93, 6181 (1971).

(7) (@) G. A. Olah, R. H. Schlosberg, D. P. Kelly, and Gh. D. Mateescu,
J. Amer. Chem. Soc., 92, 2546 (1970); (b) G. A. Olah, R. H., Schlosberg,
R. D. Porter, Y. K. Mo, D. P. Kelly, and Gh. D. Mateescu, Ibld., 94, 2034
(1972)

(8) G. A. Olah, Gh. D. Mateescu, and Y. K. Mo, J. Amer. Soc., 95, 1865
(1973)

(9) M. P. Hartshorn, K. E. Richards, J. Vaughan, and G. J. Wright, J.
Chem. Soc. B, 1624 (1971).

2,4,6-trimethoxy-ra-xylene in FSO3H-SO2 and HF-

SbF5S0xIF solution.

Results and Discussion

Protonation of 2,4,6-trimethoxytoluene in FSO3-H-
SO2CIF gave a mixture of two benzenium ions (1 and
2). The pmr spectrum of the solution (Figure 1) is

-50 7 23
-30 73 27
-20 72 28

well resolved and shows in the methyl proton region
(of benzenium ions) a singlet at $1.85 and a doublet at
5159 (J = 7.5 Hz). In the vinyl region, there are two
singlets at 6 6.10 and 6.27. If protonation take place
at the unsubstituted position of 2,4,6-trimethoxy-
toluene, only one methyl and one vinylic proton absorp-
tion should be observed. These data suggest the
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formation of ion 2 (via protonation of the methyl-bear-
ing carbon). Furthermore, a quartet at 8 3.63 is also
observed for the methine proton of ion 2. It is inter-
esting to note that the methylene proton (5 3.90) of ion
1 is more deshielded than the methine proton of ion 2.
There are only two methoxy absorptions appearing at
84.03 and 4.26 in a ratio of 2:1 indicating the coinci-
dence of the OCH3and of the p-OCH3in ions 1 and 2.
In addition, the ratio of 1 and 2 is temperature de-
pendent, i.e., a higher ratio is observed at lower tem-
perature. These data indicate that 1is thermodynami-
cally more stable than 2.

One may suggest three possible mechanisms for the
reversible interconversion process (1 ~ 2). First, it
could proceed by intermolecular exchange between the
precursor and the benzenium ion; second, it could in-
volve an unstable intermediate such as |b and a 1,2-
hydrogen shift (intramolecular); and, finally, it could
involve hydrogen transfer with the acid solvent FSO3H -
S02 which is present in large excess.

It is known that the pmr spectrum of C-protonated
anisole (4-methoxybenzenium ion) is temperature de-
pendent, indicating the rotation of C— 0 partial
double bond at higher temperature.6 However, the
pmr of both ion 1 and 2 (present in the same solution)
is temperature independent. It is therefore suggested
that the ion formed from 2,4,6-trimethoxytoluene has
structure 1 rather than that of la or of equibrating of
ions 1 la. lon la is expected to be less stable than
ion 1 owing to prevailing steric effects. This kind of
steric effect has been demonstrated when 2,6-dimethyl-
anisole was not found to be C-protonated to give 3,5-
dimethyl-4-methoxybenzenium ion 3.6 On the other
hand, the C=~0 partial double bond of ion 2 may be
rapidly rotating even at —80°, since its double bond
character is less pronounced than that of the 4-methoxy-
benzenium ion (or there is less charge introduced into
the p-CHS<O group).

Protonation of 2,4,6-trimethoxy-m-xylene in FSO3H -
S02 solution at —30° gave exclusively ion 4. The
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Figure 1.— Pmr spectrum of I-methyl-2,4,6-trimethoxybenzenium
ion (A) and 3-methyl-2,4,6-trimethoxybenzenium ion (B).

isomeric ion 5 was not observed at the temperature
range —80 to —20°, indicating considerable stability
difference between ions 4 and 4a.

CH;

In the pmr spectrum of ion 4 the methyl group which
is attached to the sp3carbon shows a doublet at 8 1.62
(J = 7.5 Hz). It is coupled to the methine proton
which displays a quartet at 53.89 (J = 7.5 Hz). The
other methyl proton absorption is a slightly deshielded
singlet at 8 1.86. The three methoxy groups of ion 4
are significantly deshielded and situated in different
environments. Consequently, they are no longer
equivalent and their signals appear at 84.11, 4.17, and
4.32 as three singlets. The most deshielded absorption
(8 4.32) is evidently assigned to the p-OCH3 Because
of the obvious steric effect, the structure of the ion
obtained from protonation of 2,4,6-trimcthoxy-m.-
xylene in FSO3H -S02solution must have the structure
4 and not 5. Consequently, we can assign the more de-
shielded methoxy singlet at 8 4.17 to the 2-OCH3 be-
cause of the anisotropy effect of the p-OCH36 Finally,
it is interesting to note that the vinylic proton of 5
is more shielded [8 6.16) than the ring protons of its
precursor (8 6.23), indicating that there is essentially no
charge introduced into the meta position upon proto-
nation.

In stronger superacidic FSChH-SbFj-SChCIF and
I1F- SbI'Y -S02G1F solution, 2,4,6-trimethoxytoluene was
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diprotonated to givel the methylated oxocyclohexenyl
dications 6 and 7 in a ratio of 4:1. The ratio of these

OCH,

7(20%) 6(80%)
ions is temperature independent. The pmr spectrum
of the solution is different from that of 2,4,6-trimethoxy-
toluene when protonated in FSO03H-S02 (each cor-
responding absorption is further deshielded). It shows
in the methyl proton region (of benzenium ions) a
doublet at 52.21 (J = 6 Hz, CH3 of 7) and a singlet at
52.41 (CH3of 6). The methine proton absorption of
6 is a quartet at 54.20. There is a singlet absorption at
5 7.0G which can be assigned to the vinylic proton of
dication 7. The CH3—+0=C proton absorptions of
6 and 7 are two close singlets at 55.50 and 5.70 (also
in aratio of 4:1). The methoxy groups attached to the
terminal allylie carbons in dications 6 and 7 show a
coincidental singlet at 54.91. The methylene protons
of 6 and 7 also show a coincidental slightly broadened
singlet at 55.0.

Methylated oxocyclohexenyl dications 6 and 7 were
formed when ions 1 and 2 in FSO3 -S02solution were
added to SbIVSCDbCIF or HF SbF5S(),CIF solution at
—78°. This result evidently shows that the formation
of 6 and 7 takes place through additional protonation at
the meta carbons of 1 and 2. Dication 6 is the only
product ion when 2 is further protonated at the unsub-
stituted meta positions. Both dication 6 and 7 can be
formed when 1 is further protonated at C-3 and C-5,
respectively. The ratio of ions 1and 2 is4:1 at —70°.
Thus, the ratio of protonation at C-3 and C-5 is becom-
ing 3:1, although the former protonation is sterically
unfavorable. This result may be accounted for by the
unusual stability of dication 6.

Similarly, when 2,4,6-trimethoxy-m-xylene was pro-
tonated in HF-SbF5S 0 2CIF solution, two methylated
oxocyclohexenyl dications 8 and 9 (in a ratio of 3:1)

8(75%) 9(25%)

were obtained. The pmr spectrum of the solution is
different from that when 2,4,6-trimethoxy-m-xylene was

Olah, Kobayashi, and Mo

protonated in FSO3H -S02solution (each corresponding
absorption peak is further deshielded). It is less re-
solved presumably owing to the viscosity of the me-
dium. The methyl group attached to the central allylie
carbon shows a deshielded singlet at 52.42. The other
methyl group of dication 9 and the two symmetrical
methyl groups of dication 8 show a multiplet pmr ab-
sorption at 5 2.2-2.3. The formation of dication 8
can easily be recognized by the vinylic proton singlet
absorption at 57.01. The CH3—+0=C of 8 and 9
show two close singlet absorptions at 55.64 (75%) and
5,50 (25%), respectively. The other methoxy groups
and the methylene protons show a slightly broadened
singlet absorption at 55.0. The methine protons of
8 and 9 show a multiplet at S4.2-4.4. Finally, it is
interesting to note that the additional protonation of
5 (to form 8 and 9) occurring at the meta carbon bearing
a methyl group is again 3:1 with respect to the other
unsubstituted meta carbon.

The study of protonation of 2,4,6-trimethoxytoluene
and -w-xylene in superacid solutions led to the forma-
tion of the observed novel benzenium ions and methyl-
ated oxocyclohexenyl dications, indicating the impor-
tance of steric and resonance effects on the stability of
arenium ions. Geminally substituted arenium ions
may play an important role in electrophilic reactivity
of polyalkoxybenzenes.

Experimental Section

Materials.—2,4,6-Trimethoxytoluene was commercially avail-
able material from Aldrich Chemical Co. and used without further
purification. 2,4,6-Trimethoxy-m-xylene was prepared accord-
ing to the method reported for the preparation of 1,3-dimethoxy-
2-methylbenzene.D 2,4,6-Trimethoxytoluene (0.1 mol) was
added to 200 ml of an ether solution of phenyllithium (0.1 mol).
After the solution was kept for 2 days at room temperature in the
dark, dimethyl sulfate (0.12 mol) was added to the solution. It
was refluxed for 2 hr, then poured onto ice-water. The product
was extracted with ether and isolated as a white solid, mp 60°,
with correct analysis and nmr spectrum.

Fluorosulfuric acid (Allied Chemical Co.) was doubly distilled
and antimony pentafluoride (Allied Chemical Co.) was triply
distilled before used. HF was obtained form J. T. Baker Chem-
ical Co. The preparation of superacid solutions has been de-
scribed previously. .

Preparation of the lons and Their Nmr Study.—Solutions of
the ions for nmr studies were prepared by adding 0.2 g of the
aromatic to 2 ml of FSO3H-SO2CIF (HF-SbFs-SChCIF) solution
which had been cooled at —78°. The well-stirred solutions were
allowed to slightly warm till clear, slightly yellow solutions were
obtained.

A Varian Associates Model A-56-60A nmr spectrometer
equipped with a variable-temperature probe was used to obtain all
spectra. External capillary tetramethylsilane was used for pro-
ton reference.
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The ring expansion of norcamphor (1) with diazomethane in methanol leads to a complex mixture of homologous
ketones. When 1 was allowed to react with less than a stoichiometric amount of diazomethane, bicyclo [3.'2.1]-
octan-2-one (3) and bicyclo[3.2.1]octan-3-one (4) were formed in the ratio of 70:30. Ring expansion of exo-2-
aminomethylbicyclo[2.2.1]heptan-endo-2-ol (12) gave ketones 3 and 4 in the ratio of 62:38 while ring expansion
of endo-2-aminomethylbicyclo[2.2.1]heptan-exo-2-ol (IS) yielded 3 and 4 in the ratio of 91:9. Comparison of
these results indicates a predominance of exo attack of diazomethane on 1.  Similarly, the reaction of less than a
stoichiometric amount of diazomethane in methanol with dehydronorcamphor (2) yielded bicyclo[2.1.1] oct-6-en-
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2-one (7) and bicyclo[3.2.1]oct-6-en-3-one (8) in the ratio of 53:47.
bicyclo[2.2.1]hept-0-en-en/io-2-ol (18) yielded ketones 7 and 8 in the ratio of 50:50.
aminomethylbicyclo[2.2.1]hept-5-en-exo-2-ol (21) afforded 7 and 8 in the ratio of 77:23.

Ring expansion of exo-2-amirfomethyl-
Ring expansion of endo-2-
Predominant exo attack

of diazomethane on 2 is indicated by these results. Competition experiments indicated that 2 was two times

as reactive as 1 toward diazomethane in methanol.

The migratory aptitudes for the compounds examined in

this study are compared to other «xo- and erado-2-norbornylcarbinyl systems.

Cyclic ketones can be transformed into their higher
homologs by reaction with diazoalkanes2 and by the
Tiffeneau-Demjanov3rearrangement of amino alcohols
derived from the cyclic ketone. |If the diazoalkane
ring expansion is carried out in an alcoholic solvent4the
intermediates in both types of ring expansion reactions
is a /3-hydroxy diazonium ion.

The extensive investigations of Gutsche5on the ring
expansion of unsymmetrical cyclic ketones by the
diazoalkane method have elucidated the importance of
electronic and steric factors in governing the migratory
aptitude of the ring carbon atoms. Steric factors also
play an important role in determining the stereo-
chemistry of attack of the diazoalkane as well as the
amount of epoxide formation accompanying ring
expansion.6

The stereochemistry of attack of diazomethane on
frewis-2-decalone7 and 0A-3-oxo steroids8 has been
determined. Comparison of the ratio of isomeric
ketone products obtained in these systems, when ring
expanded with diazomethane, to the ratio obtained
from the epimeric amino alcohols indicated predomi-
nant equatorial attack of diazomethane. The stereo-
chemistry of attack and the migratory aptitudes in
the diazoethane ring expansion of 4-alkylcyclohexa-
nones9 and methylcyclopropanoncs® have been ex-
amined. The product ratios obtained in these studies
were explained in terms of steric approach control
and conformational interactions in the intermediates.

Only recently has the diazomethane ring expansion
of bridged bicyclic ketones been investigated. The

(1) This work was supported in part by a grant from the donors of the
Petroleum Research Fund, administered by the American Chemical Society,
and a Marquette University Committee on Research Grant.

(2) (a) C. D. Gutsche, Org. React., 8, 364 (1954); (b) C. D. Gutsche and
D. Redmore, “Carbocyclic Ring Expansion Reactions,” Academic Press,
New York. N. Y., 1968.

(3) P. A.S.Smith and D. R. Baier, Org. React., 11, 157 (1960).

) J. N. Bradley, G. W. Cowell, and A. Ledwith, ./. Chem. Soc., 4334

(1964).
(5) (@) C. D. Gutsche, 3. Amer. Chem. Soc., 71, 3513 (1949); (b) C. D.
Gutsche and H. Il. Peter, ibid., 77, 5971 (1955).

(6) C. D. Gutsche, H. F. Strohmayer, and J.om. Chang, J. Org. Chem.,
23, 1 (1958).

(7) R. G. Carlson and N. J Behn, J.0rg. Chem., 33, 2069 (1968).

(8) J. B. Jones and P. Price, J. Chem. Soc. D, 1478 (1969).

(9) J. A. Marshall and J. J. Partridge, 3. org. chem., 33,4090 (1968).

(10) N. J. Turro and R. B. Gagosian, J. Amer. Chem. Soc., 92, 2036
(1970).

reaction of norcamphor with diazomethane was first
reported by Sauers.ll In a more extensive study
Pietral2 determined the relative reactivities of a scries
of bicyclo[w.2.1]alkanones toward diazomethane as
well as the migratory aptitudes for norcamphor and
bicyclo[3.2.1]Joctan-2-one. The migratory aptitudes
in the ring expansion of bicyclo[2.l.Ilhexan-2-one and
its monomethylated derivatives have also been re-
ported.13 The effect of unsaturation on the stereo-
chemistry of attack and the product ratios obtained in
the reaction of diazomethane with 7-ketonorbornene
and 7-ketonorborane has been examined by Bly. 4
In order to assess the importance of stereochemistry in
determining the migratory aptitudes in the ring ex-
pansion of bridged bicyclic ketones we have studied
the Tiffeneau-Demjanov ring expansion of the epi-
meric /3-amino alcohols of norcamphor (1) and dehydro-
norcamphor (2). The ketonic product ratios obtained
in these ring expansions are compared with the product
ratios obtained in the diazomethane ring enlargement
of 1and 2.

Experimental Section’

Preparation of exo-2-Aminomethylbicyclo[2.2.1 [heptan-ciirfo-
2-ol (12).—A 300-ml pressure reaction vessel (Autoclave En-
gineers, Inc.) was flushed with nitrogen and cooled externally by
a Dry Ice-acetone bath. The vessel was charged with 3.0 g
(25 mmol) of epoxide 116in 10 ml of anhydrous ether and 4.8 g
(0.122 mol) of sodium amideX’ in 65 ml of liquid ammonia. The
apparatus was sealed and allowed to warm to room temperature.

(11) R. R. Sauers and R. J. Tucker, J. Org. Chem ., 28, 876 (1963).

(12) G. Fachinetti, F. Pietra, and A. Marsili, Tetrahedron Lett., 393
(1971).

(13) T. Gibson, J.0rg. Chem., 37, 700 (1972).

(11) 1t. 8. Bly, F. B. Culp, and R. K. Bly. J. Org. Chem., 35, 2235 (1970).

(15) All boiling and melting points are uncorrected. The infrared spectra
were recorded on a Beckman IR-12 spectrophotometer and a Perkin-Elmer
spectrophotometer. The nuclear magnetic resonance spectra were recorded
Quantitative gas-liquid phase chro-
matographic analyses were obtained using an F & M Model 700 gas chro-
matograph equipped with a Leeds and Northrup Speedomax H nonintegrat-
ing recorder, and preparative separations were performed on an F & M Model
770 automatic preparative gas chromatograph; both instruments were
equipped with thermal conductivity detectors. Microanalyses were per-
formed by Chemalytics, Inc., Tempe, Ariz. Mass spectra were run on a
Hitachi RMU-6A spectrometer at Purdue University. Lafayette. Ind.

(16) R. S. Bly, C. M. DuBose, Jr., and G. B. Konizer, 3. Org. Chem., 33,
2188 (1968).

(17) C. R. Hauser, J. T. Adams, and R. Levine, ‘‘Organic Syntheses,”
Collect. Vol. I'll, Wiley, New York, N. Y., 1955, p 291.

on a Varian A-60A nmr spectrometer.
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After 24 hr,Bthe apparatus was recooled in a Dry Ice-acetone
bath and opened, and the ammonia was allowed to evaporate
upon warming to room temperature. The resulting slurry was
quenched with a saturated ammonium chloride solution and
extracted with five 150-ml portions of ether. The combined
ether extract was dried (MgSO<) and concentrated. The residue
was flash vacuum distilled in a short-path distillation apparatus
to yield 2.77 g of crude amino alcohol, bp 104° (0.05 mm). The
crude product was vacuum sublimed (50-60°, 0.02 mm) three
successive times to yield 1.5 g (44% ) of amino alcohol, mp 108.5-
1110 dec. The amino alcohol was extremely hygroscopic and
was therefore characterized through its hydrochloride and benz-
amide derivatives.

A hydrochloride was prepared using the method of Parham:1
mp 259-260° dec; ir (Nujol) 8493, 1623, 1600, 1212, 1023, 1000,
1163, 795, and 708 cm“1 nmr (CFjCOH) 6 1.27-2.33 (un-
resolved pattern, 9 protons), 2.44 (broad s, 2, bridgehead pro-
tons), 3.47 (q, 2, 3 = 6 Hz, CH,NH3+), 7.0 (broad, 3, NH3#).

Anal. Calcd for CsHIBONCL1: C, 54.08; H, 9.01; N, 7.88;
Cl, 19.97. Found: C, 54.11; H, 8.82; N, 7.47; CI, 19.82.

A benzamide derivative was prepared in the usual manner,®
mp 150-151°.

Anal. Calcd for CIH® N: C, 73.44; H, 7.80; N, 5.36.
Found: C, 73.13; H, 7.68; N, 5.71.

Preparation of e)irfo-2-Aminomethylbicyclo[2.2.11heptan-ezo-
2-ol (15).—A 3.31-g (26.7 mmol) sample of epoxide 17%6in 10 ml
of anhydrous ether was allowed to react with a freshly prepared
solution of 5.2 g (0.134 mol) of sodium amide in 65 ml of liquid
ammonia in the manner described in the synthesis of 12. The
crude product was vacuum sublimed (50-60°, 0.01 mm) and
desiccated over phosphorus pentoxide to yield 2.32 g (62%,) of
amino alcohol: mp 60-130°; ir (Nujol) 3315, 3280, 2950, 1640,
and 1375 cm-1. The amino alcohol was extremely hygroscopic
and therefore was characterized as its benzamide derivative:®
mp 132-132.5°; nmr (CDCI3 57.6 (m, 5, phenyl), 6.9 (broad s,
1, NH), 3.6 (d, 3 = 55 Hz, 2, CHN), 3.13 (s, 1, OH), 2.4-0.85
(unresolved pattern, 10 protons).

Anal Caled for CIHIDN: C, 73.44; H, 7.80; N, 5.36.
Found: C, 73.57; H, 7.77; N, 5.68.

Preparation of ezo-2-Aminomethylbicyclo [2.2.1] hept-5-ene-
endo-2-ol (18).—A 3.0-g (25 mmol) sample of epoxide 14%in 10
ml of anhydrous ether was allowed to react with a solution of 4.8 g
(0.12 mol) of sodium amide in 65 ml of liqguid ammonia as de-
scribed previously. After normal work-up the crude product
was flash vacuum distilled in a short-path distillation apparatus,
bp 60-105° (0.02 mm), to yield 2.74 g of crude product. Vacuum
sublimation (50-60°, 0.01 mm) and vacuum desiccation (20 mm)
over phosphorus pentoxide afforded 2.45 g (72%) of 18: mp
108-109° dec; ir (Nujol) 3360 (s, OH), 3280, 3300 (broad
doublet, primary NH2), 1215, and 1050 cm-1 (CN); nmr (CC14
6 6.25 (ABX multiplet, 2, CH=CH), 2.8 (broad s, 4, bridge-
heads and CHZNN), 2.00 (broad s, 3, OH and NH2, 0.85-1.85
(unresolved pattern, 4 protons). A benzamide derivative was
prepared in the usual manner,® mp 152-153°.

Anal. Calcd for CIHH,0N: C, 74.04; H, 7.04; N, 5.78.
Found: C, 73.77; H, 6.85; N, 5.95.

Preparation of e»rfo-2-Aminomethylbicyclo[2.2.1]hept-5-en-e:ro-
2-ol (21).—A 3.0-g (25 mmol) sample of epoxide 20Bin 10 ml of
anhydrous ether was allowed to react with 4.8 g (0.123 mol) of
sodium amide in 65 ml of liquid ammonia as described previously.
Work-up and flash vacuum distillation in a short-path distillation
apparatus yielded 3.8 g, bp 80-101° (0.02 mm), of crude prod-
uct. Vacuum sublimation (50-60°, 0.01 mm) and vacuum
desiccation (20 mm) over phosphorus pentoxide yielded 2.8 g
(82%,) of 21: mp 72-74° dec; ir (Nujol) 3345, 1380, 1180, 1130,
1075, 810, and 710 cm"L nmr (CDC13 56.1 (ABX multiplet, 2,
CH=CII), 2.85 (broad, m, 1, bridgehead proton), 2.6 (broad s,
3, CHAN and OH), 2.1-1.0 (unresolved pattern, 7 protons). A
benzamide derivative was prepared in the usual manner,® mp
107-107.5°.

Anal. Calcd for CIHION: C, 74.04; H, 7.04; N, 5.78.
Found: C, 73.69; H, 6.98; N, 5.88.

(18) E. J. Corey and M. Chaykovsky, J. Amer. Chem. soc., 87, 1353
(1965).

(19) w. E Parham and L J Czuba, 7. Amer. chem. soc.. 90, 4030
(1968).

(20) R. L. Shriner, R. C. Fuson, and D. Y. Curtin, "The Systematic
Identification of Organic Compounds,” 5th ed, Wiley, New York, N. Y.,
1935, p 260.
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Ring Expansion of Amino Alcohol 12. A.—A 500-mg (3.55
mmol) sample of 12 dissolved in 5 ml of water containing 266 mg
(4.43 mmol) of acetic acid was stirred magnetically and cooled in
an ice-water bath. To this, a solution of 310 mg (4.4 mmol) of
sodium nitrite in 5 ml of water was added dropwise over a period
of 15 min. The mixture was stirred for an additional 1 hr at
ice-bath temperature, heated at reflux for another 1 hr, and then
allowed to cool to room temperature. The solution was neu-
tralized with sodium bicarbonate solution and extracted with five
100-ml portions of ether, and the combined ether extracts were
dried (MgSCh) and concentrated. The crude product was
vacuum sublimed (50-60°, 20 mm) yielding 207 mg (47%) of a
mixture which was shown by glpc analysis2 to consist of two
components which were collected individually and identified
as follows. The first component (retention time 5.5 min, relative
abundance 37.7%) was identical in all respects (ir, nmr, and
retention time) with an authentic sample of bicyclo [3.2. [Joctan-
3-one (4), mp 139-140° (lit,.2mp 139°). The second component
(retention time 6.8 min, relative abundance 62.3%) was identical
in all respects (ir, nmr, and retention time) with an authentic
sample of bicyclo[3.2.1]octan-2-one (3), mp 120-122° (lit.Z mp
121-123.5°).

B.—A 266-mg (1.5 mmol) sample of 12 HC1 dissolved in 10 ml
of water containing 112 mg (1.87 mmol) of acetic acid was
stirred magnetically and cooled in an ice-water bath. To this,
a solution of 129 mg (1.87 mmol) of sodium nitrite was added
dropwise over a period of 15 min. The mixture was stirred for
an additional 1 hr at ice-bath temperature, heated at reflux for 1
hr, and then allowed to cool to room temperature. Normal
work-up afforded 160 mg (86%) of a mixture which was shown by
glpc analysis2L to consist of 61.3% ketone 3 and 38.7% ketone 4,
by their glpc retention times and spectral properties.

Ring Expansion of Amino Alcohol 15.—A 500-mg (3.55 mmol)
sample of 15 was ring expanded according to procedure A used for
12.  Work-up and sublimation (50-60°, 20 mm) afforded 230
mg (53.5%) of a mixture which by glpc analysis was shown to
consist of 9%, ketone 4 and 91% ketone 3, by their glpc retention
times and spectral properties.

Ring Expansion of Amino Alcohol 18.—A 1.2-g (8.64 mmol)
sample of amino alcohol 18 was ring expanded according to the
procedure outlined above for amino alcohol 12. Normal work-up
and sublimation (50-60°, 20 mm) yielded 490 mg (46%) of a
mixture which was shown by glpc analysisZl to consist of two
components which were collected individually and identified as
follows. The first component (retention time 9 min, relative
abundance 50%) was identified as bicyclo[3.2.1]oct-6-en-2-one
(7): mp 74-75.5°; nmr (CCU) 56.05 (ABX multiplet, 2, CH=
CH), 3.05-1.6 (unresolved pattern, 8 protons); ir (CCU) 1725,
1455-1425, and 720 cm*“1; massspectrum (70 eV) m/e 122. The
second component (retention time 9.8 min, relative abundance
50%) was identical in all respects (ir, nmr, and retention time)
with an authentic sample of bicyclo[3.2.1]oct-6-en-3-one2 (8),
mp 98-99.5° (lit.2mp 99-100.5°).

Ring Expansion of Amino Alcohol 21.—A 1.2-g (8.64 mmol)
sample of amino alcohol 21 was ring expanded according to the
procedure outline above for amino alcohol 12. Normal work-up
and sublimation (50-60°, 20 mm) yielded 510 mg (49%) of a
mixture which was shown gy glpc2 analysis to consist of 77.3%
ketone 7 and 22.7% ketone 8.

A part of the mixture from this experiment was combined with
a sample of the ketone mixture obtained from the ring expansion
of 18. The mixture (600 mg, 4.9 mmol) was hydrogenated in 25
ml of absolute ethanol at 50 psi (Parr hydrogenation apparatus)
using 6.7 mg of 5% palladium on charcoal as catalyst. After
the hydrogen uptake had ceased, the solution was filtered and
concentrated and the residue was sublimed (50-60°, 20 mm) to
give 494 mg (81% ) of a mixture which was shown by glpc analy-
sis2Lto contain ketones 3 and 4, by their glpc retention times and
spectral properties. Thus, the assigned structures for the un-
saturated ketones obtained in the ring expansion of amino alcohols
18 and 21 were further confirmed.

Reaction Products of Bicyclo Ketones with Diazomethane. A.
Norcamphor (1).—To a solution of 500 mg (4.55 mmol) of nor-

(21) A 13 ft X 0.25 in. aluminum column packed with 20% diethylene
glycol succinate (DEGS) on 45-60 mesh Chromosorb W-AW was employed
atatemperature of 170° and a helium flow rate of 110 mI/min.

(22) C. W . FefFord and 13. Waegell, Tetrahedron Lett.,, 1981 (1963).

(23) K. Alder and W. E. Windemuth, chem. Ber., 71, 2404 (1938).

(24) N. A. LeBel and R. N. Liesmer, ./. Amer. Chem. Soc., 87, 4301
(1965).
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camphor (1) in 5 ml of 3% methanolic potassium carbonate
solution was added dropwise 500 mg (3.8 mmol) of nitroso-
methylurethane.5 After an induction period, the reaction
started, as evidenced by a rise in temperature. The solution
was cooled to maintain the temperature between 20 and 25°.
After the addition was complete, the solution was stirred for an
additional 30 min, filtered, and concentrated by distillation.
The residue was analyzed by glpc.2L The reaction was repeated
under the above conditions except that the amount of nitroso-
methylurethane used was varied. Each run was analyzed by
glpc.2L

In another experiment 2.04 g (18.6 mmol) of 1 in 10 ml of
methanol was allowed to react as described above with 8.05 g (61
mmol) of nitrosomethylurethane in the presence of anhydrous
sodium carbonate. The concentrated residue was shown by glpc
analysis® to consist of eight components which were collected
individually and identified as follows. The first component
(retention time 5.3 min, relative abundance 4.2%) was identical
in all respects (ir, nmr, and retention time) with norcamphor (1).
The second component (retention time 7.5 min, relative abun-
dance 24.8% ) and the third component (retention time 8.8 min,
relative abundance 1.4%) were collected together and assigned
structures 4 and 3, respectively, by their glpc retention times and
spectral properties. The fourth component (retention time 11.6
min, relative abundance 20.5%) was assigned structure S: ir
(CCh) 1700 cm-1 (C=0, seven-membered cyclic ketoneZy);
mass spectrum (70 eV) m /e 138; mp 80-83.5° (lit.Bmp 95-96°).
The fifth component (retention time 14.2 min, relative abun-
dance 25.6%) was assigned structure 6: ir (CCU) 1700 cm'l
(C=0, seven-membered cyclic ketoneZ); mass spectrum (70
eV) mse 138; mp 102-108° (lit.Bmp 122-123°); semicarbazone
mp 191-192° (lit.8B mp 193-195°). The sixth component
(retention time 18 min, relative abundance 3.4%) and the
seventh component (retention time 18 min, relative abundance
3.4%) were collected together and are believed to be bicyclo-
[5.2.1]decan-3-one and bicyclo[5.2.1]decan-4-one, respectively:
ir (CC14) 1695 cm-1 (C=0, eight-membered cyclic ketoneZ2);
mass spectrum (70 eV) mse 152; mp 60-62°. The eighth
component (relative abundance 1.5%) was not identified.

B. Dehydronorcamphor (2) (500 mg, 4.63 mmol) was ring
expanded exactly as described for 1 (part A), and the reaction
was repeated with varying amounts of nitrosomethylurethane.
Each run was analyzed by glpc.B

In a separate experiment, 2.0 g (18.4 mmol) of 2 in 5 ml of
methanol was allowed to react as described above (part A) with
8.0 g (61 mmol) of nitrosomethylurethane in the presence of
anhydrous sodium carbonate. The concentrated residue was
shown by glpc analysis® to consist of eight components -which
were collected individually and identified as follows. The first
component (retention time 4.3 min, relative abundance 6.1%)
was identical in all respects with dehydronorcamphor (2). The
second component (retention time 6.6 min, relative abundance
4.9%) and the third component (retention time 7 min, relative
abundance 34.8%) were collected together and assigned struc-
tures 7 and 8, respectively, by their glpc retention times and
spectral properties. The fourth component (retention time 9.3
min, relative abundance 28.3%) and the fifth component (reten-
tion time 10 min, relative abundance 9%) were collected together
and identified as 10 and 9, respectively. The structural assign-
ments were made by converting the mixture of olefinic ketones
into their known®Bsaturated analogs 6 and 5 by catalytic hydro-
genation. The sixth, seventh, and eighth components, formed
in the ratio of 13.6:5.5:2.5, were shown to exhibit carbonyl ab-
sorption in the ir but were not further characterized.

Competition Reaction of 1 and 2 with Diazomethane.—To a
solution of 200 mg (1.85 mmol) of 2 and 200 mg (1.82 mmol) of
1 in a ml of methanol containing anhj'drous sodium carbonate
was added 0.2 g (1.5 mmol) of nitrosomethylurethane as described
previously. The solution was analyzed by glpc.7 The mixture
was found to contain 41.9% 6, 47.5% 1, and ring-expanded

(25) IV. W. Hartman and R. Phillips, “Organic Syntheses” Collect. Vol.
11, Wiley, New York, N. Y., 1943, p 464.

(26) Same column as in ref 21 used at 180° and a helium flow rate of 120
ml/min.

(27) R. T. Conley, “Infrared Spectroscopy,’”’” Allyn and Bacon, Boston,
Mass., 1966, p 141.

(28) M. Hartmann, Justus Liebigs Ann. Chem., 724, 102 (1969).
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products. The relative reactivity of ketones 1 and 2 is therefore
approximately 1:2.2.2

Results

Norcamphor (1) and dehydrononorcamphor (2) were
allowed to react with varying amounts of diazomethane,
generated from nitrosomethylurethane, in methanol
at 25°. The reaction mixtures were analyzed by gas-
liquid partition chromatography (glpc). The reac-
tions resulted in mixtures of ring-expanded bicyclic
ketones, the exact amount of each depending upon the
molar amount of diazomethane used. The results
are summarized in eq 1 and 2 and listed in Tables |
and I1.

1 3 4 5 6 1)
2 7 8 9 10 (2)
Table |

Reaction of Norcamphor (1) with Diazomethane"

Mole ratio -Product, % -

of Unreacted Higher
1:urethane 1, % 3 4 5 6 ketones
1:0.41 80.3 8.8 6.0 3.1 2.1
1:0.82 59.6 10.6 12.8 10.1 7.1
1:1.64 38.6 9.5 18.6 19.2 11.3 3.2
1:2.46 21.6 9.1 23.0 20.6 14.2 11.4
1:3.28 19.6 3.9 26.5 21.3 17.4 12.0

° See Experimental Section for exact reaction conditions.

Table Il

R eaction of Diazomethane with Dehydronorcamphor (2)

Mole ratio -Product, %
of Unreacted Higher
2:uretbane 2, 7 8 9 10 ketones
1:0.41 83.C 5.8 8.1 1.8 1.9
1:0.82 637 9.0 16.5 4.6 6.2
1:1.64 36.5 7.1 28.4 9.9 14.6 3.8
1:2.46 29.8 5.6 34.6 7.0 16.2 6.9
1:3.28 10.2 5.1 42.0 6.4 23.2 13.0

“ See Experimental Section for exact reaction conditions.

The structures of ketones 3, 4, and 8 were established
by comparison of their retention times and spectral
properties with those of the authentic compounds.22-24
The structures of 5 and 6 were established by spectral
comparison and melting points of collected samples
with those reported by Hartmann.ZB Finally, the
structures of 7, 9, and 10 were assigned by conversion
of these olefinic ketones by catalytic hydrogenation to
3, 5, and 6, respectively.

The relative reactivity of 1 and 2 toward diazo-
methane -was estimated by allowing an equimolar mix-
ture of the two :0 react with a less than stoichiometric
amount of diazomethane. The composition of the
reaction mixture was determined by glpc analysis.

(29) T. S. Lee in ‘ Technique in Organic Chemistry,” Vol. VIII, S. L.

Friess and A. Weissberger, Ed.. Interscience, New York, N. Y., 1953, p
100.
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Prom these data it was calculated® that 2 was about
two times as reactive as 1

The amino alcohols 12, 18, 15, and 21 were prepared
from the known epoxides 11, 14, 17, and 20% as
outlined in Scheme | and characterized as their

19. X = CH,
22. X =CH

benzamide derivatives. The amino alcohols were ring
expanded by the Tiffeneau-Demjanov method and
the ketonic mixtures obtained were analyzed by glpc.
The relative percentages of the ketones obtained in
each case are summarized in eq 3-6. No epoxides

were detected as products in any of the amino alcohol
or diazomethane ring-expansion reactions.® The yields
of sublimed products obtained in the amino alcohol
ring expansions studied were between 46 and 54%;
no other volatile products were detected by glpc
analysis. The hydrochloride of amino alcohol 12 was

(30) Authentic samples of the most probably epoxidel* products were
shown to be stable to the glpc analysis conditions and could have been de-
tected if present in amounts greater than

McKinney and Patel

also ring expanded under identical reaction conditions,
yielding 3 and 4 in the ratio of 61:39 in 86% yield.
Thus, although the yield of ketonic products obtained
increased, the ratio of products obtained remained
constant. We therefore believe, despite the relatively
low yields obtained in the amino alcohol ring expan-
sions, that the ratio of ketones obtained in each case is
an accurate measure of the relative migratory apti-
tudes of the methine and methylene carbons in these
derivatives.

Discussion

Ring Expansion of Norcamphor.—The reaction of
norcamphor (1) with nucleophiles such as Grignard
reagents, metal hydrides, and mixed hydrides3l yields
predominantly (>90%) the product of exo attack, an
endo alcohol. The neutral nucleophiles dimethyloxo-
sulfonium methylide and dimethylsulfonium methylide
also attack 1 on its exo face to yield an endo epoxide.®
One would therefore predict that the neutral nucleo-
phile diazomethane would also react with 1 in an exo
fashion. As shown in Scheme I|l, the intermediate

Scheme Il

4. X = CH,
8. X =CH

diazonium ion produced by exo attack of diazomethane
on 1 can also be formed from the treatment of 12 with
nitrous acid. The ratio of ketones 3 and 4 formed in
the deamination of 12 should serve as the expected
ratio of products that would be formed in the exo
attack of diazomethane on 1. Similarly, the product
ratio obtained in the deamination of amino alcohol 15
should serve as the expected product ratio for endo
attack of diazomethane on 1 (Scheme I1l1). Com-
parison of the deamination results for 12 and 15 (eq
2 and 3) with the initial product ratio (70:30)2 of
ketones 3 and 4 formed when 1was allowed to react with
a less than stoichiometric amount of diazomethane
indicates a predominance of exo attack (75%) of
diazomethane on 1

(31) See Table I, ref 16.
(32) Estimated from the data in Table 1.
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Scheme Il

The ring expansion product ratios from amino
alcohols 12 and 15 allow a comparison of the migratory
aptitudes of the methine and methylene carbons in
these systems with those observed in other 2-nor-
bornylcarbinyl systems. The pertinent data arc sum-
marized in Table I11. As can be seen from the data, b

Tabte Il

M igratory Aptitudes in the Rearrangement of exo-
AND endo-2-NoRBORNYLCARBINYL SYSTEMS

CH.X Y
3 3 n
\V ( /7 (
1 1l
X Y a migration, % b migration, %
i oBs* H 7 93
ij Nib* H 18 82
NHy OH 38 62
1~ OBs' H 0 (1) ~100 (70)
NHi4 H <1 ~100
115 NH2 OH 9 91
Data taken from ref 11. » Taken from ref 33b. ' This
work. ¢ J. A. Berson and P. Reynolds-Warnhoff, 5. amer.

chem. soc., 30 595 (1964).

or methylene migration is favored over a or methine
migration in both the exo- and endo-2-norbornyl-
carbinyl systems. The preference for methylene
migration in the exo systems, which is unexpected
from electronic considerations and an unfavoral boat-
like transition state, has been considered previously.3
Sauers and Beisler3 proposed that torsional non-
bonded interactions between the substituents on C-2
and C-3 are relieved in the methylene migration transi-
tion state and that such strain relief is not rendered in
the methine migration transition state. We would
like to propose an alternative explanation based on the

(33) (a) R. R. Sauers and J. A. Beisler, J. Org. Chem., 29, 210 (1964);
(b) J. A. Berson and D. Willner.J. Amer. Chem. Soc., 86, 609 (1964).
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principle of least motion.34 Methylene migration can
proceed by a rotation around the C-3-C-4 bond which
involves the motion of relatively few atoms in the
molecule. However, methine migration requires the
motion of the bridgehead carbon and thus most of the
other atoms in the rigid bicyclic system. Thus, least
motion favors methylene migration.

The selectivity of methylene over methine migration
is reduced in going from the solvolytic brosylate system
to the amine deamination. This is generally found to
be the case,33F because of the compressed energy scale
in the energetically favorable loss of molecular nitrogen
in the deamination. We see from the data for amino
alcohol 12 that the selectivity is further reduced in
deamination of an amino alcohol. Thus, the facile
loss of nitrogen is further enhanced by the fact that a
hydroxy carbonium ion, rather than a secondary
carbonium ion, is produced as an intermediate.

In the endo-2-norbornylearbinyl systems methylene
migration predominates to even a greater extent. In
the endo system the factors which favored methylene
migration in the exo series are further reinforced by a
conformationally favorable chairlikc transition state.
The trends in selectivity are maintained and are slightly
enhanced.

Ring Expansion of Dehydronorcamphor.—The re-
action of dehydronorcamphor (2) with a wide variety of
nucleophiles occurs predominantly from the exo side
with one notable exception.®6 The neutral nucleophile
dimcthyloxosulfonium methylidc attacks 2 preferen-
tially from its endo side to produce a 29:71 mixture of
epoxides 14 and 20, respectively.’®6 Bly attributed this
selectivity to an electronic stabilization of the endo at-
tack transition state through an interaction of the
double bond ir. 2 with the developing zwitterion.6 Bly
attempted to test the generality of this behavior of
neutral nucleophiles toward 2 by studying the reac-
tion of 2 with diazomethane in 10% methanolic ether.3
In this solven: system, however, the diazomethane re-
acted exclusively with the double bond of 2 to produce
ketopyrazolines.

Our results for the reaction of 2 with diazomethane
in pure methanol indicate that in the more polar solvent
the diazomethane reacts exclusively with the carbonyl
double bond, resulting in ring expansion. As shown in
Scheme 11, the diazonium ion produced by exo attack
of diazomethane on 2 can also be formed from the
diazotization of amino alcohol 18. The ratio of
ketones formed in the deamination of 18 should there-
fore serve as the expected ratio of products that would
result from an exo attack of diazomethane on 2.
Applying a similar argument, a model system for the
endo attack of diazomethane on 2 is the deamination
of amino alcohol 21. This is shown in Scheme II1I.
Comparison of the deamination results for 18 and 21
(eq 5 and 6) with the initial product ratio (53:47)3

(34) (a) J. Hine, J. Org. Chem.. 31, 1236 (1966); (b) J. Hine, J. Amer.
Chem. Soc.. 88, 5525 (1966); (c) S. I. Miller, Advan. Phys. Org. Chem.. 6,
185 (1968); (d) O. 3. Tee, J.Amer. Chem. Soc., 91, 7144 (1969).

(35) E. H. White, "The Chemistry of the Amino Group,” S. Patai, Ed,.
Wiley, New York, N. Y., 1968, Chapter 8.

(36) J. A. Berson, J. W. Foley, J. M. McKenna, H. Junge. D. S. Donald,
R. T. l.uibrand, N. G. Kundu, W. J. Libby, M. S. Poonian, J. J. Gajewski,
and J. B. E. Allen, 3. Amer. Chem. Soc.. 93, 1299 (1971).

(37) R. S Bly, F. B. Culp, Jr., and R. K. Bly, J. org. chem., 3B, 2235
(1970).

(38) Estimated from the data in Table II.
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Table IV
Migratory Aptitudes in the Deamination of exo- and
endo-2-NoRBORNENYLCAHBINYI, AND 6X0- AND
endo-2-NORBORNYLCARBINYL SYSTEMS

CH,NH, 1 OH
X Ve
N A
/ b \ yb chZzhh2
12 15
chhh?2 [ OH
A X
IN  J7?{ /J A
, OH NN Y chhn2
18 21
Compd a migration, % b migration, %
12 38 62
18 50 50
15 9 91
21 23 7

of ketones 7 and 8 formed in the reaction of 2 with a less
than equivalent amount of diazomethane indicates a
predominance of exo attack (86%) of diazomethane on
2. The increase in exo attack of diazomethane on 2 as
compared to 1 may be attributed to a greater steric
repulsion on the endo face of 2 toward the attack of
diazomethane as compared to 1. Definitely, there is
not a favorable interaction between the diazomethane
and the double bond in 2 as in the attack of dimethyl-
oxosulfonium methylide on 2.

A quantitative comparison of methine vs. methylene
migratory aptitudes observed in the deamination of 18
and 21 with other 2-norbornenyl carbinyl systems
cannot be made because, although other systems have
been studied,® the multiple rearrangements involved

(39)
(1965).

R. R. Sauers, R. A. Parent, and H. M. How, Tetrahedron, 21, 2907
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The reaction of diazoethane with methyl-substituted
cyclopropanones has been studied by Turro.l The
mechanisms of these reactions were discussed in terms
of the stereoelectronics of the ring expansions and the
role of conformational equilibria on the product distri-
butions. It was concluded that conformational restric-

(1) N.J. Turro and R. 1!. Gagosian, 3. Amer. Chem. Soc., 92, 2036 (1970).

Notes

led to product mixtures which did not reflect kinetic
product control. We can, however, compare the
results for the amino alcohols ring expanded in this
study. The results are summarized in Table IV. It
is seen that the amount of methine migration increases
in going from the norbornylcarbinyl to the norborenyl-
carbinyl system in both the exo and endo carbinyl sub-
strates. Thus, although rearrangement did not occur,
the double bond did have the effect of promoting methine
migration.

If we look at the transition state for methine migra-
tion in 21 we see that one resonance form of this

carbon-bridged species would be stabilized by the
double bond, whereas methylene migration would not
gain such a stabilizing influence. This could then
account for the increased methine migration observed.
This represents the first time that such an effect has
been observed in a norbornenylcarbinyl system which is
uncomplicated by rearrangements.

Registry No.— 1, 497-38-1; 2, 694-98-4; 7, 34956-68-8; 11,
16282-11-4; 12, 41915-37-1; 12 hydrochloride, 40344-79-4; 12
benzamide derivative, 41915-39-3; 14, 16282-09-0; 15, 41915-
41-7; 15 benzamide derivative, 41915-42-8; 17, 16282-10-3;
18,41915-44-0; 18 benzamide derivative, 41915-45-1; 20,16282-
08-9; 21, 41915-47-3; 21 benzamide derivative, 41915-48-4;
diazomethane, 334-88-3.

tions play an important role in the diazoethane ring
expansions and that, owing to the exothermicity of the
reactions, a synchronous addition-rearrangement mech-
anism may be operative. Thus, the product ratios
could be explained on the bases of the energy content of
the transition states favored by steric approach con-
siderations. Marshall and Partridge2 had earlier
studied the ring expansion of 4-alkylcyclohexanones
with diazoethane. Steric approach control of the di-
azoethane and conformational interactions in the inter-
mediates were the important factors controlling the
product distributions found in their work also.

We would like to report our results on the diazoethane
ring expansion of norcamphor (1). The product ratios
obtained can be explained in terms of steric approach
control of the diazoethane on the exo face of norcam-

(2) J. A. Marshalland J. J. Partridge, 3. Org. Chem., 33, 4090 (1968).
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phor, the migratory aptitude of the methine and
methylene carbons in the product-forming interme-
diates, and conformation equilibria in the intermediates.

The ring expansion of norcamphor (1) was carried out
in methanol by generation in situ of diazoethane from
N-ethyl-N-nitrosourethane.3 The reaction of 1 with a
fourfold excess of diazoethane yielded two ring-expan-
sion products in 59% vyield. The two ketones were
isolated by preparative glpc. One ketone was identi-
fied as exo-3-methylbicyclo[3.2.1]octan-2-one (exo-2)
by comparison of its spectral properties and the melting
point of its 2,4-dinitrophenylhydrazone derivative with
those reported by Sisti.4 The other ketone was identi-
fied as endo-2-methylbicyclo [3.2.1 Joctan-3-one (endo-3)
by comparison of its spectral properties with those of a
sample prepared by the méthylation of bicyclo[3.2.1]-
octan-3-one (see Experimental Section). The reaction
of 1 with less than 1 equiv of diazoethane yields exo-2
and endo-3 in the ratio of 1.1:1, as shown below.

The exo and endo isomers of 3-methylbicyclo[3.2.1]-
octan-2-one (2) were also prepared by méthylation of
bicyclo [3.2.1]octan-2-one with tritylsodium and methyl
iodide in dioxane. The two isomers were separated by
preparative glpc and independently isomerized to a
thermodynamic mixture with 3% sodium methoxide
in methanol. The results are shown below.

In a similar manner bicyclo [3.2.1]octan-3-one was
methylated and a mixture of the exo and endo isomers,
which could not be separated by glpc, was collected by
preparative glpc and the mixture was equilibrated by
heating with trifluoroacetic acid. The isomer ratio
was determined by nmr integration of the doublet
methyl absorptions. The following mixture was ob-
tained.

endo-3 (67%) exo-3 (33%)

Thus, the methyl ketones obtained in the ring expan-
sion of 1 with diazoethane are the thermodynamically
more stable isomers.

These results for the ring expansion of 1 with diazo-
ethane indicate that methylene and methine migration

(3) W. W. Hartmann and R. Phillips, “ Organic Syntheses,”” Collect. Vol.

I, Wiley, New York, N.Y., 1943, p 464.
(4) A.J.Sisti,J.0rg. Chem., 35,2670 (1970).
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occur to an almost equal extent. The similar reac-
tion of diazomethane with 1 results in a 70:30 ratio of
methylene to methine migration.5 This reaction was
found to occur with preferential exo attack (75%) of di-
azomethane on 1.5

The rate-limiting step in the diazoalkane ring expan-
sion is the addition of the diazoalkane to the ketone,6
and therefore the steric approach of the diazoethane
on 1as well as steric interactions in the rotameric forms
of the product-determining intermediates should con-
trol which carbon-carbon bond migrates. Thus,
Scheme | outlines a reasonable reaction pathway for
reaction of diazoethane with 1. Only exo attack inter-
mediates are considered on the assumption that endo
attack of diazoethane would be sterically less accessible
than endo attack of diazomethane on 1, which occurred
to the extent of 25%.

Exo attack of diazoethane with the methyl group
“out” would lead to rotameric intermediates A and B,
of which A would be sterically most favored. Ring
expansion from A affords endo-3, which is one of the
observed products. Expansion of B gives exo-2, the
other observed ring-enlarged product. The ring-en-
larged products which would result from the methyl
“in” intermediates C and D are not observed. Thus,
steric approach control strongly favors initial forma-
tion of intermediate A. Although methylene migra-
tion was favored in the ring expansion of 1 with diazo-
methane, the ring expansion of 1 with diazoethane led
to equal amounts of methylene and methine carbon
migration. This is reasonable if ring expansion occurs
by the back-side displacement of nitrogen by the mi-
grating carbon atom,7 for conformer B, which allows
methylene migration, should be sterically less favorable
than A owing to the position of the methyl group op-
posed to the C-7 methylene. These results therefore
are explainable in terms of a ring-expansion mechanism
in which the diazoalkane approaches the ketone in the
sterically most favorable fashion leading to a (3-hydroxy
diazonium ion as an intermediate. This intermediate
is then partitioned to products through its various rota-
meric forms, most probably with a trans relationship
between the migrating carbon and the expelled nitrogen
molecule. If asynchronous mechanism were operative,
with structures A-D of Scheme | representing transition
states, one would have expected some endo-2 as a prod-
uct because structure D should be sterically more favor-
able than B and this would balance, at least in part, the
small energy difference (0.5 kcal) between the exo-2
and endo-2 products.

Experimental Section8

Ring Expansion of Norcamphor (1).—To a solution of 2.0 g
(18.2 mmol) of 1in 10 ml of 3% methanolie K2Z2O3was added 8.7

(5) M. A. McKinney and P. P. Patel, 3-0rg. Chem., 38, 4059 (1973).

(6) J. N. Bradley, C. W. Cowell, and H. Ledwith, J. Chem. Soc., 4334
(1964).

(7) C. D. Gutsche and D. Redmore, “Carbocyclic Ring Expansion Reac-
tion,” Academic Press, New York, N. Y., 1968.

(8) All melting points and boiling points are uncorrected. Nuclear mag-
netic resonance spectra were obtained on a Varian A-60A spectrometer, using
TMS as the internal standard and CCU as the solvent. Infrared spectra
were recorded on a Beckman IR-12 spectrometer. Mass spectra were ob-
tained using a CEC 21-104 mass spectrometer. Gas chromatographic anal-
yses were performed on an F & M Model 700 gas chromatograph equipped
with a thermal conductivity detector and a Disc integrator. Microanalysis
was performed by Chemalyties, Inc., Tempe, Ariz.
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N otes

Scheme |

g (59.6 mmol) of V-ethyl-A'-nitrosourethane3at such a rate so as
to maintain the temperature of the reaction mixture between
20 and 25°. The reaction solution was concentrated and ana-
lyzed by glpc.9 The chromatogram indicated three components,
which were collected individually and identified as follows.

Fraction 1 (40%, retention time 6.4 min) was identified as un-
reacted 1

Fraction 2 (33%, retention time 9.6 min) had nmr 60.93
(d o = 7 Hz 3, CH3, 1.1-2.8 (m, 11 hydrogens); ir (neat)
1715 cm“1(C=0); mass spectrum (70 eV) mse 138. A semi-
carbazone derivative was prepared in the usual manner,D mp
203-204° dec from ethanol-water.

Anal Calcd for C,,HIN®: C, 61.51;
Found: C, 61.61, H, 8.80; N, 21.56.

This compound was assigned the structure endo-2-methyl-
bicyclo[3.2.1]octan-3-0ne (endo-3) by comparison of its r.mr spec-
trum with that of the thermodynamically most stable product
obtained from the methylation of bicyclo[3.2.]Joctan-3-one (see
below).

Fraction 3 (25%, retention time 10.4 min) was identified as
fxo-3-methylbicyclo[3.2.1]Joctan-2-one (exo-2): nmr s 0.94 (d,
3 = 6 Hz CIl13, 24 (bs, 1bridgehead Il, C-5), 2.7 (b s, 1 bridge-
head Il, C-lI); ir (CCh) 1713 cm“1, 2,4-DNP derivative mp
146-147° (lit.4Amp 144-145.5°).

In another experiment a solution of 0.5 g of 1 in 5 ml of 3%
methanolic KZZ03was allowed to react with 0.27 g (1.86 mmol)
of N-ethyl-N-nitrosourethane as described above. The solution
was concentrated and glpc analysis9showed that exo-2 and endo-3
were formed in the ratio 1.1:1 in 1-2% vyield.

exo- and endo-3-Methylbicyclo[3.2.1, octan-2-one (2).—To a
solution of 2.0 g (16 mmol) of bicyclo[3.2.1]octan-2-one in 6 ml
of dry dioxane was added a solution of 0.15m tritylsodium1l in
ether under a nitrogen atmosphere. The addition was continued
until a deep red color persisted, the mixture was stirred for 5 min,
and then 11.5 g (80.6 mmol) of freshly distilled methyl iodide was
added as rapidly as possible. The reaction mixture was stirred
overnight, diluted with water, and extracted with five 100-ml
portions of petroleum ether, and the extracts were combined and
dried (Naz0.i). The solution was concentrated and short-path
distillation gave 0.55 g (25%, corrected for 30% unreacted start-
ing material), bp 68-71° (2.25 mm), of methylated product.
The ketones were separated by preparative glpcI2 and identified
as follows.@

H, 8.77; N, 21.53.

(9) A 13 ft X 0.25 in. aluminum column packed with 20% diethylene
glycol succinate (DEGS) on 60-80 mesh Chromosorb W was used at 140°
with a 120 mI/min He flow rate.

(10) D. J. Pasto and C. R. Johnson, “Organic Structure Determination,”
Prentice-Hall, Englewood Cliffs, N. J., 1969, p 390.

(11) wW. B. Renfrow, Jr., and C. R. Hauser, "Organic Syntheses,” Collect.
Vol. Il, Wiley, New York, N. Y., 1943, p 607.

(12) Samecolumn asinref9at175° and a70-ml/min He flowrate.

The first fraction (21%, retention time 6.3 min) was identi-
fied as credo-3-methylbicyclo[3.2.1]Joctan-2-one (endo-2): nNMr 5
1.09 (d,s = 5Hz CH3, 1.67-2.17 (m, 9 hydrogens), 2.47 (b's, 1,
bridgehead, C-5), 2.72 (b s, 1 bridgehead, C-1); ir (CCh) 1713
cm-1(C=0).

Fraction 2 (49%, retention time 7 min) was identified as exo-3-
methylbicyclo[3.2.1)octan-2-one (exo-2): nNmMr 5094 (d, s - 6
Hz, CHJ), 1.23-2.25 (m, 9 hydrogens), 2.4 (b s, 1, bridgehead,
C-5), 2.7 (b s, 1, bridgehead, C-1); ir (CCh) 1713 cm-1 (C=0);
2,4-DNP derivative mp 146-147° (lit4 mp 144-145.5°). This
component was identical in all respects with one of the products
of the diazoethane ring expansion of 1

Fraction 3 (25%, retention time 8 min) was identical in all re-
spects with unreacted bicyclo[3.2.1]octan-2-one.

Isomerization of exo-2 and endo-2.—A 200-mg sample of endo-2
was dissolved in2 ml of 3% sodium methoxide in methanol and the
solution was heated under reflux in a nitrogen atmosphere for 24
hr. The solution was cooled and diluted with 15 ml of ice-water,
extracted with a pentane-methylene chloride mixture, washed to
neutrality with water, dried (NaZ04), and concentrated using a
10-in. Vigreux column. The residue was analyzed by glpc2 and
shown to consist of a 31:69 mixture of endo-2 and exo-3. respec-
tively.

In another experiment a 200-mg sample of exo-2 was isomerized
in a similar manner and glpc12 analysis after work-up showed a
30:70 mixture of endo-2 and exo-3, respectively.

exo- and endo-2-Methylbicyclo[3.2.1]octan-3-one (3).—A 1.2-g
sample of bicyclo[3.2.1]octan-3-one was methylated as described
previously for bicyclo[3.2.1]Joctan-2-one. Work-up of the reac-
tion mixture gave 1.04 g of product, bp 59-61° (1 mm). The
product mixture was analyzed by glpc13 and shown to consist of
three components.

Fraction 1 (14%, retention time 4.5 min)X4 was identical in all
respects with bicyclo[3.2.1]octan-2-one.

Fraction 2 (61%, retention time 6 min) was shown by nmr
analysis (integration of doublet methyl absorptions) to be a
24:76 mixture of exo-3 and endo-3, respectively: nmr s 0.95 (d,
3 = 6.5 Hz, endo CH3), 1.12 (d,s = 7 Hz, exo CH3), 1.4-2.7 (m,
11 hydrogens; ir (neat) 1718 cm-1 (C=0); mass spectrum (70
eV) mse 138. The major component of this mixture had a dou-
blet methyl absorption in the nmr which matched the abforption
obtained for one of the ring-expansion products obtained from 1
and diazoethane.

Fraction 3 (25%, retention time 7.7 min) was not fully charac-
terized, but nmr, ir, and mass spectral analysis showed it to be a
mixture of dimethylbicyclo[3.2.1]Joctan-3-ones.

(13) \6ft X 0.25 in. aluminum column packed with 20% SE-30 on 60-80
mesh Chromosorb W was used at 160° with a50-ml/min He flow rate.

(14) All attempts to resolve this mixture on other glpc columns were un-
successful.
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Isomerization of exo-3 and endo-3.1s—A 50-mg sample of frac-
tion 3 from above was heated to 110° in trifluoroacetic acid for 60
hr under nitrogen, diluted with water, neutralized with solid
NaHCO03 extracted with ether, dried (Na2S04), and concen-
trated. Nmr analysis showed a33:67 mixture of exo-3 andcndo-3
respectively.

Registry No.— 1, 497-38-1; exo0-2, 41828-85-7; end0-2,41828-
86-8; endo-3, 41828-87-9; endo-3 semicarbazone, 41828-88-0;
exo-3, 41828-89-1; Arethyl-;V-nitrosourethane, 614-95-9; bicy-
clo[3.2.1Joctan-2-one, 5019-82-9; methyl iodide, 74-88-4; bicyclo-
[3.2.1]octan-3-one, 5019-82-9.

(15) Attempted isomerization with sodium methoxidein methanol led to a

complex reaction mixture, apparently owing to aldol condensations.

Preparation of 4-Phenyl Medium- and

Large-Sized Ring Ketones
Richard W. Thies* and Y. B. Choi

Department of Chemistry, Oregon State University,

Corvallis, Oregon 97331

Received M ay 21, 1973

Previous studies in these laboratoriesl have de-
scribed the siloxy-Cope rearrangement as a ring expan-
sion for medium-sized rings (e.g., eq 1). The present

work shows that 2-phenyl-I-trimethylsiloxy-I-vinyl-
cyclononane (1) undergoes a related rearrangement

hydrolysis

cis and trans

which represents a general ring expansion route to 4-
phenyl medium- and large-sized ring ketones. Other
synthetic approaches to such compounds are quite
limited.2

Cyclooctanone was converted by a previously de-
scribed procedure3 to 2-phenylcyclononanone. The
reaction of this ketone with vinylmagnesium bromide
gave only very low conversion and that with vinyl-
magnesium chloride gave serious side reactions. How-

(1) (@) R. W. Thies, Chem. Commun., 237 (1971); (b) R. W. Thies, J.
Amer. Chem. Soc., 94, 7074 (1972); (c) R. W. Thies, M. T. Wills, A. W.
Chin, L. E. Schick, and E. S. Walton, ibid., 59, 5281 (1973); (d) R. W.
Thies and J. E. Billigmeier, 161st National Meeting of the American Chemi-
cal Society, Los Angeles, Calif, March 28-April 12, 1971, Abstract 162.

(2) For syntheses of 4-phenyleyclooctanone see A. C. Cope and R. B.
Kinnel, 3. Amer. Chem. Soc., 88, 752 (1966); A. C. Cope and R. B. Kinnel,
ibid., 89, 5995 (1967); A. C. Cope, M. A. McKervey, and N. M. Wein-
shenker, ibid., 89, 2932 (1967).

(3) A.J. Sisti, 3. org. chem., 33, 453 (1968). For an alternative method,
see E. Muller and R. Heischkeil, Tetrahedron Lett., 1032 (1962).
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ever, the reaction with vinyllithium gave a 60% con-
version to the vinyl alcohol. The incomplete reaction
presumably arises because enolate anion formation
competes with the desired reaction. The conversion
can be increased by allowing the crude mixture to react
again (ca. 75% conversion). Alternatively, the un-
reacted ketone can be readily removed by chroma-
tography and recycled. Trimethylsilylation of the al-
cohol gives complete conversion to 1

Heating 1 in sealed ampoules in the 210-280° tem-
perature range gave enol ethers corresponding to a [1,3]
sigmatropic shift and also the corresponding ketone 2.
Hydrolysis of the mixture gave 2 in 80% overall yield
from 1.

The structure of 2 was assigned from the nmr spec-
trum and from decoupling experiments carried out on
samples in which the chemical shifts had been separated
with Eu(fod)3 Thus sufficient shift reagent was added
so that the a-proton multiplet moved to S 5.0, the
benzylic proton (a broad triplet) to $4.5, and three of
the @protons to 53.9.4 Decoupling established that the
benzylic proton was coupled to the 8 protons, which
were in turn coupled to the a protons, thus establishing
the position of the phenyl on the ring.

Kinetic measurements were made (Table I); how-

Table |

Ampoule Pyrolysis ov

2-Phenyl-l-trimethylsiloxy-l-vinylcyclononane (1)

Temp, °C Time, hr % A % nonvolatile6
213 11.75 42
24 58
225 6 44
12 63
260 6 30
12 66
18 74
280 6 59 12
12 74 17
310 0.67 58 41
330 0.67 52 48

“ Measured after hydrolysis of the pyrolysis mixture. 6Yield
and nonvolatile were determined by gc using an internal standard.

ever, the data were somewhat erratic and gave activa-
tion parameters that are unreasonable for a simple pro-
cess (2?2a= 25.4and log A = 5.5). Presumably a major
part of the reaction involves some sort of surface ca-
talysis or radical chain process. This process appar-
ently causes formation of ketone during the pyrolysis,
which is not normal for this type of reaction. Major
amounts of ketone were formed with this system even
when the ampoules were carefully dried.

Although the reaction is not kinetically well be-
haved, it is high yield and clean in the sense that it
leads to a single product after hydrolysis. The success
of the reaction depends on the balance between the
change in ring strain and the favorable energy change
associated with formation of the enol (ca. 4.5 kcal/
mol§. By analogy with the related systems shown in
eq 1, the reaction should be feasible for rings larger than
eight membered.

(4) The remainder of the spectra consists of the phenyl protons at 5 7.2
and 7.6, a two-proton multiplet containing the remaining 3 proton at 5 3.2,
and alarge multiplet at 52.9-1.8.

(5) S.J.Rhoads and E. E. Waali, 3. org. Chem., 35, 3358 (1970).
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Experimental Section

General.— Spectra were recorded on Beckman IR-8, Varian
HA-100, Atlas CH7, and CEC 110B instruments.6 Varian-
Aerograph 1200 and A90P instruments were used for glc with
columns (A) 0.01 in. x 25 ft UCONLB550X capillary, (B)
0.125 in. x 7 ft 2.5% KOH-2.5% Carbowax 4000 on 80/100
Chromosorb W, and (C) 0.25in. x 4 ft 20% SF96 on Chromo-
sorb. Analyses were performed at Galbraith Laboratories.

2-Phenyl- 1-trimethylsiloxy- 1-vinylcyclononane (1).— A solution
of 1 g (4.7 mmol) of 2-phenyl-lI-cyclononanone3in 5 ml of dry
THF was added under nitrogen at room temperature to 15 ml of
1 m vinyllithium in THF (diluted Ventron solution). The
reaction was stirred for 15 min and was then quenched with 5
ml of saturated ammonium chloride and extracted with pentane.
The pentane solution was washed with water and dried over
magnesium sulfate. Analysis by gc (column A at 135°) showed
a 60% conversion (other runs with longer reaction times did not
give significantly greater conversion). The alcohol was purified
by chromatography on SilicAR, eluting with pentane to remove
a substantial amount of nonpolar material and then with 3%
ether-pentane, which gave unreacted ketone (36%) and the
desired alcohol7 (45% yield) as a low-melting solid: ir (CS2) 2.8,
3.42, 144 M nmr (CCh) 57.12 (s, 5), 5.82, 4.74, 4.68 (ABC
pattern, s = 12, 17 Hz, 3), 2.8 (m, 1), 1.0-1.8 (m, 15).

The alcohol was converted to the trimethylsilyl derivative by
stirring with Tri-Sil Concentrate (Pierce Chemical Co.) and
dimethyl sulfoxide as described previously.16 The product was
purified by preparative gas chromatography on column C at
160°, which gave 1 as a semisolid: ir (neat) 3.42, 6.75, 6.90,
8.04, 9.42, 11.15, 12.0, 13.3, 1435 M nmr (CCh) 57.2 (m, 5),
5.52, 4.92, 4.84 (ABC pattern, s = 17, 10, 2 Hz, 3), 2.8 (m, 1),
1.2-2.2 (m, 14), 0.12 (s, 9); mass spectrum m s 316.221 (ealcd
for COH3OSI, m/e 316.222).

4-Phenylcycloundecanone (2).— Ampoules were prepared and
sealed as described previously.16 The ampoules were heated in
an aluminum block oven which was regulated with a Cole
Palmer Model 1300 temperature controller. Most runs utilized
10 mg of gc-purified sample in a 10-ml ampoule. A run using
a 0.8-ml ampoule and 0.2 g of sample that had only been purified
by vacuum transfer gave similar results when heated for 16 hr at
280° except that the amount of ketone formed during pyrolysis
was much higher (64% vs. 13%) and the yield was only 60%.
Analysis of the product mixture before hydrolysis using a glc-
mass spectrometer combination (column B) showed two re-
arranged trimethylsilyl compounds and a third component which
was identified as 2.

Hydrolysis of the mixture as described earlieribgave only one
product, 2: ir (neat) 3.42, 5.88, 6.70, 6.90, 13.25, 14.35 y,
nmr (CC14) & 7.5 (m, 5), 2.4-2.9 (m, 5), 1.3-2.1 (m, 14).

Anal. Calcd for ChEGO: C, 83.55; H, 9.89. Found: C,
83.23; H, 9.67.

Acknowledgment.—We thank the Research Cor-
poration for Cottrell Research Grant support.

Registry No.— 1, 42031-17-4;
cyclonanone, 14996-80-6.

2, 42031-18-5; 2-phenyl-I-

(6) We thank the University of Oregon for the use of their CEC mass
spectrometer.

(7) Two diastereomers are possible. The alcohol used showed only one
peak on gc (columns A and B). The later chromatography fractions (not
used) showed minor amounts of another alcohol with a slightly longer reten-
tion time.
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In connection with a problem of terpene synthesis
4-methoxy-3,6,6-trimethyl-2,4-cyclohexadienone (la)

Notes

was needed as starting material as a consequence of
which the following reactions were investigated.

la, Y = OMe 2a, Y = H2
bY=H b, Y = H, Br
c, Y = H, OAc
dyY=0
e, Y = H, OMe

Treatment of 3,6,6-trimethyl-2-cyclohexenone (2a),1
prepared by the interaction of méthylmagnésium
iodide with 4,4-dimethyl-2-cyclohexenone (3a)2 fol-
lowed by chromic acid oxidation of the resultant car-
binol (4a), with iV-bromosuccinimide yielded bromo
ketone 2b, which suffered facile dehydrobromination
producing dienone Ib but could be converted into the
keto ester 2c on exposure to silver acetate. Lithium
aluminum hydride reduction of 2c, followed by man-
ganese dioxide oxidation of the intermediate diol, gave
the diketone 2d. Unfortunately, neither ketalation of
the latter or its dihydro derivative 5 under a variety of
conditions3 nor enol ether formation of 2d succeeded.

NMe2
@)
3a, Y =H 5 6
b, Y = Br b, Y = OMe
c, Y - OMe
d Y = OAc
e, Y = OH

An alternative route toward the desired product was
based on an attempt to introduce the methoxyalkene
function into the framework of cyclohexenone 3a.
While selenium dioxide oxidation of the latter yielded
dienone 7a,4 treatment of 3a with cupric bromide
afforded 3b,4 whose exposure to methanolic silver ni-
trate led to the keto ether 3c. Interaction of the latter
with methylmagnesium iodide and the resultant car-
binol 4b with chromic acid produced the ether 2e. Un-
fortunately, various attempts to dehydrogenate 2e

failed.
7a,Y = H 8 9
b, Y = OH
c, Y = OMe

(1) J. M. Conia and F. Rouessac, Bull. Soc. Chim. Fr., 1925 (1963).

(2) (a) E. L.Eliel and C. A. Lukach, 3. Amer. Chem. Soc., 79, 5986 (1957);
(b) E. D. Bergmann and R. Corett, J. Org. Chem., 23, 1507 (1958); (c)
J. M. Conia and A. Le Craz, Bull. Soc. Chim. Fr., 1937 (1960); (d) F. G.
Bordwell and K. M. Wellman, J. Org. Chem., 28, 1347 (1963); (e) J. W.
Lewis and R. L. Meyers, J. Chem. Soc. C, 753 (1971).

(3) Treatment of 2d with bis(dimethylamino)methoxymethane afforded
the condensation product 6 [cf. R. F. Borch, C. V. Grudzinskas, D. A. Peter-
son, and L. D. Weber, J. Org. Chem., 37, 1141 (1972)].

(4) F.G.Bordwell and K. M. Wellman, J. Org. Chem., 28, 2544 (1963).
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Finally, alkaline hydrolysis of keto ester 3d, pre-
viously prepared by the lead tetraacetate oxidation of
4,4-dimethyl-2-cyclohexenone (3a),A yielded ketol 3e.
Oxidation of the latter with bismuth oxide, followed by
base-induced O-methylation, led to cyclohexadienones
7b and 7c, consecutively. Interaction of the methoxy
ketone 7c with methyllithium afforded carbinol 8,
whose Collins oxidation5 gave the desired methoxy
ketone la. Since selenium dioxide oxidation of keto
ether 9, a recently reported product of the ready con-
densation of isobutyraldehyde and methoxymethyl
vinyl ketone,6 leads to dienone 7c, its aforementioned
transformation into la makes available a facile, four-
step synthesis of the dienone la.

Experimental Section

Melting points, determined on a Reichert micro hot stage, are
uncorrected. Infrared spectra were obtained on a Perkin-Elmer
Model 137 spectrophotometer. Unless otherwise noted, proton
magnetic resonance spectra of deuteriochloroform solutions con-
taining tetramethylsilane (5 0 ppm) as internal standard were
taken on a Varian Associates Model A-60 spectrometer.

3.3.6- Trimethyl-2-cyclohexenone (2a).— A solution of methyl-
magnesium iodide, from 2.9 g of magnesium, 8.1 ml of methyl
iodide, and 100 ml of ether, was added dropwise over a 1-hr
period to an ice-cold solution of 10.0 g of 4,4-dimethyl-2-cyclo-
hexenone (3a) in 50 ml of ether. The mixture was refluxed for 1
hr and stirred at room temperature for 14 hr. Saturated am-
monium chloride solution (200 ml) was added, the mixture was
shaken, and the organic layer was separated and evaporated. A
suspension of 10.0 g of chromium trioxide in 200 ml of acetic
acid was added dropwise to a solution of the residual carbinol 4a
(12 g) in 50 ml of acetic acid and the mixture was kept at room
temperature for 16 hr. It then was diluted with water and
extracted with ether. The extract was washed with sodium
bicarbonate solution and water and evaporated. Chromatog-
raphy of the residue (7.0 g) on neutral alumina (activity 1) and
elution with 1:1 pentane-ether yielded 4.7 g of liquid 2a: bp
87-89° (16 Torr) [lit.1bp 86-88° (15 Torr)]; ir (neat) 5.98 (s,
C=0), 6.09y (m C=C); pmr (CCl4 5 1.03 (s, 6, Med, 1.6-
25 [m, 4, (CH22Z, 1.92 (broad s, 3, olefinic Me), 5.63 (q, 1,
3 = 2 Hz, olefinic H); literaturelspectra identical.

3.6.6- Trimethyl-2,4-cyclohexadienone (Ib).—A solution
10.0 gof2a and 13.0 g of N-bromosuccinimide in 250 ml of carbon
tetrachloride was refluxed under nitrogen for 20 min. The
mixture then was cooled and filtered. Evaporation of the filtrate
yielded 17.0 g of unstable, oily bromo ketone 2b: ir (neat)
596 (s, C=0), 6.12y (m, C=C); pmr 8 1.11 (s, 3, Me), 1.22
(s, 3, Me), 1.2-1.5 (m, 2, CH2), 2.13 (t, 3, » = 2 Hz, olefinic
Me), 4.88 (m, 1, BrCH), 5.87 (p, 1, 3 = 2 Hz, olefinic H). A
mixture of 5.0 g of the latter and 10 g of calcium carbonate in 70
ml of A7MV-dimethylacetamide was refluxed under nitrogen for
30 min. It was cooled and filtered and the filtrate was diluted
with water and extracted with ether. The extract was evapo-
rated and the residual oil (2.5 g) was chromatographed on silica
gel. Elution with 5:1 hexane-ether gave 2.0 g of oil whose
distillation afforded colorless liquid Ib: bp 66-67° (4.7 Torr);
ir (neat) 6.00 (s, C=0), 633y (m C=C); pmr 8 1.19 (s, 6,
Me2), 2.07 (d, 3, 3 — 2 Hz, olefinic Me), 5.88 (m, 1, H-2), 6.04
(dd, 1,5 - 10,2 Hz, H-4), 6.30 (d, 1,/ = 10 Hz, H-5).

Anal. Calcd for Ca1,20: C, 79.37; H, 8.88. Found: C,
79.17; H, 8.83.

4-Acetoxy-3,6,6-trimethyl-2-cyclohexenone (2c).— A solution
of 12.0 g of bromo ketone 2b and 15.0 g of silver acetate in 50 ml
of acetic acid was stirred at room temperature for 24 hr. The
mixture was filtered and the filtrate was diluted with water and
extracted with ether. The extract was washed with sodium
bicarbonate solution and with water, dried over sodium sulfate,
and evaporated. Distillation of the residue (8.9 g) gave 3.9 g
of oil whose chromatography on alumina (activity 1V) and
elution with 10:1 hexane-ether gave liquid keto ester 2c: uv

(EtOH) Xrex229 nm (e 13,900); ir (neat) 5.75 (s, C=0), 5.97 y

(5) R.Ratcliffe and R. Rodehorst, J. Org. Chem ., 35, 4000 (1970).
(6) E. Wenkert, N. F. Golob, S. S. Sathe, and R. A. J. Smith, Syn. Com-
mun., 3, 205 (1973).
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(s); pmr 8117 (s, 6, Me2), 1.95 (t, 3,/ = 1 Hz, olefinic Me),
1.9-2.2 (m, 2, CH2), 2.13 (s, 3, acetyl Me), 5.75 (m, 1, oxy-
methine), 5.84 (m, 1, olefinic H).

Anal. Calced for ChHi®3 C, 67.32; H, 8.22. Found: C,
67.61; H, 8.27.
2.5.5- Trimethyl-2-cyclohexene-l,4-dione (2d).— A solution

17.9 g of keto ester 2c in 250 ml of dry ether was added to a sus-
pension of 16.4 g of lithium aluminum hydride in 750 ml of
ether and the mixture was kept at room temperature for 3 hr. A
sodium sulfate slurry saturated with water was added and the
mixture was shaken and filtered. Evaporation of the filtrate
gave 13.1 g of oily enediol: ir (neat) 2.97 (s, OH), 6.02 y (w,
C=C). A mixture of 12.9 g of the latter and 150 g of activated
manganese dioxide in 350 ml of ether was stirred at room tem-
perature under nitrogen for 20 hr. It was filtered and the filtrate
was evaporated. Crystallization of the residual solid (6.7 Q)
from hexane and sublimation yielded yellow, crystalline 2d:
mp 85°; uv (EtOH) Xrex 242 nm (« 15,200); ir (Nujol) 5.94 (s,

C=0), 6.13y (m); pmr 51.24 (s, 6, Me2, 201 (d, 3, 5 = 2
Hz, olefinic Me), 2.77 (s, 2, CH2), 6.52 (m, 1, olefinic H).

Aanal. Caled for CHID2 C, 71.03; H, 7.95. Found: C,
71.23; H, 8.17.

2.2.5- Trimethyl-l,4-cyclohexanedione (5).—A mixture

0.70 g of diketone 2d and 10 g of zinc dust in 40 ml of acetic
acid was stirred at room temperature for 10 min. It was filtered
and the filtrate was diluted with water and extracted with ether.
Evaporation of the extract yielded 0.51 g of a solid whose crystal-
lization from hexane and sublimation gave colorless, crystalline
diketone 5: mp 52-54°; ir (Nujol) 585y (s, C=0); pmr 8
117 (s, 6, Mej), 1.19 (d, 3, J = 6 Hz, Me), 2.61 (s, 2, H23),
2.6-2.8( m, 3, H-5 and H26).

anal. Caled for CH®W?2 C, 70.10; H, 9.15.
70.26; H, 8.97.

2-(/rans-/3-Dimethylaminovinyl)-5,5-dimethyl-2-cyclohexene-

1,4-dione (6).— A solution of 200 mg of diketone 2d and 4.0 ml of
bis(dimethylamino)methoxymethane in 10 ml of benzene was
refluxed under nitrogen for 18 hr. It was poured into water and
extracted with ether. The exatract was evaporated and the
residue (210 mg) was chromatographed on alumina (activity 111).
Elution with hexane led to recovery of 160 mg of starting ketone,
while elution with 20:1 hexane-ether gave 30 mg of solid whose
sublimation yielded orange, crystalline 6: mp 96-98°; uv
(EtOH) absorption at 448 nm; ir (Nujol) 5.88 (s, C=0), 6.06
(s,C=0 and C=C), 6.18 (s), 6.44 y (s); pmr 81.21 (s, 6, Me2),
2.73 (s, 2, CH2), 2.98 (s, 6, NMe2), 4.93 7.40 (d each, 1 each,
14 Hz, vinyl methines), 6.14 (s, 1, H-3).

Aanal. Calcd for CiHiO N: mol wt, 207.1259.
mol wt, 207.1261 (mass spectrum).

4,4-Dimethyl-6-methoxy-2-cyclohexenone (3c).— A suspension
of 29.4 g of cupric bromide in 150 ml of methanol was added
dropwise during a 1-hr period to a refluxing solution of 8.0 g of
ketone 3a in 100 ml of methanol and the refluxing was then con-
tinued for 4 hr  The cooled solution was filtered, the precipitate
was washed with ether, and the combined organic solutions were
reduced to a volume of 100 ml under vacuum at room tempera-
ture. Water was added and the mixture was extracted with
ether. Evaporation of the extract and distillation of the residue
yielded 11.1 g of oil whose redistillation gave a colorless liquid
which crystallized on standing. Crystallization from hexane
gave bromo ketcne 3b: bp 77-79° (0.2 Torr); mp 44-45° (lit.4
mp 47.5°); ir (film) 591 (s, C=0), 1225 y (m, CBr) (lit4
5.92 and 12.20 y, respectively); pmr 8 1.23 (s, 3, Me), 1.26 (s,
3, Me), 240 (d, 1,5 = 11 Hz, H-5), 242 (dd, 1, s = 8, 2 Hz,
H-5), 4.87 (dd, 1/ = 11, 8 Hz, BrCH), 592 (d, 1, 5 = 11 Hz,
H-2), 6.72 (dd, 1, ,/ = 11, 2 Hz, H-3). A mixture of 8.0 g of
3b, 7.7 g of silver nitrate, and 0.1 ml of 70% perchloric acid in 75
ml of methanol was stirred at room temperature for 2 hr. 1t was
filtered and the filtrate was concentrated to 30 ml under vacuum
at room temperature. Water was added and the mixture was
extracted with ether. The extract was evaporated and the
residue (6.5 g) was chromatographed on alumina (activity I1)
and eluted with 5:1 hexane-ether. Distillation of the eluate
(1.3 g) afforded liquid keto ether 3c: bp 55° (0.25 Torr); ir
(neat) 5.95 (s, 0=0), 621y (w, C=C); pmr 51.20 (s, 3, Me),
1.27 (s, 3, Me), 1.90 (d, 1,/ = 12 Hz, H-5),2.02 (dd, 1,s = 7,
2 Hz, H-5), 3.52 (s, 3, OMe), 3.89 (dd, 1, s+ = 12, 7 Hz, H-6),
575 (d, 1,/ = 10 Hz, H-2), 6.61 (dd, 1,/ = 10, 2 Hz, H-3).

Anal. Calcd for CH, 02 C, 70.10; H, 9.15. Found: C,
70.31; H, 9.21.

Found: C,

J =
Found:

of

of
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4-Methoxy-3,6,6-trimethyl-2-cyclohexenone (2e).—A solution
of methylmagnesium iodide, from 360 mg of magnesium and 1
ml of methyl iodide in 50 ml of ether, was added dropwise over a
0. 5-hr period to an ice-cold solution of 1.55 g of keto ether 3c in
25 ml of dry ether and the mixture was stirred at room tempera-
ture for 14 hr. Saturated ammonium chloride solution (100 ml)
was added and the ether solution was separated and evaporated.
A suspension of 1.27 g of chromium trioxide in 20 ml of acetic
acid was added to a solution of the residual carbinol stereoisomer
mixture 4b (1.62 g) in 10 ml of acetic acid and the mixture was
kept at room temperature for 4 hr. It then was poured into
water and extracted with ether. Evaporation of the extract,
chromatography of the residue (0.97 g) on alumina (activity
1V), and elution with hexane yielded an oil whose distillation
gave 780 mg of ketone 2e: bp 75° (0.5 Torr); uv (EtOH) Xmax
232 nm (e 9900); ir (neat) 598 (s, C=0), 6.12 u (m, C=C);
pmr s 1.12 (s, 3, Me), 1.16 (s, 3, Me), 1.0-2.3 (m, 2, CH2), 1.99
(t, 3, 3 = 2 Hz, olefinic Me), 3.43 (s, 3, OMe), 3.98 (m, 1,
OCH), 5.74 (m, 1, olefinic H).

Anal. Calcd for CidHi®©2 0,71.39; H, 9.59.
71.51; H, 9.69.

Dienones 7.—A mixture of 500 mg of ketone 3a and 1.3 g of
selenium dioxide in 4 ml of water and 20 ml of dioxane was re-
fluxed for 30 hr. It was filtered and the filtrate was diluted with
water and extracted with ether. The extract was evaporated
and the residue (390 mg) was chromatographed on alumina
(activity 1V). Elution with 20:1 pentane-ether gave 70 mg of
liquid 4,4-dimethyl-2,5-cyclohexadienone (7a), ir and pmr
identical with those cited in the literature.47

A solution of 9.6 g of keto ester 3dw in 125 ml of 0.5 N aqueous
potassium hydroxide and 125 ml of methanol was kept at room
temperature under nitrogen for 10 min. It was brought to pH
6 with acetic acid and evaporated under vacuum at room tem-
perature. Extraction of the residue with ether, evaporation of
the extract, and distillation of the residue gave 5.0 g of liquid
4,4-dimethyl-6-hydroxy-2-cyclohexenone (3e): bp 50° (0.2
Torr); ir (neat) 2.86 (m, OH), 592 (s, C=0), 6.15 m (m,
C=C); pmrs 119 (s, 3, Me), 1.27 (s, 3, Me), 1.89 (d, I, J =
13 Hz, H-5), 2.12 (dd, 1,3 = 7, 2Hz, H-5), 438 (dd, 1,3 = 13,
7 Hz, H-6), 592 (d, 1,/ = 10 Hz, H-2), 6.68 (dd, 1,/ =
10, 2 Hz, H-3). A mixture of 2.8 g of the latter and 9.3 g of
bismuth trioxide in 40 ml of acetic acid was kept at 100° for 10
min. It then was cooled, diluted with ether, and filtered. The
precipitate was washed thoroughly with ether and the combined
washings and filtrate were washed with saturated sodium bi-
carbonate solution and with water and evaporated. Distillation
of the residue yielded 1.5 g of liquid 4,4-dimethyl-2-hydroxy-2,5-
cyclohexadienone (7b): bp 53-54° (0.3 Torr); uv (EtOH)
Xmex 238 nm (e 6300), 283 (2440); ir (neat) 2.92 (m, OH), 6.06
(br s, C=0), 623y (w, C=C); pmr 5 131 (s, 6, Med, 5-98
(d, 1, 3 = 2 Hz, H-3), 6.18 (d, 1, 3 = 10 Hz, H-6), 6.82 (dd,

Found: C,

1, 3 = 10, 2 Hz, H-5).
Anal. Calcd for CsHioO«: C, 69.55; H, 7.30. Found: C,
69.31; H, 7.50.

A mixture of 1.4 g of 7b, 2.2 g of anhydrous potassium car-
bonate, and 5 ml of methyl iodide in 70 ml of dry acetone was
stirred at room temperature for 18 hr. It was filtered and the
filtrate was evaporated. Chromatography of the residue (1.6 g)
on alumina (activity Il) and elution with 10:1 hexane-ether
yielded 720 mg of oil whose distillation produced liquid 4,4-
dimethyl-2-methoxy-2,5-cyclohexadienone (7c): bp 81° (0.3
Torr); uv (EtOH) Xmax 238 nm (e 9200), 283 (3100); ir (neat)
6.05 (s, C=0), 6.15 (s, C=C), 6.26 m(s); pmr 5 1.31 (s, 6,
Med, 3.62 (s, 3, OMe), 5.71 (d, 1, 3 = 2 Hz, H-3), 6.18 (d, 1,
J = 10 Hz, H-6), 6.79 (dd, 1,3 = 10, 2 Hz, H-5).

Anal. Calcd for CHI2 C, 71.03; H, 7.95.
70.75; H, 7.96.

A mixture of 26.8 g of keto ether 96 and 23.2 g of selenium
dioxide in 192 ml of glacial acetic acid and 1.5 1 of dry feri-amyl
alcohol was refluxed under nitrogen for 24 hr. It was filtered
and the filtrate was concentrated at atmospheric pressure and
finally evaporated fully under vacuum. A methylene chloride
solution of the residual oil was washed with 5% sodium hydroxide
solution and saturated brine solution, dried over potassium
carbonate, and evaporated. Distillation of the residue gave

Found C:

(7) E. W. Garbisch, J. org. chem., 30, 2109 (1965); G. Legler and B.
Quiring, Tetrahedron, 23, 2683 (1967); H. E. Zimmerman, E. W. Binkley,

J. 3. McCullough, and G. A. Zimmerman, J. Amer. Chem. Soc.. 89, 6589
(1967).

Notes

20.4 g of dienone 7c, physical properties identical with those of
the above sample.
4-Methoxy-3,6,6-trimethyl-2,4-cyclohexadienone (la).—A solu-

tion of 180 ml of ethereal 1.5 M methyllithium was added to a
stirring solution of 20.4 g of 7c in 300 ml of ether under nitrogen
at such rate as to assure gentle refluxing. After 14 hr water
was added and the organic solution was separated, dried over
potassium carbonate, and evaporated. The residual ketol 8
(22.3 g) [ir (neat) 2.90 (m, OH), 5.95 (m, C=C), 6.11 m (m);
pmr s 1.05 (s, 3, Me), 1.11 (s, 3, Me), 1.37 (s, 3, carbinol Me),
3.57 (s, 3, OMe), 4.54 (s, 1, /3-methoxy olefinic H), 5.53 (broad
s, 2, olefinic Hs)] was used in the next reaction without further
purification. Dry chromium oxide (13.5 g) was added to a
stirring solution of 21.3 g of pyridine, distilled from barium
oxide, in 350 ml of methylene chloride. After 15 min 2.78 g of 8
in 5 ml of methylene chloride was added to the mixture and
stirring was continued for 15 min. The mixture was poured into
ether and washed with 5% sodium hydroxide solution and 10%
cupric sulfate solution. The organic solution was dried over
magnesium sulfate and evaporated. Distillation of the residue
gave 1.77 g of liquid ketone la: bp 55° (0.2 Torr); ir(neat)6.01
(s,C=0), 6.10 (s, C=C), 6.32y (s); pmr 51.19 (s, 6, Me2), 2.03
(s, 3, olefinic Me), 3.57 (s, 3, OMe), 5.04 (s, 1, H-5), 5.85 (s, 1,

H-2).
Anal. Calcd for CioHi©D 2 C, 72.26; H, 8.49. Found: C,
72.45; H, 8.42.
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Despite their importance as polymerization activa-
torsland as proposed intermediates in photochemical
smog systems,2 no simple one-step method appears to
be available for the synthesis of aliphatic sulfinic acids
in high yields and purity. For example, in the most
important preparation,3 the reduction of sulfonyl
chlorides with zinc, iron, aluminium, or magnesium,
the yields are reduced and the work-up is complicated
by further reduction to disulfides and mercaptans.

Another favored method,3 the treatment of organo-
metallic compounds (RMgX and RLi) with sulfur
dioxide, though preferable in cases where the sulfonyl
chloride is unstable, suffers similarly from complica-
tions arising from competing side reactions. During
the course of a study of the photochemical reactions of
excited sulfur dioxide with hydrocarbons4 we found it
necessary to devise a synthesis capable of yielding

(1) C.S. Marvel and R. S. Johnson, J. Org. Chem., 13, 822 (1948).

(2) P. A. Leighton, “Photochemistry of Air Pollution,” Academic Press,
New York, N. Y., 1961, p 298.

(3) For reviews see W. E. Truce and A. M. Murphy, Cchem. Rev., 48,
69 (1951); M. Quaedvlieg in “Enzyklopadie der organischen Chemie,” E.
Muller, Ed., Fourth ed, Band 9, Georg Thieme Verlag, Stuttgart, 1955, p 343.

(4) R. D. Penzhorn, L. Stieglitz, W. G. Filby, and K. Gunther,
sphere, 3, 111 (1973).
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aliphatic sulfinic acids in gram amounts. We have
observed that the direct oxidation of aliphatic mer-
captans with m-chloroperoxybenzoic acid (MCPBA)
(2 equiv) in methylene dichloride yields sulfinic acids
in a high state of purity and in good yield. The ex-
perimental procedure is extremely simple and was ap-
plicable, in our hands, to all paraffinic isomers in the
homologous series from ethyl to butyl. Preliminary
experiments have also demonstrated that the reaction
proceeds cleanly in the case of the analogous system
thiophenol *mbenzenesulfinic acid.

From the stoichiometry the reaction appears to
proceed via the intermediate sulfinic acid RSOH,
which must then undergo a preferential rapid oxidation
to sulfinic acid.

@ @
RSH — >@RSOH — RSO

This reasoning is supported by our failure to observe
disulfides in the reaction products by combined mass
spectral-glc analysis. The latter are reported to be
disproportionation products of sulfinic acids.5

2RSOH — > RSH + RSO02H

RSOH + RSH — RSSR + HD

Additionally we observed no trace of sulfonic acid in
the freshly isolated sulfinic acids. Presumably m-
chloroperoxybenzoic acid is too mild to further oxidize
the sulfinic acid.

Experimental Section

Mercaptan (0.05 mol) was dissolved in methylene dichloride
(10 ml) and cooled to —30° in adeep freeze. Similarly, MCPBA
(0.1 mol) was dissolved in methylene dichloride (200 ml) and
cooled to —30°. At 0.5-hr intervals MCPBA slurry (10 ml)
was pipetted slowly with vigorous stirring (exothermic) into the
mercaptan solution and the flasks were returned to the deep
freeze. This procedure is necessary in order to prevent an excess
of MCPBA building up in the presence of sulfinic acid. Neglect
of the latter point leads to formation of sulfonic acid, which is
difficult to separate in the purification stage. The reaction can
be monitored for excess oxidant by removing a spot of reaction
mixture and testing with acidified potassium iodide solution.
After addition of all the oxidant solution the reaction flask was
allowed to stand overnight at —30°, before filtration of the pre-
cipitated m-ehlorobenzoic acid (MCBA). Removal of the last
traces of the latter proved difficult. Our most successful method
consisted of cooling the original solution to ca. —80° by immers-
ing in liquid nitrogen and then rapidly filtering. Two repeats
of this process gave an end product showing no MCBA peaks
in its ir spectrum. After removal of the MCBA the procedure
consisted solely of evaporating the solvent in a rapid nitrogen
stream. The sulfinic acids remained as pale yellow oils or solids.
A short period (30 min) in an evacuated desiccator (P2 5) re-
moved the last traces of moisture. The yields ranged from 80 to
85%.

In a typical run «-butyl mercaptan (0.05 mol, 4.5 g) gave 4.95
g (81.5%) of n-butanesulfinic acid after purification: irg7 (CH-
CI3) 3000 (s), 2520 (s), 1470 (s), 1335 (s), 1130 (s, broad), 1075
(s, broad), 1015 (m, shoulder), 960 cm-1 (m, shoulder); mass
spectrum6é (70 eV) m/e (rel intensity, assignment) 137 (2.1,
M + 1), 136 (4.3, M), 105 (16.4, CAHSBO), 80 (60, CH,S02), 65
(24, SOH), 57 (100, C4H9).

Anal. Calcd for C4HBS0MH: C, 39.39;
Found: C, 39.1; H, 8.4; S, 26.08.

Evacuated samples maintained at low temperature (—30°)
could be preserved for months without any noticeable decom-

H, 8.2, S, 26.22.

(5) M. Kharasch, S. J. Potempa, and H. L. Wehrmeister, Chem. Rev., 39,
269 (1946).

(6) F. Wudl, D. A. Lightmer, and D. J. Cram, J. Amer. Chem. Soc., 89,
4099 (1967).

(7) S. Detoni and D. Hadzi, J. Chem. Soc., 3163 (1955).
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position (mass spectrum-gic). Samples warmed in either
vacuum or air, however, rapidly undergo decay, turning to a
deep orange yellow and precipitating white crystals.8 For the
purpose of long-term storage we have found it preferable to
prepare the silver salts and store these under vacuum and low
temperature. The latter can then be used at wish as a source of
fresh sulfinic acid.

Registry No.—m-Chloroperoxybenzoic acid, 937-14-4; -
butyl mercaptan, 109-79-5; re-butanesulfinic acid, 5675-04-7.

(8) W. G. Filby, unpublished observations.
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A Convenient Alternative to

Polyphosphoric Acid
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Polyphosphoric acid (PPA) has been utilized ex-
tensively in organic synthesis. It is one of the most
effective reagents for carrying out alkylation and
acylation reactions on aromatic and olefinic systems.
PPA is often the favored reagent for a variety of syn-
thetic transformations such as dehydrations, the
Fischer-Indole synthesis, the Beckmann rearrangement,
the Schmidt rearrangement, and many others.1-3 As
has been widely recognized, however, polyphosphoric
acid has certain unfortunate physical properties. It
is extremely viscous and is virtually impossible to stir
effectively or manipulate conveniently at temperatures
below 60-90°. It is difficult to handle on a large
scale, even at elevated temperatures. Some organics
are only sparingly soluble in PPA, and, in any case,
rates of dissolution are low. Hydrolysis of PPA in
work-up procedures is always tedious.

To escape the difficulties encountered with poly-
phosphoric acid, we have developed a new reagent com-
posed of a 1:10 solution by weight of phosphorus pent-
oxide in methanesulfonic acid.4 This reagent, prepared
by simply dissolving phosphorus pentoxide in methane-
sulfonic acid, is a mobile, colorless liquid that can be
poured and stirred (even magnetically) without diffi-
culty. Organic compounds dissolve readily in this
medium. Unlike the related phosphorus pentoxide-
trifluoromethanesulfonic acid reagent reported earlier
from this laboratory,5 the material is inexpensive,
readily available, and safe to handle. Work-ups of
phosphorus pentoxide-methanesulfonic acid reaction
mixtures are easy and clean. The reagent can be
destroyed conveniently with approximately three times

(1) F.D.PoppandW.E. McEwen, Chem. Rev., 58, 321 (1958).

(2) L. F. Fieser and M. Fieser, “Reagents for Organic Synthesis,” Vol. I,
Wiley, New York, N.Y., 1967, pp 4-905.

(3) F.Uhligand H. R. Snyder, /iavan. Org. Chem., 1, 35 (1960).

(4) The 1:10 ratio of components merely represents the limit of ready
solubility of phosphorus pentoxide in methanesulfonic acid at room tempera-
ture. More concentrated reagents can easily be prepared at elevated tem-
peratures. However, neither these nor more dilute solutions were investi-
gated in any detail.

(5) cf. P. E. Eaton and R. H. Mueller, 3. Amer. Chem. Soc., 94, 1014

(1972).
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Notes

Table |

Use of Phosphorus Pentoxide-M ethanesulfonic Acid in the Preparation of Cyclopentenones and Amides

Registry Reaction
no. Compound conditions
7011-83-8 33 hr, 25°, 1:80“
36269-13-3 96 hr, 45°, 1:75
5 hr, 80°, 1:75
opr A o 114 hr, 35°, 1:20
£0 to 1:100%
104-50-7 24 hr, 60°, 1:40
501-52-0 Phenylpropionic acid 6 hr, 50°, 1:75
574-66-3 Benzophenone oxime 48 hr, 50°, 1:25
1 hr, 100°, 1:25
100-64-1 Cyclohexanone oxime 1 hr, 100°, 1:25
629-31-2 Heptaldoxime 1 hr, 100°, 1:25

“Weight ratio, substrate:reagent. 6Reference 7b.
substantially.
from isopropyl alcohol; mp 209-210°. ' Reference 5.

20M on 60/80 Chromosorb W, 100°). » Reference 7e.

the crude reaction product. * Reference 8b.

its weight of water or with saturated aqueous sodium
bicarbonate solution.6

Table | illustrates the utility of the phosphorus
pentoxide-methanesulfonic acid reagent for two types
of transformations classically performed in polyphos-
phoric acid, namely, the preparation of cyclopenten-
ones via the intramolecular acylation of olefin acids or
their lactones7 and the preparation of amides via the
Beckmann rearrangement.8 In all cases, the isolated
yield using 1:10 phosphorus pentoxide-methanesulf-
onic acid compares favorably with the best yield re-
ported for the same transformation carried out in poly-
phosphoric acid. In fact, the reaction of each sub-
strate in the new reagent seems to mimic that in poly-
phosphoric acid in terms of relative rate, product dis-
tribution, and vyield. No doubt, phosphorus pent-
oxide-methanesulfonic acid could be substituted use-
fully in other reactions brought about by PPA.9 Log-
ically, the two reagents can be expected to have similar
chemical limitations.10

The important reactant in the phosphorus pentoxide-
methanesulfonic acid reagent is not certain; most prob-

(6) Quenching on ice is generally not recommended, as methanesulfonic
anhydride, present in the mixture, precipitates and is only slowly hydrolyzed
by cold water. The anhydride (mp 66-67°) is easily extracted into organic
solvents and can be a bothersome contaminant. The hydrolysis of the an-
hydride is rapid at room temperature, requiring only 5-10 min. Quenching
with aqueous sodium bicarbonate solution assures almost instantaneous hy-
drolysis of the anhydride, but this practice is less convenient, as extensive
foaming occurs.

(7) (a) K. Biemann, G. Btichi, and B. H. Walker, 3. Amer. Chem. Soc., 79,
5558 (1957); (b) C. Rai and S. Dev, J. Indian Chem. Soc., 34, 173 (1957);
(c) T. M. Jacob and S. Dev, ibid., 36, 429 (1959); (d) T. M. Jacob, P. A.
Vatakencherry, and S. Dev, Tetrahedron, 20, 2815, 2821 (1964); (e) M. F.
Ansell and S. S. Brown, J. Chem. Soc., 2955 (1958); (f) R. C. Gilmore, Jr.,
J.Amer. Chem.Soc., 73, 5879 (1951); (g) G. Metz, Synthesis, 612 (1972).

(8) (a) E. C. Horning and V. L. Stromberg, J. Amer. Chem. Soc., 74, 2680
(1952); (b) ibid., 74, 5151 (1952).

(9) Following our recommendation, R. L. Cargill and T. E. Jackson, J.
Org. Chem., 38, 2125 (1973) (footnote 17), have utilized methanesulfonic
acid containing phosphorus pentoxide to effect the intermolecular acylation
ofcyclohexene with acrylic acid.

(10) J. K. Groves, Chem. Soc. Rev., 1, 73 (19727,

cThe yield did not vary significantly over this range.
In general, moderate temperature and a high ratio of reagent to reactant give the cleanest reactions.
1 Distilled at 58° (3 Torr) and separated by glpc (6 ft X 0.25 in., 10% Carbowax

* References 7f and 7g.

Typical Literature
Registry isolated yield with
no. Product yield, % PPA, %
1128-08-1 92 92
36269-14-4 75-85«* 65-70'
24105-07-5 33/
52»
0 24 (combined
products)
31863-60-2 d r
83-33-0 I-indanone 87 93*
93-98-1 Benzanilide 95 99*
90
105-60-2 e-Caprolactam 96 89*
628-62-6 Heptamide €O 92*

At 1:10 the yield fell off
4 Crystallized

*Reference 8a.  No trace of nitrile was detected in

ably it is a very active mixed anhydride. Although
methanesulfonic anhydride is clearly present in the
phosphorus pentoxide-methanesulfonic acid mixture,
as observed by nmr, appropriate methanesulfonic an-
hydride-methanesulfonic acid solutions are less effec-
tive in carrying out these transformations; the reaction
rates are slower, and product yields are generally
poorer. Pure methanesulfonic acid will not promote
the reactions considered here under comparable condi-
tions.

Experimental Section

Methanesulfonic acid (technical grade, Eastman Organic
Chemicals) must be distilled before use for clean work-ups and
good yields. Distillation under vacuum is recommended to avoid
thermal decomposition that begins at temperatures of about 140-
150°. The material used distilled at 108° (0.25 Torr) as aclear,
colorless liquid containing less than 1 mol % methanesulfonic an-
hydride as determined by nmr. -y-Octanoic lactone and phenyl-
propionic acid were obtained from Aldrich Chemical Co.; the
former was used directly, but the latter was recrystallized from
heptane prior to use. All oximes were prepared according to
literature procedures and were recryst.allized to constant melting
point.

Preparation of 1:10 Phosphorus Pentoxide-Methanesulfonic
Acid Solution.—In a typical experiment, freshly distilled meth-
anesulfonic acid (360 g) was placed in a 500-mi, three-necked
flask fitted with an efficient mechanical stirrer (important) and a
calcium chloride drying tube. Phosphorus pentoxide (36 g,
weighed out in a drybox) was added in one portion and generally
dissolved in 1-2 hr. The reagent could be used immediately or
could be stored in a stoppered flask for later use. Slight yellow-
ing occurred on long storage, but this did not effect the efficacy of
the reagent to any noticeable degree.

Preparation of Dihydrojasmone.—The following procedure
is typical for the preparation of cyclopentenones from lactones
using the 1:10 phosphorus pentoxide-methanesulfonic acid re-
agent. A 4.91-g portion of y-methyl-7-decanolactonell was
added insmall portions to 410 g of rapidly stirred 1:10 phosphorus
pentoxide-methanesulfonic acid. The homogeneous reaction

(11) P. E. Eaton, G. F. Cooper, R. C. Johnson, and R. H. Mueller, J.0rg.
Chem., 37, 1947(1972).
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mixture was stirred at 25° for 33 hr. The yellow solution was
transferred to a 500-ml separatory funnel and added dropwise to 1
1 of water. The aqueous mixture was stirred rapidly for 5-10 min

to ensure hydrolysis of methane,sulfonic anhydride and was then

extracted with chloroform (4 X 300 ml). The extract was washed

once with dilute aqueous sodium bicarbonate (200 ml) and once

with water, dried over magnesium sulfate, and concentrated.

The fragrant oil remaining was distilled at 90-91° (2 Torr) to give

4.08 g (92%) of dihydrojasmone in 97% purity as judged by glpc
(10 ft X 0.125 in., 15% OV-101 on 60/80 Chromosorb G, 200°).

The semicarbazone was prepared, mp 176-177° (lit2mp 175—
176°).

Preparation of «-Caprolactam.—The following is a typical
preparation of amides from oximes using 1:10 phosphorus pentox-
ide-methanesulfonic acid. A 2.0-g portion of cyclohexanone
oxime was added in small portions to 50 g of rapidly stirred
1:10 phosphorus pentoxide-methanesulfonic acid. Bach batch
of oxime was added only after the previous one had dissolved;
the whole process required about 5 min. The colorless reac-
tion mixture was then heated with stirring to 100°. One
hour later the yellow solution was quenched in aqueous saturated
sodium bicarbonate (200 ml) and extracted with chloroform (3 X
100 ml). The extract was dried with magnesium sulfate and
evaporated. The crude product was crystallized from ether-
hexane to give 1.92 g (96%) of «-caprolactam as colorless crystals,
mp 68-69° (lit.8'mp 65-68°).

Acknowledgment.—This work was supported gen-
erously by the National Science Foundation and the
National Cancer Institute of the National Institutes of
Health. G. R. C. is grateful to the National Institute
of Allergy and Infectious Diseases of the NIH for a
postdoctoral fellowship.

Registry No.—Phosphorus pentoxide-methanesulfonic acid,
39394-84-8.

(12) H.Staudinger and L. Ruzicka, Helv. Chim. Acta,!, 245 (1924).

An Improved Aromatization of a-Tetralone
Oximes to (V-(I-Naphthyl)acetamidesl

Melvin S. Newman* and William M. Hung

Evans Chemistry Laboratory of The Ohio Stale University,

Columbus, Ohio 43210

Received July 12, 1973

The conversion of oximes of substituted cyclohex-
enones to aromatic amines has been carried out fre-
quently by heating in acetic acid-acetic anhydride
containing dissolved hydrogen chloride or hydrogen
bromide. This reaction, originally discovered by
Semmler,2 has been applied to methylated cyclohex-
enones,3 tetralones,45 and 1- and 4-keto-l,2,3,4-tetra-
hydrophenanthrenes,5 although the yields rarely ex-
ceeded 50%. Because of the potential value of this
type of intramolecular oxidation-reduction reaction for
the synthesis of intermediates needed for the synthesis
of polycyclic aromatic compounds, we decided to seek
an improved method for carrying out such reactions.

(1) This research was supported by Grant No. CA-07394 from the Na-
tional Institutes of Health.

(2) W. Semmler, Ber., 25, 3352 (1892).
Ann. Chem., 322, 351 (1902).

(3) F. M. Beringer and I. Ugelow, J. Amer. Chem. Soc., 75, 2635 (1953).

(4) (a) O. Schrader, et al., Ber., 63, 1308 (1930); (b) A. Hardy, E. R.
Ward, and L. A. Day, J. Chem. Soc., 1979 (1956); (c) W. Adcock and M. J.
S.Dewar,J. Amer. Chem. Soc., 89,386 (1967).

(5) W. Langenbeck and K. Weissenborn, Ber., 72, 724 (1939). See also
F. M. Beringer, L. L. Chang, A. N. Fenster, and R. R. Rossi, Tetrahedron,
25,4339 (1969).

See also L. Wolff, Justus Liebigs
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We have found that on heating the oxime in acetic
anhydride and anhydrous phosphoric acid at 80° for 30
min the yield of amine lies in the 82-93% region. By
this method we have converted the oximes of a-tet-
ralone (la), 7-methyl-a-tetralone (lb), 7-chloro-a-
tctralone (Ic), and 4-keto-1,2,3,4-tetrahydrophenan-
threne (3) into the corresponding acetylamino com-
pounds (and/or amines) in 82, 91, 93, and 82% yields,
respectively.

laX=H
b, X=CH,

2a, X =H
b, X = CH1

In one attempt to treat the oxime of 6-methoxy-a-
tetralone under the new conditions, such a mixture of
products was obtained (including nuclear acetylated
material) that no further study of this compound was
made.

Experimental Section

a-Tetralone (la) and 6-methoxy-a-tetralone were purchased
from the Aldrich Chemical Co., Milwaukee, Wis. 7-Methyl-a-
tetralone (Ib) was prepared as described.6 7-Chloro-a-tetralone4
(Ic) was best prepared by heating a solution of 45 g of y-(p-
chlorophenyl)butyric acid7in 360 g of 115% polyphosphoric acid8
at 90° for 30 min. The neutral fraction of the reaction products
was crystallized from ether-petroleum ether (bp 35-60°) to yield
36.9 g (90%) of Ic, mp 94.5-96.0°, pure enough for conversion to
the oxime. Attempts to cyclize y-(p-ehlorophenyl (butyric acid
with anhydrous hydrogen fluoride afforded Ic in very low yield.

The oximes were prepared by refluxing a solution of the
tetralone (0.1 mol), hydroxylamine hydrochloride (0.12 mol),
pyridine (10 ml), and absolute ethanol (100 ml) for 4 hr. The
oximes, after recrystallization from ether-petroleum ether, were
obtained in 95-98% yield. The oxime Ic was light sensitive.

Aromatization of Oximes.—In a typical experiment, 17.5 g
(0.1 mol) of 7-methyl-a-tetralone oxime,9 mp 100-101°, was
added to a well-mixed solution of acetic anhydride (204 g, 2.0
mol) and anhydrous phosphoric acid (196 g, 2.0 mol).0 The
mixture was held at 80° for 30 min and the resulting light brown
solution was poured in 1.5 1 of ice water. The solid was col-
lected and washed with water to yield 12.8 g of AZ(7-methyl-I-
naphthyl)acetamide6 (2b), mp 176-178°, after drying. The
aqueous filtrate was made basic with sodium hydroxide and
treated with 50 ml of acetic anhydride. The amide thus formed
(5.2 g) was added to the first portion. The combined yield was
91%.

In asimilar way la,l1mp 100.5-101.5°, Ic,4amp 124-125°, and
3,2 mp 174-175°, were converted into A-(I-naphthyl)acetamide
(2a), mp 153-155°, AZ(7-chloro-lI-naphthy'l)acetamide (2c), mp
196-197°, and A-(4-phenanthryl)acetamide, 2 mp 192-194°, in
82, 93, and 82% vyields, respectively. In all cases, both amide
and amine hydrochloride were formed. The yields reported
include the amide formed from the amine as described.

anatl. Calcd for CiTboCINO (2c): C, 65.6; H, 4.6; N, 6.4;
Cl, 16.2. Found: C, 65.8; H, 4.7; N, 6.4; ClI, 16.0.

In the case of Ic, the reaction on 0.1 mol was carried out as
described but with only one quarter of the amounts of aceticl

(6) L.Ruzicka and E. Morgeli, Helv. Chim. Acta, 19, 377 (1936).

(7) S. Skraup and E. Schwamberger, Justus Liebigs Ann. Chem., 462, 135
(1928).

(8) We thank tie FMC Corp., New York, N. Y., for a generous gift of
115% polyphosphoric acid.

(9) R. Huisgen and V. Vossius, Monatsh. Chem., 88, 517 (1957).

(10) Anhydrous phosphoric acid was prepared as described by R. E.
Ferrel, H. S. Olcott, and H. Fraenkel-Conrat, J. Amer. Chem. Soc., 70, 2101
(1948).

(11) F.S. Kipping and A. Hill, 3. chem. Soc., 75, 150 (1899).

(12) J. W. Krueger and E. Mosettig, 3. Org. Chem ., 3, 340 (1938).
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anhydride and phosphoric acid reagent. The same yield of 2c
was obtained.

Registry No.— la oxime, 3349-64-2; Ib, 5462-81-7; Ic oxime,
42071-42-1; 2a, 42071-43-2; 2b, 42071-44-3; 2c, 42071-45-4; 3,
781-23-7; A-(4-phenanthryl)acetamide, 42071-47-6; 7-(p-chloro-
phenyl)butyric acid, 4619-18-5.

New Reactions of 3-Vinylindoles. Il.
Synthesis of
,2-Dimethyl-3-(2-indolylcarbonyl)piperidine

Gordon W. Gribblel

Department of Chemistry, Dartmouth College,

Hanover, New Hampshire 03766

Received July 19, 1973

In 1968, we reported2 that 5-methyl-2,3,4,6,7,12-
hexahydroindolo[2,3-a]quinolizinium iodide (1) is con-
verted on prolonged heating in aqueous ethanolic
sodium hydroxide into 1,2-dimethyl-3-(2-indolylcar-
bonyl) piperidine (2), the product of a remarkable
structural transformation.

Our original assignment was based on degradative
studies, model reactions, and mechanistic considera-
tions.2 The complexity of the 1—»2 rearrangement and
the potential importance of the observed nucleophilic
reactions of the intermediate 3-vinylindoles demanded
further investigation of this transformation.

We now wish to describe an independent synthesis
of 2-acylindole 2 which confirms the originally proposed
structure. Our synthesis of 2 is outlined in Scheme 1.
An aldol condensation3 between 2-methyl-3-acetyl-
pyridine4 and 2-nitrobenzaldehyde gives the un-
saturated ketone 3 (17%) after dehydration of rhe in-
termediate ketol. Ketalization with ethylene glycol af-
fords the nitrostyrene ketal 4 (97%) which on heating
with triethyl phosphite3 gives indole ketal 5 (.52%).6
Treating 5 with methyl iodide yields pyridinium salt
6 (~100%), which on successive exposure6to sodium
borohydride, hydrogen, and aqueous acid gives a
mixture of 2-acylindoles 2 and 7 (36% from 6) .7

The mixture of 2-acylindoles could be separated by
column chromatography into a major (92%) and a
minor (8%) compound. The minor 2-acylindole is
identical with the 2-acylindole obtained from 1

(1) Recipient of a Public Health Service Research Career Development
Award (1 K04-GM 23756) from the National Institute of General Medical
Sciences.

(2) L.J. Dolby and G. W. Gribble, Tetrahedron, 24, 6377 (1968).

(3) R. J. Sundberg, H. F. Russell, W. V. Ligon, Jr., and L.-S. Lin, J.
Org. Chem., 37, 719 (1972).

(4) A. Dornow and W. Schacht, chem. Ber., 82, 117 (1949).

(5) Attempts to cyclize 3 with triethyl phosphite give either no reaction
or, on prolonged heating, no recognizable products.

(6) Attempts to hydrogenate 6 directly to the piperidine ketal are un-
satisfactory.

(7) The crude reaction product also appears to contain the alcohols2
(14%) corresponding to 2 and 7, probably resulting from partial deketaliza-
tion during NaBH4 reduction.

Notes

Scheme |

Furthermore, the major 2-acylindole is completely
converted into the minor 2-acylindole under the basic
reaction conditions. On this basis, we assign the major
2-acylindole to the presumed less stable cis configura-
tion 7 and the minor 2-acylindole to the more stable
trans configuration 2. In our original work2we made
no attempt to assign stereochemistry to the single 2-
acylindole obtained from 1. If the intermediate tetra-
hydropyridine from 6 is 8, as seems likely,8 then it is
reasonable to suppose that catalytic hydrogenation will
proceed on the side away from the allylic methyl group
to give mainly the cis configuration97, after regenera-
tion of the carbonyl group.D

Experimental Section

Melting points were determined in open capillaries with a Mel-
Temp Laboratory Devices apparatus and are uncorrected.
Infrared spectra were measured with Perkin-Elmer 137 or 337
instruments. Nmr spectra were obtained with a Perkin-Elmer
11-24 spectrometer. Woelm alumina was used for column chro-
matography and silica gel G (Merck) was used for thin layer
chromatography (tic). The tic solvent system generally used
was EtOAC-EtN (~95:5) and plates were developed with a
spray of 3% Ce(S04)2 10% H204followed by a brief heat treat-

(8) R. E. Lyle and P. S. Anderson, Advan. Heterocyd. Chem., 6, 45 (1966).

(9) The catalytic hydrogenation of 1,2,3-trimethylpyridinium iodide
gives 99% cis product: M. Tsuda and Y. Kawazoe, Chem. Pharm. Bull.,
18, 2499 (1970).

(10) The small amount of 2 obtained probably does not arise by acid-
catalyzed epimerization during the deketalization, because treating 7 under
acidic conditions (aqueous ethanolic HC1, reflux, 2 hr) does not convert it
to 2.
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ment at 110°. Organic solutions were dried with anhydrous
granular KZ203and concentrated in vacuo With a Buchler rotary
evaporator. Microanalyses were performed by PCR, Inc,,
Gainesville, Fla., and Micro-Tech Labs Inc., Skokie, 111 Mass
spectra were determined by Mr. J. W. Suggs and Mr. H. E.
Ensley at Harvard University.

3-(2-Nitrophenyl)-1-(2-methyl-3-pyridyl)-2-propen-l-one (3).—
To a solution of 12 g (0.079 mol) of 2-nitrobenzaldehyde (Al-
drich), 3.0 g (0.075 mol) of NaOH, 30 ml of HD, 30mI of EtOH,
and 25 ml of EtD at 0-5° was added with stirring over 1 hr 10 g
(0.074 mol) of 2-methyl-3-acetylpyridine.4 A yellow precipitate
formed during the addition, and near the end of the addition 25
ml of EtD was added. The mixture was stirred at 0-5° for 2
hr and then stored in a refrigerator at 5° for 24 hr. The solid
was collected by filtration and dissolved in 300 ml of benzene.
The benzene solution was washed with water and refluxed with
0.9 g of p-toluenesulfonic acid (Dean-Stark trap) for 4 hr. The
solution was filtered, washed with agqueous NaHCO03 and then
H2, dried, and concentrated to give a dark solid. Chroma-
tography over activity 111 basic alumina gave, with benzene
elution, 3.4 g (17%) of 3 as a white solid, mp 133-135°. Re-
crystallization from MeOH-EtD gave colorless needles, mp
140-142°.

Pertinent spectral data for 3 are as follows:
1660, 1520, 1440, 1340, 1290, and 975 cm-';
2.69 (s, 3), 7.7 (m, 8), and 8.6 ppm (m, 1).

anal. Caled for CisHiIN2D 3. C, 67.16; H, 4.51; N, 10.44.
Found: C, 67.20; H, 4.60; N, 10.34.

2-[2-(2-Nitrophenyl)vinyl]-2-(2-methyl-3-pyridyl)-I,3-dioxo-
lane (4).— A mixture of 6.85 g (0.0255 mol) of ketone 3, 5.4 g
(0.028 mol) of p-toluenesulfonic acid, 4.8 ml of ethylene glycol,
and 120 ml of benzene was refluxed (Dean-Stark trap) with
stirring. After 3 hr, more ethylene glycol (7 ml) and p-toluene-
sulfonic acid (1.7 g) were added and reflux was continued for 23
hr. The solution was allowed to cool and poured into water.
The mixture was basified with 2 n NaOH and the benzene layer
was separated. The aqueous layer was extracted with fresh
benzene and the combined benzene extracts were washed with 1n
NaOH and then HD, dried, and concentrated to give 7.74 g
(97%) of 4 as a yellow solid. Recrystallization from EtD -
hexane gave large, colorless prisms, mp 91-93°.

Pertinent spectral data for 4 are as follows: ir (CHC13) 2980,
1520, 1440, 1340, 1050, and 969 cm“1, nmr (CDC13) 52.70 (s,
3), 4.05 (m, 4), 6.67 (AB q, 2, 5 = 15Hz), 7.4 (m, 4), 7.9 (m,
2) , and 8.24 ppm (d of d, 1).

Calcd for CiHitN2D 4 C, 65.38; H, 5.16; N, 8.97.
Found: C, 65.48; H, 5.02; N, 8.89.

2-(2-Indolyl)-2-(2-methyl-3-pyridyl)-l,3-dioxolane (5).—To a
refluxing, stirred solution of 30 ml of triethyl phosphite (distilled
and passed through activity | basic alumina prior to use) under
N2was added a solution of 1.57 g (0.00503 mol) of 4 in 40 ml of
triethyl phosphite over a period of 3.5 hr. After addition, the
mixture was refluxed for 5 hr and then allowed to stand over-
night at 25°. The mixture was concentrated to near dryness
(vacuum pump) and the residue was dissolved in 100 ml of EtD.
The solution was stirred and saturated with HC1 gas at 0° until
the formation of insoluble material was judged complete. The
ether was decanted off, and the residue was washed with ether
and then treated with CHC13 and 2 n NaOH (ice cooling).
Further extraction with CHC13gave, after washing, drying, and
concentration, a dark oil. Chromatography over activity IlI
basic alumina gave, with benzene elution, 0.73 g (52%) of 5 as
oily crystals. Recrystallization from benzene and then CHC13
hexane gave pure 5 as colorless, fluffy needles, mp 182-183°. A
larger run with 7.75 g of 4 gave 5in 38% yield.

Pertinent spectral data for 5 are as follows: ir (CHC13) 3495,
2980, 1290, 1170, 1080, and 1430 cm*“1 nmr (CDC 3) 62.55 (s,
3) 3.85 (m, 4), 6.10 (broads, 1), 7.1 (m, 5), 7.86 (d of d, 1), and
8.27 ppm (d of d, 1).

anal. Caled for C,HiND 2 C, 72.84; H, 5.75; N, 9.99.
Found: C, 73.01; H, 5.69; N, 10.11.

1,2-Dimethyl-3- [2-(2-indolyl)-1,3-dioxolan-2-yl] pyridinium lo-
dide (6).— A mixture of 1.37 g (0.00489 mol) of 5 and 10 ml of
methyl iodide in 30 ml of benzene was stirred at 25° for 2 hr and
then at 50° for 2 hr. After 3 days at 25°, the precipitate was col-
lected and washed with benzene and then EtD to give 2.1 g
(~100%) of 6 as a light yellow powder. Recrystallization from
MeOH-EtsO gave pure 6 as tiny, colorless needles, mp 214-

216°.

ir (CHC13) 2990,
nmr (CDC13) 5

Ami.
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Anal. Caled for CJ8HIND A: C, 51.20; H, 4.54; N, 6.63.
Found: C, 51.02; H, 4.56; N, 6.48.

cis- and irans-1,2-Dimethyl-3-(2-indolylcarbonyl (piperidine (2
and 7).—To astirred solution of 0.5 g of NaBH4in 30 ml of 70%
aqueous EtOH at 0-5° was added 0.56 g (0.0013 mol) of 6 over
1 min. After addition, more EtOH (5 ml) was added and the
mixture was stirred at 0-5° for 1 hr and then at 25°. An addi-
tional 0.5 g of NaBH4and 15 ml of 50% EtOH were added after
4 hr at 25°.  After stirring for 22 hr, the mixture was extracted
with CH2ZC12 The extract was washed, dried, and concentrated
to give 0.42 g of a yellow foam. The yellow foam was hydro-
genated in 30 ml of EtOH with 0.15 g of 10% Pd/C at 25° (1
atm). Filtration and concentration gave 0.42 g of an amber oil.
The amber oil was refluxed for 1 hr with 20 ml of 80% aqueous
ethanol and 10 drops of concentrated HC1. The mixture was
basified with 2 n  NaOH, concentrated to near dryness, and ex-
tracted with CHZC12 The extract was washed, dried, and
concentrated to give 0.30 g (88% crude from 6) of a yellow-brown
solid. Chromatography over activity 11l basic alumina gave,
with benzene elution, 0.009 g (3%) of 2 as ayellow solid and 0.114
g (33%) of 7 as awhite solid. Further elution with benzene and
benzene-CHCI3gave 0.046 g of an amber gum which appeared to
be a mixture of the alcohols derived from 2 and 7.

Recrystallization from MeOH-EtD-hexane gave pure 2 as
tiny prisms, mp 169-170° (lit.2mp 167-168°). This synthetic
material was completely identical (tic, infrared, mass spectrum)
with a freshly recrystallized sample (mp 172-174°) of 2 as ob-
tained2from 1.

Recrystallization from MeOH-Et2D-hexane gave pure 7 as
tiny cubes of fluffy needles, mp 184-185°. This material was
distinguishable from 2 in the fingerprint region of the infrared
spectrum, and 7 exhibited a higher Tit (0.73) and a lighter brown-
colored spot on tic than did 2 (rs 0.69). 7 showed nearly the
same mass spectrum as 2.

Pertinent spectral data for 7 are as follows: ir (CHC13) 3520,
3370, 2970, 1650, 1520, 1340, 1130, and 1110 cm*“1; nmr (CDC13)
«0.88 (d, 3,5 = 6 Hz), 2.38 (s, 3), 7.3 ppm (M, 5). A mixture
nmr spectrum of 2 and 7 clearly showed separate methyl reso-
nances for the two epimers.

anat. (7) Calcd for CIBH2ND: C, 74.97;
10.93. Found: C, 74.93; H, 7.92; N, 10.97.

Conversion of 7 into 2.—A mixture of 15 mg of a mixture of 2
and 7 (~50:50 by tic) was refluxed under N2with 1.2 ml of 10%
aqueous NaOH and 1.5 ml of 50% aqueous EtOH for 5 hr.
Extraction with CHZC12gave, after the usual work-up, 15 mg of
a yellow solid showing only 2 by tic, mp 167-169°. Recrystall-
ization from MeOH-EtD-hexane gave pure 2 (tic, infrared). A
similar reaction with 44 mg of pure 7 gave 37 mg (84%) of 2.
The epimerization appears to be complete in 30 min by tic and
no 7 can be detected by tic or nmr.

H, 7.86; N,

Acknowledgment.—The author wishes to thank Mr.
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Registry No.—-2, 42031-20-9; 3, 42031-21-0; 4, 42031-22-1;

5, 42031-23-2; t, 42031-24-3; 7, 42031-25-4; o-nitrobenzalde-
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Recently, there has been considerable interest in the
prediction of the preferred regioisomers of the Diels-
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Alder reaction between unsymmetrically substituted
dienes and dienophiles from molecular orbital calcula-
tions.1’2 Houk2 has proposed two generalizations for
predicting the preferred regioisomers from terminal
frontier coefficient magnitudes and frontier orbital
energies. We have also examined these reactions using
the frontier coefficient magnitudes and frontier orbital
energies from INDOS3 calculations to determine the
effect of secondary orbital interactions on the regio-
selectivity of these reactions.

The conformationsdbused in these calculations were
the cisoid planar for the dienes and the transoid planar
for the dienophiles. We found that the interpretations
from the INDO calculated eigenvectors and eigen-
values were independent of small changes6 in bond
angles, bond distances, and rotational conformations.
Thus, there was no justification of the use of computer
time for an extensive optimization of the structures
of these dienes; so standard bond angles and bond
lengths78were used.

Employing Houk’s generalizations and terminal
coefficient magnitudes and orbital energies from the
INDO calculations, the experimentally preferred regio-
isomers5®were predicted for the cases la-le in which

COOCH,

COOCH,
meta
para

la,R = CH,

b, R=Cl

c,R=CN

d, R= Cdis

e, R= OCH,

there were considerable differences between the mag-
nitudes (Table I) of the C-1 and C-4 HOMO coeffi-
cients of the dienes. However, it was found that the
terminal carbons of the 1-substituted 1,3-butadienes
studied have almost equal HOMO coefficients (Table
I1) implying, a 1:1 ratio of ortho and meta isomers

(1) O. Eisenstein, J.-M. Lefour, and N. T. Anh, Chem. Commun., 969
(1971).

(2) K. N.Houk, J. Amer. Chem. Soc., 95, 4092 (1973).

(3) J. A. Pople and D. L. Beveridge, “Approximate Molecular Orbital
Theory,” McGraw-Hill, New York, N. Y., 1970; CNDO/2 calculations
were used for 2-chloro-1,3-butadiene.

(4) L. Radom and J. A. Pople, J. Amer. Chem. Soc., 92, 4786 (1970).
Variation of the CCC angles of the dienes from 120 to 127° in the planar
cisoid conformation had no effect on the interpretations. Since the equi-
librium geometries of all the dienes studied are not known, the standard
value of 120° was used for these angles. The nonplanarity of some 30°
found for cisoid butadiene by Radom and Pople when the CCC angle was
120° is offset by the known multicenter synchronous mechanisms of the
Diels-Alder reaction which supports a planar cisoid conformation. This
planar barrier disappears when the CCC angle is optimized to about 127°,
but for the dienes studied no new information is obtained with respect to
orbital population at this larger angle. Even if some diene nonplanarity is
present, <r-7r mixing is minimized for maximum clarity of interpretation in
the planar cisoid form which is certainly accessible in the vibrational mani-
fold at 25°.

(5) J. Sauer, Angew. Chem.,Ini. Ed. Engl,, s, 16 (1967).

(6) Small changes in bond angles and bond distances effect the magnitudes
of the coefficients and orbital energies only in the third decimal place.

(7) J. A. Pople and M. Gordon, J. Amer. Chem. Soc., 89, 4253 (1967).

(8) J. Donohue and K. N. Trueblood, Acta, Crystallogr., 9, 900 (1956):
geometry of nitro group.

(9) T. Inukai and T. Kojima, J. Org. Chem., 36, 924 (1971).

Notes

Table |

Isomer Ratios and PzCoefficients of HOMO
for 2-Substituted 1,3-Butadienes

Sub- Ratio of
stittenta  para nmeta C- c-2 c-3 C-4
CH, 2.3:1e 0.614 0.420 0.348 0.506
OCH, d 0.650 0.345 0.223 0.369
cthb 4.0:1e 0.572 0.341 0.214 0.335
Cl 6.7:1e 0.546 0.346 0.266 0.397
CN 5.3:1e 0.595 0.405 0.342 0.490

“ Regigty numbers abe, respedtivelyf 78-79-By B6588/3041
2288-18-8, 126-99-8, 5167-62-4. bThese are absolute values.
The other atomic orbital coefficients are zero for HOMO. c Ref-
erence 9. *Para isomer was the only product isolated for 1-
ethoxy-1,3-butadiene.6

Table Il

Isomer Ratios and Pz Coefficients or HOMO
for 1-Sdbstitdted 1,3-Butadienes

Sub- Ratio of s —— P cOEfficients------ - .
stitient0  ortho: neta c-l c-2 c-3 c-4
CH, 9:1le 0.531 0.456 0.350 0.534
COOH 8.8:1* 0.483 0.384 0.314 0.460
cthsb5 39:1* 0.408 0.443 0.230 0.416
p-noZXth, e 0.424 0.426 0.247 0.419
° Registry numbers are, respectively, 504-60-9, 626-99-3,

1515-78-2, 20264-89-5. 4 These are absolute values. The other

atomic orbital coefficients are zero. 6 Reference 9. dReference
5. eThe ortho isomer was the only product isolated (71%).1D

which is contrary to experimental evidence. In these
cases (2a-d) it is well known6910that the ortho isomer

2a,R = CHL R'= OCR,
bR = CBH,;R'= OCH;
C,R =COOH;R' = OH
d,R=p-NO,céH.;R' = OH

dominates. We have found that the preferred regio-
isomers can still be predicted by considering the secon-
dary orbital interactions between the C-2 and C-3 posi-
tions of the diene and the position C-I of the dienophile
in the endo transition state.ll In these cases the C-2
HOMO coefficients are significantly larger than their
corresponding C-3 coefficients (Table Il). Thus, the
stabilization of the endo transition is greater when C-I
of the dienophile is near the secondary position C-2
of the diene, yielding the ortho isomer.

By similar analysis, the secondary orbital interac-
tions in the endo transition state of the 2-substituted
1,3-butadienes favor the meta isomer instead of the
experimentally preferred para isomer. This indicates
the greater importance of the terminal orbital inter-
actions in determining regioselectivity.

Consideration was also given to the substituent effect
on the HOMO-LUMO splitting on the diene. For all
cases but the reaction of 1-carboxy-l,3-butadiene with
acrylic acid, the HOMO diene-LUMO dienophile inter-

(10) G. A. Ropp and E. C. Coyner, J. Amer. Chem. Soc., 72, 3960 (1950).
(11) R. B. Woodtvard and R. Hoffmann, Angew. Chem., Int. Ed. Engl., 8,
781 (1969), and references therein.
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actions are greater than the HOMO dienophile-LUMO
diene interactions.2 In this reaction the magnitudes
of the two interactions are nearly the same; thus both
interactions effect the regioselectivity. We found that
the HOMO C-I and C-4 coefficients of the diene pre-
dict a slight dominance of the meta product while the
LUMO C-I and C-4 coefficients favor the ortho prod-
uct.13 This dichotomy is resolved by the larger C-2
coefficients in both molecular orbitals which results in
the ortho product dominating.

In conclusion, secondary orbital interactions do have
a significant effect on the regioselectivity of the Diels-
Alder reaction between unsymmetrically substituted
dienes and dicnophiles. In the cases where the C-I
and C-4 frontier coefficients of the dienes are of nearly
equal magnitudes, they can be used to predict the pre-
ferred regioisomers.

Acknowledgments. —P. V. Alston thanks Texaco
Incorporated for its fellowship support. Also, we
thank the Virginia Commonwealth University Com-
puter Center for a grant of computer time.

(12) In the cases of Ib and |C, the HOMO dienophile-LUMO diene inter-
actions will have a significant effect on the regioselectivity. These inter-
actions favor the para isomer as does the HOMO diene-LUMO dienophile
interactions.

(13) The C-3 positions in HOMO and LUMO of methyl acrylate and
acrylic acid have greater coefficients than their corresponding C-1 and C-2
positions.
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As a result of studies of solvolyses of cyclopropane-
substituted systems3we have been interested in deter-
mining the effect of nonconjugated cyclopropane4 on
the electronic environment at a reaction site involving
electron-deficient carbon.

In surveying the literature it is readily apparent that
the consensus is that cyclopropane is inductively elec-
tron withdrawing. This conclusion arises from con-
sideration of dipole measurements5 and measurements
of infrared spectra and amine basicities,6the increased
s character (hybridization) of the exocyclic cyclopropyl
bonds,7the strain of the cyclopropyl group which should

(1) This work was supported in part by the donors of the Petroleum Re-
search Fund, administered by the American Chemical Society. Grateful
acknowledgmentis made to the donors of the fund.

(2) Visiting Faculty Associate from the Catholic University of Chile,
Valparaiso, Chile.

(3) (@) Y. E.Rhodes and T. Takino, 3. Amer. Chem. Soc., 90, 4469 (1968);
(b) Y. E. Rhodes and T. Takino, ibid., 92, 5270 (1970).

(4) For areview of the properties of cyclopropane see (a) W. A. Bernett,
J. Chem. Educ., 44, 17 (1967); (b) L. N. Ferguson, ibid., 47, 46 (1970).

(5) M. T. Rogers and J. D. Roberts, 3. Amer. Chem. Soc., 68, 843 (1946).

(6) J. D. Roberts and N. F. Chambers, 3. Amer. Chem. Soc., 73, 5030
(1951).

(7) (a) A. D. Walsh, Trans. Faraday Soc., 43, 60 (1947); Discuss. Faraday
Soc., 2, 18 (1947); (b) R. W. Taftin M. S. Newman, “ Steric Effects in Or-
ganic Chemistry,” Wiley, New York, N. Y., 1956, p 616; (c) A. H. Cowley
and T. A. Furtsch, 3. Amer. Chem. Soc., 91, 39 (1969).
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make it a negative pole and thus electron withdrawing8
in the inductive sense, and from consideration of sol-
volysis data in which there is no conjugative interaction
of the cyclopropyl group with the reactive site.3"9
Most striking is the recent finding that cyclopropane is
a meta director in electrophilic substitution.® The
general trend observed in most substituent effect studies
is one of increasing electronegativity of a substituent
with increasing s character, which is also paralleled by
increases in <*bvalues. Thus determination of the <*
value for cyclopropane should give a good measure of
the inductive effect of the cyclopropyl group, uncompli-
cated by other effects.

As one of the best correlations of inductive effects is
that of the ionization constants with a* values (p* =
+ 1.721 = 0.025in HD at 25°n) for aliphatic carboxylic
acids, our goal became the synthesis of cyclopropane-
acetic acid. Cyclopropaneacetic acid has been pre-
pared by a variety of procedures, but each is either
lengthy or gives a low yield. It was anticipated that
the Willgerodt reaction of methyl cyclopropyl ketone
using the Kindler modification2 might be useful, al-
though this had been tried previouslyl3 using the Car-
mack method 4 Using the Kindler modification we
achieved only an 8% yield of cyclopropaneacetic acid,
but this was sufficient for our studies.

The ionization constants of acetic acid, isovaleric
acid, vinylacetic acid, and cyclopropaneacetic acid were
measured in water at 25° from pH titration curves.
The measured pKavalues are listed and compared with
some literature5values in Table I, along with the cor-

Table |

lonization Constants of Aliphatic Acids

RCHX0H + ILO ECILCOw + HXD+

25°
HIiO
R pXaH- pK.elpt pEav TRIP
H 4.76 4.75 4.76 0.000
4.76
4.76
CH3HCH3 4.78 4.80 4.79 —0.1256
4.78
4.74
c-CH5 4.73 4.74 +0.011
4.75
4.74
CHy=CH 4.35 4.37 4.36 +0.2266
4.36
CeHs 4.31 + 0.260e
“p* = +1.721 + 0.025, ref 7b, p 606. 5Calculated from

measured and literature pA, values. eCalculated from litera-

ture values.

(8) 1.J. Miller, Tetrahedron, 26, 1349 (1969).

(9) (a) J. C. Martin and B. R. Ree, J. Amer. Chem. Soc., 92, 1660 (1970);
we thank Professor Martin for sending us a preprint of his paper prior to
publication, (b) P. v. R. Schleyer, ibid., , 1856 (1964). (c) P. v. R.
Schleyer and V. Buss, ibid., , 5880 (1969). (d) M. J. S. Dewar and J. M.
Harris,ibid., 92, 6557 (1970) ; 90, 4468 (1968).

(10) R. C. Hahn, P. H. Howard, S.-M. Kong, G. A. Lorenzo, and N. L.
Miller, J. Amer. Chem. Soc., , 3558 (1969); H. C. Brown and J. C. Cleve-
land, ibid., 88, 1917 (1966).

(11) Reference 7b, p 606.

(12) (a) K. Kindler, Justus Liebigs Ann. Chem., 187, 431 (1923); (b) D.
Asinger, W. Schofer, K. Halcour, A. Saus, and H. Triem, Angew. Chem .Jnt.
Ed. Engl., 3, 19 (1964).

(13) L.I. Smith and S. McKenzie, J. Org. Chem., 16, 74 (1950).

(14) M. Carmack and M. A. Spielman, Org. React., 3, 83 (1946).

(15) G. Kortum, W. Vogel, and K. Andrussow, “ Dissociation Constants
of Organic Acids in Aqueous Solution, ""Butterworths, London, 1961, pp 241,

246.
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Table Il
Substituent Constants for Cyclopropane

N Value % «“
a* + 0.0176 5
OCH3X* + 0,011e 5
BN +0.01/ -0.08» 0
om -0.04/ -0.06" 33
Oom ool 0 B o 22
or® —0.13" 84
a® —0.21% a1
b -0.19/ -0.21/ -0.23/* -0.241 53
Qo+ -0.410,™ -0.439," -0.45/ -0.462" 66

“ Defined in ref 17. | T. L. Brown, J. M. Sandri, and H. A.
Hart, 3. Phys. Chem., 61, 698 (1951). *“This work. dReference
9a. eR. C. Pews, J. Amer. Chem. Soc., 89, 5605 (1967). t R.
C. Hahn, T. F. Corbin, and H. Shechter, ibid., 90, 3404 (1968).
» 1). H. Man and J. B. Stothers, Can. J. Chem., 45, 225 (1967).
hJ. Smejkal, J. Jones, and J. Farkas, Collect. Czech. Chem. Com-
mun., 29, 2950 (1964). *J. A. Landgrebe and W. Becker, J.
Amer. Chem. Soc., 90, 395 (1968). »T. F. Corbin, Ph.l). Dis-
sertation, Ohio State University, 1956. *R. G. Pews and N. D.
Ojha, J. Amer. Chem. Soc., 91, 5769 (1969), *It. Levina, P. A.
Gimbitskii, L. P. Guseva, and P. K. Agasyan, zZh. Obshch. Khim.,

N otes

proportional to the corresponding changes in % R
This clearly demonstrates the response of electron dona-
tion by cyclopropane toward increasingly more elec-
tron-deficient centers, superimposed on a small, weak
electron-withdrawing effect of the cyclopropyl group.

Experimental Section

Cyclopropaneacetic Acid.—Cyclopropaneacetic acid was pre-
pared by the Willgerodt. reaction.2 Cyclopropyl methyl
ketone (8.4 g, 0.10 mol), piperidine (13.0 g, 0.15 mol), and sulfur
(4.8 g, 0.15 mol) were heated at reflux for 2.4 hr and the resulting
black reaction mixture was poured onto ice. The solution was
extracted with ether and washed with ice-cold 10% hydrochloric
acid followed by saturated agueous sodium bicarbonate solution
and then by water. The solution was dried over anhydrous so-
dium sulfate, filtered, and concentrated. The residual product
could not be crystallized and was hydrolyzed with 1.2 equiv of
10% aqueous potassium hydroxide without further purification.
The alkaline solution was acidified, extracted with ether, dried
over sodium sulfate, concentrated, and distilled, giving 0.8 g
(8%,) of cyclopropaneacetic acid, bp 89-94° (14 mm), ra&D 1.440
[lit.B bp 90° (15 mm), »*n 1.4320). The infrared and nmr
spectra were consistent with the assigned structure.

Acidity Determination.—Samples of the acids, generally in the
range of 5-10 mg, were weighed to 0.1-mg accuracy into 50-ml

Table I11*

34, 146 (1964); Chem Abstr., 60, 10519a (1964). “ L. B. Jones
and V. K. Jones, Tetrahedron Lett., 1493 (1966). "L. B. Jones
and S. S. Eng, ibid., 1431 (1968).
Neutral- NaOH. i NaOH X
ization, % 01176 N) 10 5ol pH
25 0.3412 4.01 4.26
50 0.6825 8.02 4.74
75 1.0237 12.04 5.22

" Titration end point 1.365 ml, original volume of solution 25.0 ml.
propaneacetate ion, and undissociated acid present in the titration vessel.
“RCOO- = moles of NaOH added plus moles of 11+

solution.
*Fromeq 1

responding derived o*ciu values. The substituent
constant thus found for nonconjugated cyclopropane,
fflcH! = +0.011, is little different from that for hy-
drogen, indicating a very weak electron withdrawal by
cyclopropane as compared with vinyl or phenyl, as
has also been reported recently by Martin and Ree for a
conjugated but nonbisectcd geometry of a cyclopropyl-
carbinyl system.9" This indicates that hybridization
(sp2 for cyclopropane, vinyl and phenyl < bonding
orbitals) is not the dominant factor in determining the
electronegativity and the inductive effect of the cyclo-
propyl group. Recent argumentsl6 indicate that the
low reactivity of the 1-nortricyclyl system is caused by
angle strain deformations in the carbonium ion and not
by an inductive withdrawal by cyclopropane. The
experimental finding of a small, weak electron-with-
drawing effect, as opposed to the larger effects ob-
served for vinyl and phenyl, tends to support that argu-
ment.

The known substituent constants which have been
determined for cyclopropane in various types of re-
action environments are listed in Table fl with the
corresponding values of % (R17a measure of the sensi-
tivity of resonance effects of particular substituent con-
stants. The changes of the substituent constant values
for cyclopropane in different reaction types is seen to be

AneP Chem SIS s iy o & o Getcten D, G Momis J
(&g c. G Sainade. c. Luypton Jr, J. Amer. Chem. Soc.. 90, 4328

H+8 X RCOO-“ X RCOOHILX
106 nol 10+ nol 10-5 mol ptCate
0.139 3.72 12.33 4.738
0.046 8.06 7.98 4.737
0.157 12.06 4.00 4.741

6H +, RCOO-, and RCOOH refer to moles of hydrogen ion, cyclo-
H +is derived from the observed pH and the total volume of

dRCOOH = moles of acid used (16.05 X 10-5) minus RCOO-.

beakers to which 25 ml of water (redistilled from sodium hy-
droxide to remove carbon dioxide) was added. The pH of the
solution was measured with a Beckman glass electrode (40498)
and a Beckman calomel electrode (39970), both immersed in the
solution to a depth sufficient to cover the bulb of the glass elec-
trode. The electrodes were connected to a Sargent Model DR
pH meter with which a relative accuracy of £0.005 pH could be
obtained. The pH meter was standardized using a buffer of pH
464 (M/10 NaOAc/HOAc). Increments ranging from 0.02 to
0.2 ml of sodium hydroxide (carbonate-free, 0.1176 N, standard-
ized against potassium biphthalate) were added from a micro-
buret (5.00 ml) graduated in 0.002 ml. After each addition the
solution was stirred mechanically for 1 min and the pH was
measured. The determination of the end point was made by the
rate of change in the slope of the titration curve. At the con-
clusion of the titration, the electrode was checked against the
standard buffer and was always found to be within 0.01 pH unit of
the nominal value. The pH values at 25, 50, and 75% neutraliza-
tion were read off the titration curves and from each a value of
p/ia was calculated using eq 1, in which the concentrations of the

[RCOO-]

pAa= pH - 190 1o o0m) @

anion (RCOO-) and undissociated acid (RCOOH) have been
calculated taking into account the change in concentration of the
acid and the anion due to dissociation of the acid. Sample data
from one titration curve and calculations are shown in Table 111
for cyclopropaneacetic acid in water solution at 25°.

Registry No.— Cyclopropane, 75-19-4; cyclopropylacetic acid,
5239-82-7; cyclopropyl methyl ketone, 765-43-5.

(18) J. H. Turnbull and E. S. Wallis, J. Org. Chem.,21, 663 (1954).
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Ring Inversion Barrier in 5,5-Difluoro-l,3-dioxane
Gerhard Binsch, Ernest L. E liel,* and Sorin M ager

Department of Chemistry, University of Notre Dame,
Notre Dame, Indiana 46556

Received July 13, 1973
In recent publications23we have reported that the

equilibrium between the 2-isopropyl-5-fluorodioxanes
( 2) favors the axial (cis) isomer (Scheme 1) and

Scheme |

1 2
Solvertt AG’, keal/mol
CCl, -0.36
(C,Hp,0 -0.62

C(@H6 -0.83
CHC1, -0.87
ch3cn -1.22

this result has been confirmed qualitatively by com-
parison of the 19 nmr spectra of the equatorial and
axial models, 1 and 2, with the corresponding spectrum
of the conformationally mobile 5-fluoro-I,3-dioxane (3);
the 19 chemical shift of 3 is much closer to that of 2
than to that of 1.4 The situation is in contrast to that
with the chlorine and bromine analogs of 1 and 2, for
which the equatorial isomer is favored;23 it is reminis-
cent of that existing in the 1,2-haloethanes, where the
gauche isomer predominates for the 1,2-difluoro com-
pound, whereas in 1,2-dichloro- and 1,2-dibromoethane
the anti isomer is favored, at least in the gas phase.56
Because of recent interest7-9 in possible attractive
interactions between heteroatoms, we desired to obtain
independent evidence that the greater stability of 2
as compared with 1 was due to a fluorine-oxygen at-
traction. To that end, we determined the inversion
barrier in 5,5-difluoro-1,3-dioxane (4); we argued that
ground-state stabilization in 4 by fluorine-oxygen at-
traction should reflect itself in an enhanced barrier to
inversion, since we had hoped that the transition state

(1) Address correspondence to Department of Chemistry, University of
North Carolina, Chapel Hill, N. C. 27514

(2) E. L. Eliel and M. K. Kaloustian, Chem. Commun., 290 (1970).

(3) R. J. Abraham, H. D. Banks, E. L. Eliel, O. Hofer, and M. K. Kalou-
stian, J. Amer. Chem. Soc., 94, 1913 (1972).

(4) S. MagerandE. L. Eliel, Rev. Roum. Chim., in press. A low-tempera-
ture nmr study of 3 has been reported [L. D. Hall and R. N. Johnson, Org.
Magn. Resonance, 4, 369 (1972)] and leads to the same conclusion.

(5) R. J. Abraham and R. H. Kemp, J. Chem. Soc. B, 1240 (1971), and
Table 111 inref3.

(6) Since these equilibria involve highly polar substituents and the con-
formers differ greatly in dipole moment, there is a strong solvent depen-
dence. There is no question that the gauche isomer of FCH2CH2F pre-
dominates in the liquid phase, but the gas-phase preference rests on an older
infrared determination [P. Klaboe and J. R. Nielsen, J. Chem. Phys., 33,
1764 (1960)] and should probably be put on a firmer experimental basis,
especially since quantum mechanical calculations suggest the anti isomer to
be more stable.n

(7) L. Radom, W. A. Lathan, W. J. Hehre, and J. A. Pople, J. Amer.
Chem. Soc., 95, 693 (1973).

(8) L. Phillips and V. Wray, Chem. Commun., 90 (1973).

(9) N. D. Epiotis and W. Cherry, Chem. Commun., 278 (1973); N. D.
Epiotis, J. Amer. Chem. Soc., 95, 3087 (1973).
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4

would not be affected in a major way by the fluorine
substituents at C-5.10

The barrier in 4 was measured by low-temperature
proton nmr observing coalescence of the AB pattern at
C-2. To check our experimental technique, especially
the accuracy of the temperature measurement, we also
repeated the measurement of the knownll-14 barriers
in 1,3-dioxane (5) itself and in the 5,5-dimethyl homo-
log (6). The data are summarized in Table I. Our
data for 5 and 6 are within the range of those deter-
mined by other groups; clearly, the barrier for 4 is
appreciably lower than that for 5 and 6.

By way of further confirmation of the lower barrier
for 4 we also measured the coalescence of the 19 nmr
spectrum. Because of the large relative chemical shift
of the geminal fluorines (€& 113.2 ppm, <& 115.2 ppm)
the spectrum at coalescence was extremely broad, but
the coalescence could nevertheless be determined to
occur at —84°, corresponding to AG* = 8.2 kcal/
mol. Because of the discrepancy of 0.6 keal/mol be-
tween the activation barriers determined by TI and
19, we simulated the line shape of the proton spectrum
in the vicinity of the coalescence temperature by the
program quabexi5varying the rate constant from that
computed by the approximative equation 1 (which had

k = -2V Avab2+ 6-lab2 (1)

been used to calculate the data in Table 1). The line
fit at coalescence for k = 55.2 sec-1 (for which AG*
= 8.8 keal/mol) was the best obtainable but was not
perfect, probably because of neglect of the long-range
coupling constant Jnkfk- We can thus not claim the
highest accuracy for our data, but it is nevertheless
clear that the barrier of 85 + 0.3 keal/mol for 4, far
from being enhanced as we might have expected, is
lower than that of 5 by about 1 keal/mol and lower than
that of 6 by about 2 keal/mol.

Several possible explanations suggest themselves.
(1) Rather than there being a stabilization in 2, there
might be a destabilization in 1 (Scheme 1). This could
best be explained by the existence of four gauche-
vicinal hydrogen atoms in 1 but only two such atoms in
2. It would thus amount to postulating a repulsive
F-H gauche interaction. In view of other recent find-
ings,16 such an explanation would appear exceedingly

(10) The barrier in 1,1-difluorocyclohexane is about 0.5-0.9 keal/mol
lower than that in cyclohexane; cf. G. Binsch, Toy. Stereochem., 3, 158
(1968). Of this difference, 0.15-0.28 keal/mol may be ascribed to ground-
state compression by axial fluorine; cf. J. A. Hirsch, Top. Stereochem., l,
200 (1967); F. J. Jensen, C. H. Bushweller, and B. H. Beck, J. Amer. Chem.
Soc., 91, 344 (1969).

(11) H. Friebolin, S. Kabuss, W. Maier, and A. Liittringhaus, Tetra-
hedron Lett., 683 (1962).

(12) H. Friebolin. H. G. Schmid, S. Kabuss, and W. Faist, Org. Magn.
Resonance, 1, 67 (1969).

(13) J. E. Anderson and J. C. D. Brand, Trans. Faraday Soc., 62, 39
(1966).

(14) E. coene and M. Anteunis, Bull. Soc. Chim. Belg., 79, 37 (1970).

(15) G. Binsch, Top. Stereochem., 3, 180 (1968).

(16) Cf. R. D. Norris and G. Binsch, J. Amer. Chem. Soc., 95, 182 (1973).
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Table |
Ring Inversion Barriers

Compd 4 6 6 6 5 5 6 6 6 6 6
aG% kcal/mol 8.8 9.6 9.7 9.9 9.0 9.7 10.7 11.2 11.1 10.5 10.5
Ref a a 11 12 13 14 a 11 12 13 14

aThis work. Coalescence temperatures: 4,-96°; 5 -80°; 6, -57°.

implausible. (2) The stabilization of 2 over 1 might be addition to 4 and 10, as might be expected from the

caused largely by differential solvation; no correspond-
ing differential solvation occurs between 4 and the
transition state for its inversion. This explanation
has a fair measure of plausibility, in as much as it has
been calculated3that, in the gas phase, 1 should actually
be more stable than 2 by 0.5 kcal/mol.I7 (3) Our a
priori assumption that comparison of the inversion bar-
rier of the difluoro compound 4 with that of the parent
dioxane 5 should not be dominated by a lowering of the
transition-state energy might be incorrect. This factor
probably contributes, since the relative effect of in-
troducing a geminal difluoro group on the barrier height
varies from system to system. For example, the in-
version barrier of 518 cm ™1 (1.48 kcal/mol) in puckered
cyclobutanel8 drops to less than half, 241 cm-1 (0.69
kcal/mol), in 1,1-difluorocyclobutanel9 and the already
very small analogous barrier in oxetane (15.3 cm-1)D
disappears completely in (planar) 3,3-difluorooxetane.2L
A combination of 2 and 3 may well be responsible for
our findings. Unfortunately, since the relative im-
portance of the two factors is not known, the barrier
measurement in 4, as it turns out, throws no light on the
equilibrium shown in Scheme 1.
2,2-Difluoro-1,3-propanediol (7) was obtained by
lithium aluminum hydride reduction of diethyl aifluoro-
malonate.2 Acid-catalyzed condensation of 7 with
dimethoxymethane, unlike similar condensations of
other 1,3-diols, gave rise not only to the dioxane 4 but
also to the mixed formals CH30CH,OCH,CFXHXH
(8 and CHOCHOCHXZFXZHDCHDCH3 (9) (see
Experimental Section). When 9 was distilled over
polystyrenesulfonic acid, it was smoothly converted to

/CH.OCHI.OCHj

F2 - CH20OCH3)2
CH.OCH/JCH, F 10
9 4
CH,OCH.OCHj
2F,C/ -
whZh
8
F CHOH
+ FCy + CHXOCH]),
g © CH,OH 10
4 7

4 and dimethoxymethane (10). Compound 8, under
these circumstances, yielded starting material 7 in

(17) Preliminary experimental results by N. C. Craig tend to confirm
this prediction.

(18) F. A. Miller and R. J. Capwell, Spectrochim. Acta, Part A, 27, 947
(1971).

(19) A. C. Luntz, J. Chem. Phys., 50, 1109 (1969).

(20) S. I. Chan, T. R. Borgers, J. W. Russell, H. L. Strauss and W. D.
Guinn, J. Chem. Phys., 44, 1103 (1966).

(21) G.L.McKown and R. A. Beaudet, J. Chem. Phys., 55,3105 (1971).

(22) H. Gershon, J. A. A. Renwick, W. K. Wynn, and R. D’Ascoli, J.
Org. Chem., 31, 916 (1966).

stoichiometry.

Condensation of 7 with isobutyraldéhyde yielded 2-
isopropyl-5,5-difluoro-1,3-dioxane (11). The X and
19 nmr chemical shifts for both 4 (at room temperature
and below the coalescence point) and 11 are recorded in
the Experimental Section. Not unexpectedly2324 the
axial and equatorial fluorine signals in 11 are not the
same as those in 4 at low temperature, nor do they
average to the room-temperature fluorine signal in 4.

Experimental Section

The fluorine nmr spectra were recorded on a Varian XL-100-12
instrument at 94.1 MHz, the proton spectra on a Varian A-60A
instrument at 60 MHz. 1 chemical shifts are reported in the ¥
scale.5 Microanalyses were performed by Midwest Microlab,
Indianapolis, Ind.

2,2-Difluoro-l,3-propanediol (7).—Lithium aluminum hydride
(12 g, 0.32 mol) was partially dissolved in anhydrous ether with
good stirring and 40 g (0.20 mol) of diethyl difluoromalonate in
400 ml of ether was added slowly, maintaining gentle reflux. The
solution was boiled for 2 hr and cooled, 7.5 ml of water was added
cautiously to destroy excess hydride, and the mixture was poured
into 500 ml of 10% sulfuric acid. The solution was saturated
with ammonium sulfate and extracted four times with 500-ml
portions of ether. The ether was dried over magnesium sulfate,
filtered, and concentrated; the residue was dissolved in a 1:1:1
mixture of benzene, ethyl acetate, and Skellysolve F (petroleum
ether, bp 30-60°). Cooling and further addition of Skellysolve
F produced crystals which were collected and washed with Skelly-
solve F, mp 51-52° (lit-BZmp 54.5°), yield 14.3 g (63%). Addi-
tional material may be obtained by concentration and vacuum
distillation of the mother liquor. The proton nmr spectrum, S
3.83 ppm (in D,0 from MeBiICHXH2XZHXSO-rNa+), showed a
rather small H-F vicinal coupling constant, J = 14 Hz, confirmed
by the 19 spectrum, $117.7 ppm.

2-1sopropyl-5,5-difluoro-1,3-dioxane (11).—A solution of 0.3 g
(2.7 mmol) of diol 7, 2.25 g (31 mmol) of isobutyraldéhyde, and
0.05 g of p-toluenesulfonie acid in 30 ml of Skellysolve F was
boiled at reflux with a Dean-Stark trap until no more water was
given off (15 hr). After neutralization with 0.05 g of sodium
acetate (stirring for 30 min), the solution was filtered, the residue
was washed with 20 ml of ether, and the combined filtrates were
washed twice with 10 ml of water, dried over magnesium sulfate,
and concentrated. The residue was purified by glpc using a
15 X 0.25 in. 20% Carbowax 20M on Chromosorb A (45-60
mesh) column at 164° with a 260-mI/min flow of helium, retention
time 168 sec. Material of mp 32° was obtained in 55% yield.

Anal. calcd for CHIFD2: C, 50.59; H, 7.28. Found:
C, 50.99; H, 7.55.

IF nmr spectrum: <a 114.1, < 1183 ppm, /FarFe = 252,
NaHAB)e ~ 27, (IFab@e — 11, JreHi)a “ 5, JFeHifeie = 0.7,
*"FaHa = 0.7 Hz. H nmr spectrum: 0.94 (d, J=6Hz 6 H),
1.53-2.15 (m, 1 H), 3.28-4.1 (AB split by fluorines, Jgem = 12
Hz, 4H), 4.24ppm (d, J = 4.8 Hz, 1H).

5,5-Difluoro-1,3-dioxane (4).—A solution of 2 g (18 mmol) of
diol 7 in 20 ml of dimethoxymethane was boiled for 4 hr in the
presence of a catalytic amount of Amberlyst-15 (beaded poly-
styrenesulfonic acid). Excess dimethoxymethane was distilled,

(23) cf. E. L. Eliel and R. J. L. Martin, J. Amer. Chem. Soc., 90, 682
(1968).

(24) Seealso S. L. Spassov, D. L. Griffith, E. S. Glazer, K. Nagarajan, and
J. D. Roberts, J. Amer. Chem. Soc., 89, 88 (1967).

(25) G. Filipovich and G. V. D. Tiers, J. Phys. Chem., 63, 761 (1959).
The reference substance is CCbF.

(26) L. S. Boguslavskaya, V. S. Etlis, K. V. Yarovykh, and A. B. Bulo-
vyatova, Zh. Org. Khim., 7, 1338 (1971).
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the residue was transferred to a small distillation flask, and fresh
Amberlyst was added. The residue was heated for 3-4 hr at
135° and the material which distilled was collected. To the
residue, fresh dimethoxymethane (20 ml) and Amberlyst was
added, the solution was boiled for 3 hr, and the above procedure
was repeated. At the end, the bath temperature was increased
to 150°. The combined distillates were purified by glpc on the
column mentioned above at 110°, with 330-ml/min He flow,
retention time 6 min: yield 0.52 g (23%); mp 19°; n~D 1.3752.

Anal. Calcd for C4HED 22 C, 38.71; H, 4.87. Found:
C, 38.78; H, 4.88.

I9F nmr spectrum (—124°): <, 113.2, e 115.2, #av (room
temperature) 114.7 ppm; JFaFe = 253, /FaH,6a= 25, =
10.9 Hz. HI nmr spectrum (—112°): 5nhk 5.11, 5H»4.77ppm,
JH2H2a = —5.75 Hz; (room temperature) 3.92 (t, J = 11 Hz, 4
H), 4.89 ppm (d,J = 1.2Hz, 2 H).

When the original residue after distillation of excess dimethoxy-
methane and 4 was subjected to gas chromatography in the above
column at 190° with a 310-mI/min He flow, two compounds were
obtained, 8, retention time 6 min, and 9, retention time 11 min.
Proton nmr spectra and elemental analyses were in accord with

the structures assigned. Anal. Calcd for CHioFD3 (8): C,
38.46; H, 6.45. Found: C, 38.88; H, 6.56. Anal. Calcd
for CHY®24(9): C, 42.00; H, 7.05. Found: C, 42.55; H,

7.25.

When 9 was heated over Amberlyst in a distilling flask, it was
converted entirely into 4 and dimethoxymethane, as evidenced
by gas chromatographic analysis of both the distillate and the
residue. In contrast, similar treatment of 8, while giving the
same distillate (4 and dimethoxymethane), left a residue con-
taining some unchanged 8 as well as HOCHZFXZH2DH (7).

Barrier Measurement.—The nmr spectrum of 4 was measured
in a solvent mixture of 80% acetone-d6and 20% trichlorofluoro-
methane with some TMS.Z For the low-temperature runs, the
temperature was measured by letting the probe, refrigerated by a
stream of precooled nitrogen, come to equilibrium and replacing
the sample with a copper-constantan thermocouple located inside
an nmr tube. A period of 10 min was allowed to allow either the
sample tube or the thermocouple tube come to temperature
equilibrium with the probe. Temperature readings were re-
producible to +2°. The proton signals (AB pattern for the
H-2's) were located at 283 (n), 289 (r2, 304.5 (r3, and 310 Hz
(rd), indicating a coupling constant of —5.75 + 0.25 Hz, and the
chemical shifts reported above were calculated by the usual
equation, Avab = (r4 — m)X2(r3 — = 20.46 Hz. The
coalescence temperature was found to be —96° by varying the
temperature first in intervals of 5° and then, near the coalescence
temperature, inintervals of 2°. The rate constant was calculated
from the computed chemical shifts and the coalescence tempera-
ture by the equation given in the discussion and was found to be
55.2 sec”lat —96°.
to be 8.8 kcal/mol by application of the Eyring equation, k =
kKT/h)e~"G*IRT or A(?+ = —RT In hkfkT. To simulate the
spectrum in the vicinity of the coalescence point we used the
program quabex,’5 which in addition to va, vb, and Jab re-
quires the relaxation time Tt as input; T2was taken at \/vW
where W is the width (in hertz) at half height of the peak.
Spectra were calculated by a Univac 1107 computer and plotted
by a Calcomp 750 plotter.

The fluorine data were handled similarly. Chemical shifts
and coupling constants have been reported above at low tempera-
ture. Coalescence to avery broad spectrum occurred at approxi-
mately —84°, at which temperature the rate constant was
calculated to be 1437 sec-1 and the activation energy 8.2 kcal/
mol.

Bate constants and activation energies for 5 and 6 were deter-
mined similarly from the H-2 proton spectra.

Acknowledgment.—We are grateful to Mr. Donald
Schifferl for recording the low-temperature X4 and 19
spectra. One of us (S. M.) is indebted to the University

(27)
the low temperature required in the nmr experiment, since, as indicated in

We used the most polar solvent available which would not freeze

Scheme 1, the axial preference of fluorine is greatest in the most polar sol-
vents. From results on 5-methoxy-l,3-dioxane [O. Hofer in E. L. Eliel,
Angew. Chem., Int. Ed. Engl., 11, 739 (1972), Table VIII] acetone should
favor the axial isomer 2 more than ether and benzene but less than aceto-
nitrile.

The activation energy AG+ was calculated

J. Org. Chem., Vol. 38, No. 23, 1973 4081

Babes Bolyai, Cluj, Romania, for an academic leave.
This work was supported by NSF Grant GP-24,910.

Registry No.—4, 36301-44-7; 5, 505-22-6; 6, 766-15-4; 7,
428-63-7; 8, 42116-92-7; 9, 42116-93-8.

An Exceptionally Facile Reaction of
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a,a-Dichloro-/3-keto esters react rapidly with even
relatively weak nucleophiles such as sodium bicar-
bonate, potassium acetate, and diethylamine to give
products according to eq 1.

MeCOCCkKCOOEt + MeCOONa-------- >

MeCOOEt + CHChCOOEt (1)

To our knowledge, such a facile fragmentation of an
a,a-disubstituted /3-keto ester derivative with a base
(eq 1) isunprecedented.l This reaction proceeds under
extremely mild conditions. For example, when a solu-
tion of ethyl a,a-dichloroacetoacetate in ethanol is
stirred at 25° for 30 min in the presence of a catalytic
quantity of sodium acetate, ethyl acetate and ethyl di-
chloroacetate are produced in nearly quantitative
yield. The results on other representative reactions
are summarized in Table I.

The present reaction appears to be an example of
retro acetoacetic ester consensation.2 The character-
istics noteworthy of this novel fragmentation process
are (1) there is no reaction between the dichloro
compound and the alcohol in the absence of required
base; (2) when ethyl a,a-dichloroacetoacetate and so-
dium acetate are stirred together in a solvent such as
benzene, chloroform, or dimethyl sulfoxide, the forma-
tion of acetic anhydride is not detected (ir, glpc) (how-
ever, upon the addition of an alcohol to this reaction
mixture, the expected products are produced rapidly);
and (3) when ethyl a,a-dichloroacetoacetate is stirred
with potassium benzoate or ethyl a, a-dichlorobenzoyl-
acetate is stirred with potassium acetate in a solvent
such as chloroform or dimethyl sulfoxide in order to
achieve a redistribution according to eq 2, the starting
materials are recovered unchanged in both cases.

CeHsCOCChCOOEt + KOCOCH3

HsCCOCChCOOEt + CHECOOK (2)

Although a study of the precise mechanism of this
reaction has not been undertaken, it would appear
likely that the present fragmentation proceeds via an
attack of the nucleophile on the reactive carbonyl
moiety of the dichloro compound.3

(1) For a recent report on a related reaction which results in the ring
opening of certain afa-dihalospirocyclobutanones with bases, see B. M.
Trost and M. J. Bodganowicz, J. Amer. Chem. Soc., 95, 2038 (1973).

(2) For a discussion of the principles involved in the acetoacetic ester
condensation, see H. O. House, “Modern Synthetic Reactions,” 2nd ed,
W. A. Benjamin, New York, N. Y., 1972, Chapter 11.

(3) For a discussion of the reactivity of a- and /3-keto halides, see (a)
E. W. Trachtenberg and T. J. Whall, J. Org. Chem., 37, 1494 (1972), and
references cited therein; (b) R. G. Pews and R. A. Davis, J. Chem. Soc.,
Chem. Commun., 269 (1973).
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Table |
Reaction of a,a-DICHLORO-/3-KETo Esters with Representative Bases™
Registry m Registry m Reection ., Prodos
(ester) aaDichloro-0-keto ester (bes2) Base tmg, mn identified (mol)
6134-66-3 MeCOCChCOOEt 7542-12-3 NaHCOs 30 MeCOONa (8)6
HCChCOOETt (10)
127-08-2 KOCOCHSs 15 MeCOOEt (10)
HCChCOOELt (10)
532-32-1 NaOCOCeHs 15 CsHsCOOEt (8)
MeCOOEt (1)
141-52-6 NaOEt 1 MeCOOEt (9)
HCChCOOEt (10)
109-89-7 EtANH 1 MeCONEt, (8)
HCChCOOELt (9)
42071-71-6 CACOCChCOOEt KOCOCHSs 15 CeHsCOOETt (8)
MeCOOEt (1)
HCChCOOETt (9.5)
NaOEt 1 CeH,.COOEt (8)
HCChCOOELt (9)
EUNH 1

“ A mixture of a,a-dichloro-/3-keto ester (10 mmol), ethanol (10 ml), and the appropriate base (10 mmol) was stirred at 25°.
reaction mixture was then analyzed by glpc (.5% DC .550on Chromosorb W) using an internal standard.

The a,a-dichloro-|3-keto esters required in the present
study were synthesized by the chlorination of the cor-
responding /3-kcto esters with sulfuryl chloride.4 Our
improved procedure, described herein, now provides
these dichloro koto esters in virtually quantitative
yields. The formation of any side products in these
chlorinations is negligible (glpc, nmr), thus permitting
the direct use of these powerful lacrymators without
further purification.

The novel fragmentation reaction reported here
demonstrates the potential of readily available a,a-
diehloro-/3-keto esters as acyl transferring agents.
Also, this reaction could be useful in organic structural
elucidation where the degradation of a d-keto acid
(ester) moiety can now be achieved under very mild
conditions to give readily identified fragments of de-
fined functionality.®

Experimental Section6

Preparation of a,«-Dichloro-/3-keto esters.— Caution: a,a-
Dichloro-/3-keto esters are powerful lacrymators. The prep-
aration of these compounds should be conducted in a well-
ventilated hood.

The synthesis of ethyl a.a-dichloroacetoacetate is representa-
tive of this procedure. Ethyl acetoacetat.e (6.5 g, 50 mmol) was
placed in a round-bottom flask and sulfuryl chloride (14.9 g,
110 mmol) was added to it in 0.5 hr keeping the reaction tempera-
ture below 35° with occasional cooling. After the reaction
mixture was stirred for an additional 0.5 hr at 25°, glpc analysis
showed a quantitative yield of the desired product. The residual
sulfuryl chloride was removed under vacuum, and the crude
compound thus obtained (98% pure) was used in the subsequent
reactions: nmr (CDC13 TMS) s 1.33 (t, 3 H, J = 7 Hz), 2.80
(s, 3H), and 4.39 (g, 2 H, J = 7 Hz).

Ethyl a.a-dichlorobenzoylacetate was prepared by a similar
procedure in 98% yield: nmr (CDC13, TMS) Si.15 (t, 3 H,
J = 7THz), 431 (g, 2 H, J = 7 Hz), 7.56, and 7.96 (m, 5 H).

(4) D.P.Wyman, P. R. Kaufman, and W. R. Freeman, J. Org. Chem., 29,
2706 (1964). For arecent discussion on the mechanism of ketone halogena-
tion, see K. E. Teo and W. W. Warnhoff, J. Amer. Chem. Soc., 95, 2728
(1973).

(5) For a recent application of this concept in the structural determina-
tion of certain a.a-dihalocyclobutanones, see L. Ghosez, R. Montaigne, A.
Roussel, H. Vanlierde, and P. Mollet, Tetrahedron, 27, 615 (1971).

(6) Melting points were taken on a Fisher-Johns apparatus and are un-
corrected. Glpc analyses were performed ona DC-550, 5%
W, 5 ft X 0.25 in. column.
instrument.

on Chromosorb
Nmr spectra were recorded on a Varian A-60

CEHECONEL2(8.5)
HCChCOOETt (9.5)

The
6 Yield by isolation.

Reaction of a,«-Dichloro-/3-keto Esters with Bases.—A typical
reaction is described here. To a stirred mixture of potassium
acetate (22.1 g, 225 mmol) and ethanol (90 ml), ethyl a,a-
dichloroacetoacetate (43.0 g, 225 mmol) was added in 0.5 hr.
The reaction was slightly exothermic (25° —a35°), and, after an
additional 15 min, glpc analysis showed it to be complete. The
composition of the reaction mixture was determined (Table 1),
and then water (400 ml) was added to it. After extraction with
methylene chloride and drying, distillation gave 32.6 g (92%) of
ethyl dichloroacetate: bp 152-156°; nmr (CDCb, TMS) S1.33
(t, 3H,J = 7Hz), 432 (q, 2H,/ = 7 Hz), and 5.95 (s, 1 H).

The reactions with other bases were performed in an identical
manner.

Reaction of Ethyl a.a-Dichloroacetoacetate with a Catalytic
Quantity of Potassium Acetate.—This experiment was per-
formed according to the general procedure described above,
except that only 5 mol % of potassium acetate per mole of di-
chloro ester was used. The reaction required 30 min for com-
pletion at 35°.

Reaction of Ethyl <*a-Dichloroacetoacetate with Potassium
Acetate in Benzene.— A mixture of ethyl ««-dichloroacetoace-
tate (4.98 g, 25 mmol), potassium acetate (2.45 g, 25 mmol),
and benzene (25 ml) was stirred at 25° for 12 hr. Ir and glpc
analysis of the benzene solution revealed the absence of any
acetic anhydride. Upon the addition of ethanol (5 ml) to this
reaction mixture, a rapid reaction occurred giving ethyl acetate
(24 mmol) and ethyl dichloroacetate (24 mmol).

Acknowledgments.—The author wishes to thank Dr.
R. K. Blackwood for stimulating discussions and Mr.
H. J. Slater for expert technical assistance.
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We wish to report -that lithiotriphenylphosphinio-
acetonide (2) prepared from readily available acetyl-
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Table |

Prepaeation of Ketones from Alkyl Halides

Registry Reaction
no. scale,
Entry (alkyl halide) Alkyl halide mmol RXa
1 100-44-7 PhCHZXI 100
2 110-53-2 CH3(CH2XHBr 100
3 693-58-3 CH3(CH2,CHBr 100

Phosphorane Registry
hydrolysis no. Isolated
time, hr® (ketone) Ketone yield, %
O
]
40c 2550-26-7 PhCHZH2CCH3 76d'
(0]
87 111-13-7 CH3(CH2,CHZCH3 82
O
22 6175-49-1 CH3(CH28&H2CCH3 93
0

° Typical runs (see Experimental Section) used a ratio of ylide:BuLi:RX of 1.08:1.05:1.00 with a reaction time of approximately 1

hr at 0° for the alkylation step.

hydrolysis time to 8 hr resulted in a 44% yield of ketone.
phosphorane 3 was isolated in 97% vyield.
the solution was adjusted to pH 7 by the addition of HOAc.
25° followed by 50° for 1 hr.
64.78; H, 9.75.

methylenetriphenylphosphoranel (1) is a convenient re-
agent for the introduction of the acetonyl group by nu-
cleophilic displacements on alkyl halides. Analogous
to the formation of dianions from enolates,2 we and
others3 have found that treatment of 1 with strong
bases such as lithium diisopropylamide or butyllithium
in THF at —78° gives rise to the stable, highly colored
ylide anion 2. Ylide anion 2 is highly nucleophilic and
is alkylated by a variety of alkyl halides to give the
substituted /3-ketophosphorane 3 in high yield.6 That

o

o} O

CHXCH=PPh3 LICHXCH=PPh3 RCHZW =PPh3
1 2 3

the anion is efficiently formed and readily alkylated is
illustrated by the treatment of 1 with butyllithium at
—78° for 15 min in THF followed by alkylation with
benzyl chloride at 0° (20 min) giving after work-up the

(1) F. Ramirez and S. Dershowitz, J. Org. Chem., 22, 41 (1957).

(2) T. M. Harris and C. M. Harris in “Organic Reactions,” Vol. 17. W. G.
Dauben, Ed., Wiley, New York, N. Y., 1969, Chapter 2.

(3) After the completion of this work there appeared a report describing
the preparation of this anion in a similar manner and the use of subsequently
prepared substituted phosphoranes in Wittig-type olefination reactions (ref
4.

(4) J.D. Taylor and J. F. Wolf, Chem. Commun., 876 (1972).

(5) Taylor and Wolfs have reported that 2 is alkylated at low tempera-
tures by active halides such as benzyl bromide and allyl bromide and by a
single alkyl halide, butyl iodide, to give substituted acylphosphoranes in
moderate yields.

6 Hydrolyses were conducted by heating a solution of crude phosphorane 3 in EtOH-H2D at 75-85°.
The pH of these solutions was 8-10 owing to the slight excess of ylide anion 2 employed in the alkylation step.
dA yield of 92% (glpc) was obtained on a 1-mmol scale.
" A yield of 71% (glpc) was obtained when the hydrolysis was conducted for 20 hr after
« The alkylation reaction was conducted at 0° for 3 hr followed by 12 hr at
* New compound, bp 110-112° (3 mm).

e Reduction of the
e The intermediate

Anal. Calcd for CiHi83: C, 64.49; H, 9.74. Found: C,

substituted phosphorane 36 (R benzyl) in 97% iso-
lated yield. Most significantly we have found that 2 is
efficiently alkylated by ordinary alkyl bromides.5
Completion of the alkylation reaction is conveniently
signaled by the disappearance of the intense color
of 2.

While the newly formed phosphoranes are useful in
Wittig-type olefination reactions47 we have found that
the simple hydrolysislof these acylphosphoranes in com-
bination with the facile alkylation of ylide anion 2
allows a mild, high-yield method for the introduction
by nucleophilic substitution of the acetonyl synthon in
the manner classically accomplished by the acetoacetic
ester synthesis. Examples are shown in Table I.
While alkylations of acetoacetic ester salts often pro-

o)
RX  H0 1
2— 53— > RCHZXCH3+ Ph¥®0

ceed slowly and in moderate yields with other than
active halides,8 alkylations of ylide anion 2 proceed
rapidly at 0° with no evidence of other than mono-
alkylation of 2, and isolation of the intermediate 3 is
not required. In addition, completion of the ketone

(6) H.J. Bestmann and B. Arnason, Chem. Ber., 95, 1513 (1962).

(7) A. Maereker in “ Organic Reactions,” Vol. 14, R. Adams, Ed., Wiley,
New York, N.Y., 1965, p 270.

(8) H. O. House, “Modern Synthetic Reactions,” 2nd ed, W. A. Benja-
min, Menlo Park, Calif. 1972, pp 510-546.
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synthesis via the acetoacetic ester method often re-
quires removal of the carboalkoxy control group under
conditions requiring either high and low pH or hydro-
genolysis of special esters if these conditions are to be
avoided,8while the hydrolysis of 3 is accomplished by
heating with ethanol-water under neutral or slightly
basic conditions. As seen in Table 1, halides con-
taining groups threatened by acidic conditions (entries
6 and 7) are readily converted to the corresponding
acetone derivative. Secondary bromides are less satis-
factory for this process, however, presumably owing to
their increased susceptibility to E2 elimination under
the influence of highly basic nucleophiles.®

Experimental Section

n-Butyllithium was obtained from Matheson Coleman and
Bell as a 1.6 A solution in hexane. Reagent grade tetrahydro-
furan was distilled from LiAIH< immediately prior to use for
small-scale reactions but used without purification for large-scale
reactions. Starting materials were obtained from commercial
sources or prepared by literature procedures. Alkyl bromides
were distilled prior to use. All products were characterized by
spectral and glpc comparison with authentic samples when
available and through the melting points of their semicarbazone
derivatives. New compounds gave satisfactory elemental analy-
ses which were performed by the Analytical Laboratory of the
University of Idaho.

The following experimental procedure is representative of
the method developed for the preparation of methyl ketones from
alkyl halides. Any variations in conditions are given in Table I.

2- Dodecanone from 1-Bromononane.—In 800 ml of dry THF

under a nitrogen atmosphere was placed 34.4 g (0.108 mol) of
acetylmethylenetriphenylphosphoranel (1). The solution was
cooled by means of a Dry Ice-acetone bath and with stirring
there was added 67 ml of 1.6 N butyllithium in hexane (0.105
mol) beyond the point where the red color of the ylide anion
persisted. The intensely colored solution was stirred at —78°
for 15 min, whereupon 20.7 g (0.100 mol) of 1-bromononane was
added and the Dry Ice bath was replaced by an ice-water bath.
The solution was stirred at 0° for 1 hr, whereupon the color of the
ylide anion was nearly discharged. The solvent was removed
under reduced pressure and the residue was dissolved in 300 ml
of ethanol follow'ed by the addition of water approaching the
cloud point (approximately 200 ml). The resulting solution was
heated (steam bath) for 22 hr and then poured into brine solution
and extracted with two portions of pentane. Distillation of the
oil obtained after removal of the solvent gave 17.1 g (93%) of
2-dodecanone, bp 77-78° (0.6 mm) [lit. Dbp 120° (12 mm)].

The following procedure illustrates the preparation and iso-
lation of the intermediate substituted phosphorane 3 obtained by
alkylation of 2.

3- Phenylpropionylmethylenetriphenylphosphine (3, R = Ben-

zyl).— A solution containing 3.18 g (10.0 mmol) of 1ir. 100 ml of
THF was treated with 10.5 mmol of n-butyllithium at —78° as
described above. The resulting solution containing anion 2
was then treated with 1.33 g (10.5 mmol) of benzyl chloride
and the resulting mixture was stirred at 0° for 20 min. The
mixture was warmed to room temperature whereupon the color
of 2 was discharged. The reaction mixture was poured into an
ice-water mixture with vigorous stirring and the product, 3.94 g
(97%), was collected by filtration. Recrystallization from
ethyl acetate gave 3.30 g (82%) of pure 3 (R = benzyl), mp
150-152° (lit.6mp 148-150°).

Acknowledgment.—We thank the Research Corpora-
tion and Washington State University for their supports
through grants-in-aid.

Registry No.— 1, 1439-36-7; 2, 38938-34-0.

(9) J. lline, “Physical Organic Chemistry,” McGraw-Hill, New York,
N.Y ., 1956, p 180.
(10) T. Shentonand J. C. Smith, Chem.Ind. (London), 1510 (1958).
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Some years ago Zimmerman and Giallombardo
studied the stereochemical consequences of base-
catalyzed decarboxylation of 4-phenylcyclohexane-
1,1-dicarboxylic acid.1 They found that m-4-phenyl-
cyclohexanecarboxylic acid comprises 57% of the prod-
uct regardless of whether the solvent is 2,4,6-trimethyl-
pyridine or nonbasic 1,3,5-trimethylbenzene. In strik-
ing contrast to these results, the product composition
in the decarboxylation of solutions of 5,5-dicarboxy-
2-isopropyl-I,3-dioxane (1) in pyridine and aniline de-
rivatives depends critically on the solvent.

COOH

2 3

Solutions of 1 (0.1-0.2 M) dissolved in the desired
pyridine or aniline base were decarboxylated at con-
stant temperature. The predominant product was 2
with every base except 2,6-dimethylpyridine. The
results are given in Table I.

Tabte |

Product Composition in the Decarboxylation of

5,5-Dicarboxy-2-isopropyl-1,3-dioxank

Solvent % 3 at 100.0° % 3 at 125.0°
Pyridine 414 + 0.1

2-Methylpyridine 35.9

2,6-Dimethylpyridine 56.3 56.3 + 0.1
3,5-Dimethylpyridine 33.4 33.3
Aniline 24.2 27.5
A-Methylaniline 16.9

A,A-Dimethylaniline 11.7 17.6

One possible mechanism for this reaction is the con-
certed loss of carbon dioxide and protonation, occurring
with either retention or inversion of configuration.
The product composition is determined by which
carboxyl group departs. To test this mechanism, the
kinetics of the reaction were studied using four bases
at 100.0, 110.0, and 125.0°. The rate constants were
all pseudo first order, and are given in Table II. If
the composition of the product is determined exclu-
sively by which diastereotopic carboxyl group is dis-
placed, the product composition may be used to parti-
tion each rate constant into a rate constant for loss of

1) H. E. Zimmerman and H. J. Giallombardo, J. Amer. Chem. Soc., 78,
6259 (1956).
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Tabte I
Pseudo-First-Order
Rate Constants for Decarboxylation of

5,56-Dicarboxy-2-isopropyl-1,3-dioxane

Solvent Temp, °C 104Kk, sec
2,6-Dimethylpyridine 100.0 5.24
110.0 17.0
125.0 29.0
3,5-Dimethylpyridine 100.0 3.97
110.0 20.6
125.0 52.2
Aniline 100.0 7.78
110.0 15.0
125.0 39.4
A,Ar-Dimethylaniline 100.0 16.4
110.0 27.4
125.0 49.1

an axial carboxyl group and a rate constant for loss of
an equatorial carboxyl group. For 2,6-dimethyl-
pyridine at 100.0°, using the data of Tables | and IlI,
the individual rate constants are (0.563)(5.24 X 10-4)
= 295 X 10-“ sec-1 and (0.437)(5.24 X 10~9 =
229 X 10-4 sec-1. The individual rate constants were
calculated for each basic solvent at 100.0 and 125.0°.
Arrhenius plots were then used to predict the rate
constants at 110.0°, which were compared with the
experimental values. The predicted rate constants at
110.0° for 2,6- and 3,5-dimethylpyridine are 36 and
34% too low, respectively; these findings are incon-
sistent with the proposed mechanism.

The calculated rate constants at 110.0° in the sol-
vents aniline and V Ar-dimethylaniline both agree with
the experimental values within 5%. The entropies of
activation, calculated from the individual rate con-
stants, are —26.0 and —23.3 eu mol“1in aniline and
—26.5 and —42.4 eu mol“1 in A”N-dimethylaniline.
These very large negative values are inconsistent with
the proposed mechanism.

A second possible mechanism is that proposed by
Fraenkel, Belford, and Yankwich2for the decarboxyla-
tion of malonic acid in quinoline. The rate-determin-
ing step is the nucleophilic attack by the basic solvent
on the hydrogen bond donating or hydrogen bond ac-
cepting3carboxy group of the intramolecularly hydro-
gen bonded species. The departure of carbon dioxide
is thereby facilitated, and an enediol intermediate is
produced. The composition of the product is deter-
mined by which of the two faces of the intermediate is
more accessible to attack by the conjugate acid of the
basic solvent.4 The upper face of the intermediate is
less hindered to attack by all the conjugate acids of

(2) G. Fraenkel, R. L. Belford, and P. E. Yankwich, J. Amer. Chem. Soc.,
76, 15 (1954).

(3) L.W. Clark, J. Phys. Chem., 73, 438 (1969).

(4) This explanation of the results is consistent with the finding of H. E.
Zimmerman and P. S. Mariano, J. Amer. Chem. Soc., 90, 6091 (1968), that
the proton donor in the ketonization of the enol of l-acetyl-4-phenylcyclo-
hexane, and in the tautomerization of the aci form of 4-phenyl-I-nitrocyclo-
hexane, attacks preferentially from the less hindered, equatorial direction.
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the bases investigated in this study, with the exception
of 2,6-dimethylpyridine. Apparently the bulk of the
two methyl groups results in substantial steric inter-
action in approach from either side.

Comparison of the results using pyridine derivatives
with those using aniline derivatives shows that the lat-
ter are more selective as proton donors. This is pre-
sumably a consequence of the more congested environ-
ment of the sp3hydridized nitrogen in the anilinium
ions compared to the spzhydridized nitrogen in the
pyridinium ions. As expected, as methyl groups are
substituted for hydrogen, steric interference becomes
more important, and selectivity increases.

The apparent difference between the cyclohexane
and 1,3-dioxane systems is puzzling, and the decar-
boxylation of 4-terf-butylcyclohexane-l,I-dicarboxylic
acid is being studied in a number of basic solvents.

Experimental Section

Gas chromatographic analyses were obtained using a Hewlett-
Packard research chromatograph, Model 7620A. The nmr
spectra were recorded on an Hitachi Perkin-Elmer R-24 nmr
spectrometer. Microanalyses were performed by Schwarzkopf
Microanalytical Laboratory, Woodside, N. Y.

irans-5-Carboxy-2-isopropyl-1,3-dioxane (2).—A mixture of
20.0 g (92 mmol) of 5,5-diearboxy-2-isopropyl-1,3-dioxane5 and
20 ml of AfpV-dimethylaniline was maintained at 100° for 2 hr.
The reaction mixture was cooled in an ice-salt bath, and was
acidified by the dropwise addition of concentrated HC1. This
mixture was extracted three times with 200-ml portions of di-
ethyl ether, and the combined ether extracts were dried over
anhydrous MgS04 After filtration, the solution was concen-
trated on the rotary evaporator, and the last traces of ether were
removed at 0.1 Torr. The residue was recrystallized from ben-
zene to give 14.2 g (90%) of 22 mp 141.0-141.5°; nmr (CDCL)
5094 (d, 6 H, J = 10 Hz), 1.43-2.00 (m, 1 H), 2.85-3.32 (m,
1H), 3.51-4.49 (several peaks, 5 H), 10.12 (s, 1 H).

Anal. Caled for C8H4n04: C, 55.16; H, 8.10.
55.21; H, 8.10.

a.s-5-Carboxy-2-isopropyl-1,3-dioxane (3).—The decarboxyl-
ation of 1was effected using dimethylformamide as the solvent.6
Recrystallization o: the crude product from benzene-petroleum
ether gave crystals: mp 127.0-127.5°; nmr (CDC13) 5 0.91
(d, 6 H, / = 10 Hz), 1.47-2.14 (m, 1 H), 2.24-2.50 (m, 1 H),
3.68-4.75 (several peaks, 5 H), 11.42 (s, 1 H).

Anal. Caled for C&H¥W4 C, 55.16; H, 8.10.
55.11; H, 8.07.

Decarboxylation Studies.—A sample of 0.3-0.4 g of 1 was
weighed on an analytical balance (to the nearest 0.1 mg) into
a small, thin-walled glass ampoule. The ampoule was sealed and
placed into a 50-mi round-bottom flask, fitted with a condenser
that was attached to a three-way stopcock. One arm of the
stopcock was connected to a buret for measuring the evolved
carbon dioxide, and the third arm was open to the atmosphere.
To the flask was added 10.0 ml of the freshly distilled solvent.
Dry carbon dioxide gas was bubbled slowly through the solvent
for 10 min to ensure saturation.

The reaction flask was immersed in the constant-temperature
bath, and the three-way stopcock was turned so that the system
was open to the atmosphere until equilibrium had been estab-
lished. The stopcock was then turned so that the gas buret was
connected to the system. Room temperature and the barometric
pressure were recorded. The reaction was initiated by fracturing
the ampoule by the impact with a falling Teflon-coated magnet.
The reaction vessel was shaken vigorously for 30 sec. The
volume of carbon dioxide was measured at regular intervals for
at least four half-lives.

After the reaction mixture was cooled, a sample of 1 ml of the
solution was added to 5 g of crushed ice. Concentrated HC1
was added dropwise until the mixture was acid to litmus paper.
When the ice had melted, the solution was transferred to a test

Found: C,

Found: C,

(5) E.L.Elieland H. D. Banks, J. Amer. Chem. Soc., 94, 171 (1972).
(6) E. L. Eliel, personal communication, Nov 29, 1971; S. Mager and E.
L. Eliel, Rev. Roum. Chim., in press.
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tube and was extracted with three 1-ml portions of diethj4 ether
by means of a Pasteur pipet. The combined extracts were dried
over a mixture of equal parts of anhydrous MgSCL and anhydrous
Na2C03. The dried extract was decanted into a test tube, and
excess diazomethane was added.7 Excess diazomethane was
removed by means of a stream of nitrogen, and 50- to 100-/4
samples of the solution were analyzed by glpc (6-ft 10% Carbo-
wax 20M on Chromosorb W, 80-100 mesh at 150°, He flow 60
ml/min). A correction factor for the extraction and analysis
was determined using a synthetic mixture of pure 2 and 3.
Control experiments demonstrated that epimerization of the
products did not occur under the conditions of the decarboxyl-
ation.

Acknowledgment.—It is a pleasure to acknowledge
support of this research by the donors of the Petroleum
Research Fund, administered by the American Chem-
ical Society.

Registry No.— 1, 35113-49-6; 2,42031-28-7; 3,42031-29-8.

(7) H. Schlenk and J. L. Gellerman, Anal. Chem., 32, 1412 (1960).

Carboxylation Reactions Using the Reagent
Lithium 4-Methyl-2,6-di-tert-butylphenoxide
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This research was initiated in order to develop
a system for the carboxylation of weakly acidic
substances such as ketones by the use of a base which is
protected sterically from attack on carbon dioxide but
able to deprotonate the substrate for carboxylation.
The base chosen for initial studies was the 4-methyl-
2,6-di-ferf-butylphcnoxide ion (I). It was found that
the lithium salt | was readily generated from the phenol
in ethereal solution by treatment with 1 equiv of n-
butyllithium. Although solutions of | in ether did
take up carbon dioxide, the rate of absorption was quite
slow. It was determined, for example, that exposure
of | in ethereal solution to carbon dioxide at 760 mm
for 12 hr followed by quenching with triethyloxonium
fluoroborate gave only 15% of the carbonated deriva-
tive 1l together with much recovered phenol.

The carbonation of a number of substrates was then
investigated using mixtures of substrate, phenoxide
base |, and carbon dioxide. Table | summarizes the
results obtained for three ketones, a terminal acetylene,
and a sulfone. No carbonation was observed for iso-
amyl acetate, N-acetylpiperidine, phenylacetamide, or
1-nonyne. Methyl phenylacetate, phenvlacetonitrile,
and y-butyrolactone underwent carbonation to some
extent with yields in the range 20-50%.

In summary, the above data would suggest that the
reagent | can be used to promote the carboxylation of

Notes

Table |

R eaction of Substrates with Carbon Dioxide and Lithium

4-METHYL-2,6-Dl-iert-BUTYLPHENOXIDE"

Substrate
registry Substrate, X = H; Product Yield, Reaction
no. product, X = COOH registry no. % time, hr
X
98-53-3 fBu—" ~=0 42031-70-9 89 16
[ |
502-49-8 a 25731-69-7 77 16
[ |
98-86-2 CeHaOCH2X 614-20-0 75 24
536-74-3 CeHiC=CX 637-44-5 74 16
3112-85-4 cthSoZxhX 3959-23-7 65 24

“ Reaction conditions:
substrate, ether solvent.

760 mm of C02 4 equiv of l/equiv of

ketones, but that it is ineffective toward less acidic
substrates. The reagent | has also been applied to di-
thiocarboxylation reactions using carbon disulfide as
reactant.l

Experimental Section

2-Carboxy-4-iert-butylcyclohexanone.—This preparation can
be used to illustrate the general procedure applied to the sub-
strates listed in Table I. Lithium 4-methyl-2,6-di-iert-butyl-
phenoxide (4 mmol) was generated by slow addition of 4 mmol
(2 ml, 2 At in hexane) of n-butyllithium to 4.2 mmol (924 mg) of
4-methyl-2,6-di-iert-butylphenol in 25 ml of ether at —78° under
argon. The resulting white precipitate dissolved completely
when the mixture was allowed to warm up to room temperature.
The flask containing this reagent was then attached to a hydro-
genation apparatus, which was prefilled with excess carbon di-
oxide, and 0.9 mmol (139 mg) of 4-ieri-butylcyclohexanone in 1
ml of ether was added. The resulting mixture was well stirred
for 16 hr (the solution became turbid after 90 min). The mixture
was diluted with 20 ml of ice water at 0° and extracted with
ether. The aqueous layer was acidified to pH 3-4 using 0.1 M
aqueous hydrochloric acid at 0° and extracted with two portions
of ether. The ethereal extract was dried over sodium sulfate
and concentrated in vacuo to give a thick oil (89% yield) which
slowly crystallized in a cold room at 5°. Thin layer chroma-
tographic analysis of this product revealed no impurities. The
infrared spectrum (cHcI13 solution) exhibited bands at 3400-
2800, 1715 (m), 1660 (s), and 1598 cm-1 (m), indicating a pre-
dominance of the enol form. The product lost carbon dioxide
upon warming with formation of 4-teri-butylcyclohexanone.

Acknowledgment. —This work was assisted financially
by a grant from the National Science Foundation.

Registry No.—Carbon dioxide, 124-38-9; lithium 4-methyl-
2,6-di-ieH-butylphenoxide, 42031-71-0.

(1) E.J Corey and R. H. K. Chen, Tetrahedron Lett., in press.
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The first synthesis of methyl 3-hydroxybenzo[6]-
thiophene-2-carboxylate was reported by Friedlander.1

(1) P. Friedlander, Justus Liebigs Ann. Chem., 351, 390 (1906).
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Tabre |

Methyl 3-Hydroxybenzo[&thiophenk-2-carboxylates

X -~T ™~

coochs

J. Org. Chem., Vol. 38, No. 23, 1973 4087

by rigorous drying of the DMF and lithium hydroxide.
Other examples of the synthetic utility of activated
nitro displacement will be the subject of further com-
munications.

Yield, Crystn Temp, °C; A A

Registry no. X Mp, °C % solvent“ time, hr EXpe”mental Section4

13134-76-4 H 109-1106 61 A 0,0.5;25 25 Materials.—All benzoic acids utilized are commercially
33851-22-8 6-C1 147-149 75 B 0,0.5: 25 1 available from the Aldrich Chemical Co. The methyl esters
33851-23-9 7-Cl 133-134 80 B 005 25 2 were prepared by standard procedures in the literature.
2097774 402 1851865 65 B 0,05 B o Dy T T ters (3o sne 2

. ) } carboxylates.— wi i , uti i -
42087-78-5 7 NOZ_ 226-228 3 B 0 0'5_ taining 30 mmol of the substituted methyl o-nitrobenzoate and
42087-79-6 7-OCH:, 118-119 50 A 0,05 253 4.0 ml of methyl thioglyeolate in 60 ml of DM F was added slowly,
° A, alcohol--water; B, alcohol. bLit.'mp 104°. portionwise, 2.5 g of lithium hydroxide. The mixture was stirred
Tabre Il
M icroanalytical Data
mCalcd, % ----------mmmom e e - (e e Found, %m
X Empirical formula C H N S o] H N S

H clh®&3 57.68 3.87 15.40 57.91 3.94 15.51
6-C1 CicH7TC1035 49.48 2.91 13.21 49.31 2.82 13.16
7-C1 clh,cio3® 49.48 291 13.21 49.70 2.87 13.31
4-NU2 CidHMN 06 47.43 2.79 5.53 12.66 47.47 2.77 5.52 12.76
7-N02 cshho6 47.43 2.79 5.53 12.66 47.59 2.74 5.47 12.61
7-OCH8 CuHI10,S 55.45 4.23 13.46 55.67 4.14 13.59

The compound was formed by base-catalyzed cycliza-
tion of the bis methyl ester of o-[(carboxymethyl)thio]-
benzoic acid, which was obtained in three steps from
o-mercaptobenzoic acid. There are many modifica-
tions of this general synthesis, and these have been
reviewed.2 The free acids are readily decarboxylated
to form benzo[b]thiophen-3(2i/)-ones (thioindoxyls),
which are precursors to thioindigo dyes. In a previous
communication,3the author reported a direct synthesis
of methyl 3-aminobenzo [h]thiophene-2-carboxykites
from o-nitrobenzonitriles and methyl benzo[6]thio-
phene-2-carboxylates from o-nitrobenzaldehydes. This
synthesis has now been extended for the conversion of
methyl o-nitrobenzoates to methyl 3-hydroxybenzo-
[6]thiophene-2-carboxylates (Scheme 1).

Scheme |

coochs

COOCHa

mNO, hsch2cooch3

SCH2COOCHS3
1.iOH, DMF

L
0 ————0CH,
Under the conditions of the reaction, the nitro

group, activated by the adjacent carbomethoxvl func-
tion, is readily displaced by methyl thioglyeolate anion
(lithium salt) in DMF, and this is followed by a base-
catalyzed cyclization as in the Fricdlander synthesis.
The conditions are mild and the yields, which are
based upon crystallized products, are high (Table I).
The major side reaction appears to be hydrolysis of
the starting ester, and this can probably be overcome

(2) (a) H. D. Hartough and S. L. Meisel, “The Chemistry of Heterocyclic
Compounds,” A. Weissberger, Ed., Interscience, New York, N. Y., 1954, pp
67, 138; (b) B. Iddon and R. M. Scrowston, Advan. Heterocycl. Chem., 11,
229 (1970).

(3) J.R. Beck, J. Org. Chem., 37, 3224 (1972).

in the cold for 0.5 hr and then at room temperature for the time
period shown in Table I. It was poured into ice water and the
solution was acidified. The crude product was collected and
crystallized from the appropriate solvent (Table 1). Micro-
analytical data are summarized in Table II.

Acknowledgments.—The author wishes to thank
Mr. Paul Unger and associates for spectral measure-
ments and Mr. George Maciak and associates for micro-
analytical data.

Registry No.—Methyl o-nitrobenzoate, 606-27-9; methyl 4-
chloro-2-nitrobenzoate, 42087-80-9; methyl 3-chloro-2-nitro-
benzoate, 42087-81-0; methyl 2,6-dinitrobenzoate, 42087-82-1;
methyl 2,3-dinitrobenzoate, 42087-83-2; methyl 3-methoxy-2-
nitrobenzoate, 5307-17-5; methyl thioglyeolate, 2365-48-2.

4) Melting points were determined on a Mel-Temp apparatus and are
uncorrected.
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Our interest in charge-transfer phenomena in hetero-
atom containing medium ring ketonel* and a-dionelb'c
substrates has led us to synthesize oxa a-dione |2in
order to compare its uv spectra, mass spectral frag-

(1) (a) P. Y. Johnson and G. A. Berchtold, J. Org. Chem., 35, 584 (1970);
(b) P. Y. Johnson, Tetrahedron Lett., 1991 (1972); (c) P. Y. Johnson and
I. Jacobs, Chem. Commun., 925 (1972).

(2) Since submitting this manuscript a second report of the synthesis of 1
has been published. See A. Krebs and G. Eurgdorfer, Tetrahedron Lett.,
2063 (1973).
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mentation pattern, and photochemical reactions with
its sulfur, 2,Ib'3nitrogen, 3,4and carbon, 4,36analogs.

0o o 0 0

1 2,X=§
3a. X - JV-i-Bu
b, X = Arphenyl
4. X = CH2

Initial attempts to synthesize oxa dione 1 by an
acyloin ring closure procedure from the appropriate
3,3'-oxa diester, 5,6 were only partially successful.
While the acyloin product, hydroxy ketone 6, could be
obtained in high yield (~85%) using either the normal7s
or the chlorotrimethylsilane modification7, of the
acyloin reaction, we were unable to oxidize it to 1 in
greater than 50% yield using procedures which worked
well in our hands for similar molecules. The following
procedures were employed: FeCh-ethanol, 24-hr re-
flux ('~30% 1+6); Cu(OAc)2pyridine, 15 hr at 25°
(~40% 1+6); and Pb(OAc)4pyridine, 160 hr at 25°
(=50% 1+6). In all cases vpc analysis showed no
further reaction with increased time. The addition of
more oxidant and/or solvent did not seem to improve
the yields of these reactions. The differences between
the oxidation of 6 and its sulfur analog 2Ilb 8 cannot be
accounted for.9 Acyloin 6 was, however, oxidized by
Pb(OAc)4pyridine in 65% yield when the reaction was
run at reflux temperatures for 12 hr under a nitrogen
atmosphere.

Hydroxy ketone 6 was converted to its acetate
derivative, 7, by standard procedures. The decompo-
sition noticed (see Experimental Section, procedure A)
during the distillation of 6, leaving a viscous, non-
distillable oil, was not noticed during the distillation of
acetate 7.

The desired oxa a-dione 1 was also obtained in 70%
yield using a simplification of a procedure involving
the bromine oxidation of the disiloxene intermediate,
8, which was generated in the chlorotrimethylsilane
modification of the acyloin reaction.ld We found it to
be experimentally easier to oxidize the disiloxene inter-
mediate in the original reaction flask than to try to iso-
late it first as is the reported procedure. In our case,
bromine was added to the cooled reaction mixture until
a red color persisted. Usually slightly more than 1
equiv of bromine was required, probably owing to re-
action of the bromine with traces of unreacted sodium.

Oxa dione 1 was characterized as its quinoxaline
derivative 9. The reactions described are shown in
Scheme 1.

(3) A second report on the photolysis of the sulfur, 2, and the carbon, 4,
analogs of 1 has been published. See J. Kooi, H. Wynberg, and R. M.
Kellogg, Tetrahedron, 29, 2135 (1973).

(4) P. Y. Johnson and I. Jacobs, unpublished results.

(5) N.J. Leonard and P. M. Mader, J. Amer. Chem. Soc., 72, 5388 (1950).

(6) (@) J. Zitsman and P. Y. Johnson, Tetrahedron Lett., 4201 (1971);
(b) P. Y. Johnson and J. Zitsman, J. Org. Chem,., 38, 2346 (1973).

(7) (@) K. \. Finley, Chem. Rev., 64, 573 (1964); (b) J. J. Bloomfield,
Tetrahedron Lett., 587 (1968).

(8) Ae De Groot and H. Wynberg, J. Org. Chem., 31, 3954 (1966).

(9) For a large list of oxidants employed in the oxidation of «-hydroxy
ketones and a discussion of their usefulness for reaction with hindered sys-
tems, see G. E. Gream and S. Worthley, Tetrahedron Lett., 3319 (1968), and
references cited therein.

(10) For a review of this procedure, see J. Strating, S. Reiffers, and H.
Wynberg, Synthesis, 209 (1971).

Notes

In contrast to a-diones 2Ilb and 3,41 showed no ab-
sorption band in its uv spectra attributable to charge
transfer interaction. On the contrary, its uv spectrum
was similar to that of its carbon analog 45 [4, uv max
(EtOH) 337 nm (e 33), 292 (34), shoulder 288 (28);
I, uv max (EtOH) 326 nm (e 26), 292 (26), shoulder
283 (20) 1.

The lack of apparent charge-transfer interaction (uv
spectra) leads us to believe that the photolysis of 1 will
not parallel that of 2.lb

Experimental Section

Melting points were taken on a calibrated Mel-Temp ap-
paratus. Infrared spectra were taken on a Perkin-Elmer 337
spectrometer; nmr spectra were recorded on a Varian A-60
spectrometer using TMS as an internal standard. Mass spectra
were obtained on a Hitachi RMUG6D mass spectrometer. Ultra-
violet spectra were recorded on a Cary 14 instrument. Vpc
analyses were performed using program temperature control on
a Hewlett-Packard 5750 gas chromatograph equipped with 8 ft
X 0.25 in. 10% Carbowax on Chrom-P and 8 ft X 0.25 in. 10%
SE-30 on Chrom-P stainless steel columns. Microanalyses were
performed by Galbraith Laboratories, Knoxville, Tenn.

3,3,6,6-Tetramethyl-5-hydroxy-l-oxacycloheptan-4-one (6).—
Hydroxy ketone 6 was synthesized from diester 5 using both the
normal (A) and the chlorotrimethylsilane modification (B) of the
acyloin reaction.

Procedure A.—Into a dry Morton flask set up for high-speed
stirring under N2was added 400 ml of toluene and 13.34 g (0.58
mol) of sodium. The mixture was refluxed and 39.6 g (0.145
mol) of diester 5 in 100 ml of toluene was added to it over several
hours. After 2 hr additional reflux, the mixture was cooled to
0° and the reaction was quenched with aqueous NH4Cl [7.8 g
(0.145 mol) in 200 ml of water]. The organic layer was separated,
washed with HD, dried with MgS04, filtered, and evaporated to
give 27 g (~100%)u of a crude oil. Vpc analysis of the crude
oil showed it to be mostly desired hydroxy ketone 6 (based on the
mass spectrum of a collected sample) and some starting diester.
Attempts to solidify this oil by cooling it or by cooling it in the
presence of acetic acid8or ethanol failed. Finally, distillation of
the oil gave a low yield, 7.4 g (28.0%), of 6, bp 92-96° (0.2 mm),
which solidified upon standing. Recrystallization from low-
petroleum ether (bp 30-60°) gave 6 as a w-hite solid: mp 58.5-
59.5°; ir (CCh) 3450, 2952, 2935, 2865, 1700, 1470, 1385, 1360,
1262, 1123, 1048 cm*“1 nmr (CC14) S0.69 (s, 3), 0.91 (s, 6),
1.27 (s, 3), 3.2-3.7 (m, 5), 419 (d, 1, J = 5 Hz, collapses to
singlet in DA); mass spectrum (70 eV) m/e (rel intensity) 186
(trace, M+), Li« (7), 131 (11), 114 (16), 103 (59), 101 (18), 85
(15), 73 (30), 72 (23), 71 (30), 59 (10), 57 (30), 56 (100), 55 (17),
43 (24), 41 (37); uv Xmex (EtOH) 261 nm (e 43). When the re-
action was run in the same manner as described above but the
crude oil w-as kept under high vacuum for 24 hr in order to remove

(11) In our hands the yields of these and other acyloin reactions have
been found to fall 10-20% when a Morton flask is not used.
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all of the reaction solvents, it was found to solidify after standing
at 0° for 24 hr. Recrystallization from low petroleum ether
twice gave pure 6 (85%),u mp 59-59.5°.

Procedure B.—The reaction was run as above but 4 equiv of
ehlorotrimethylsilane were added to the reaction mixture drop-
wise along with diester 5. After the additional 1 hr of reflux the
reaction mixture was cooled. No attempt was made to isolate
the disiloxene intermediate 8, but rather aqueous NH4C1 was added
to the reaction mixture. The organic-agueous mixture was
stirred for 1 hr and the organic layer was treated as described in
procedure A. Theyield of 6 was 80-85% over several runs.

3.3.6.6- Tetramethyl-5-acetoxy-l-oxacycloheptan-4-one
Hydroxy ketone 6 (2.5 g, 0.014 mol) was refluxed in 10 ml of
acetic acid and 10 ml of acetic anhydride for 12 hr and cooled.
Water was added and the mixture was stirred for 30 min. It was
then extracted with ether which was washed with 10% K2C03
dried, and evaporated to give an oil which did not solidify.
Short-path distillation of the oil gave 2.6 g of liquid which solidi-
fied upon standing. Recrystallization from ethanol gave 2.4 g
(78%) of pure acetate 7: bp 91-93° (1.00 mm); mp 69.5-71°;
ir (CCh) no OH, 2960, 2940, 2860, 1749, 1725, 1380, 1365, 1250,
1120 cm*“1; nmr (CCh) 80.85 (s, 3), 0.91 (s, 3), 0.98 (s, 3), 1.18
(s, 3), 2.08 (s, 3), 3.3-3.8 (m, 4), 5.32 (s, 1); mass spectrum (70
eV) m/e (rel intensity) 228 (1, M+), 185 (3), 173 (31), 157 (7),
145 (8), 131 (17), 115 (10), 113 (8), 86 (9), 85 (38), 73 (15), 72
(15), 57 (24), 56 (59), 55 (14), 43 (100), 41 (32); uv Xmt (EtOH)
273 nm (e 40).

Anal. Calcd for CMHmOu
C, 62.99; H, 8.71.

3.3.6.6-
1 was synthesized according to procedure B described above for
the synthesis of 6 with the following changes. To the cooled re-
action mixture containing disiloxene 8 was added about 1 equiv
of Br2in CCh over 10 min with cooling. Additional Br2 was

C, 63.13; H, 8.83. Found:

(7N—

Tetramethyl-l-oxacycloheptane-4,5-dione (1).— Dione

J. Org. Chem., Vol. 38, No. 23, 1973 4089

added until its characteristic red color persisted. After the
mixture was allowed to warm to 25° over 30 min, aqueous NH4C1
was added and stirring was continued for 1 hr. The organic
layer was separated, washed with a minimum amount of 10%
sodium bisulfite, 10% K203, and 10% HC1, dried, filtered, and
evaporated to give an oil which was distilled to give 60-70%
(several runs) of pure dione 1: bp 52-54° (0.1 mm) and 62-
63° (0.5 mm) (this cxa dione was a low-melting solid when pure);
ir (CCh) 2955, 2940, 2855, 1720 (shoulder 1700), 1395, 1365,
1200, 1187, 1108 cm"1, nmr (CCh) 8 1.10 (s, 12), 3.51 (s, 4);
mass spectrum (70 eV) m/e (rel intensity) 184 (12, M+), 101
(56), 73 (19), 59 (11), 57 (19), 56 (100), 55 (22), 43 (11), 42
(11), 41 (44); uv Amex (EtOH) 283 nm (<20), 292 (26), 326 (26).

3,3,6,6-Tetramethyl-l-oxacycloheptane-4,5-dione (1) Using
Pb(OAc)4—Hydroxy ketone 6, 3.16 g (0.017 mol), and lead tetra-
acetate, 9.04 g (0.020 mol), were refluxed in 35 ml of pyridine,
under nitrogen, for 12 hr. The reaction mixture was cooled and
poured into 120 ml of cold 6 N HC1 and the resulting solution was
extracted with ether. The ether was washed with 10% aqueous
K2C 03, dried over anhydrous K22 03, and evaporated to give an
oily liquid. Distillation gave 1.90 g (65%) of pure dione 1 as a
pale yellow, oily liquid which solidified to a low-melting solid on
cooling,mp41.5-43 5°.

Dione 1 was characterized as its quinoxaline derivative, 9,
which was synthesized by standard procedures, mp (EtOH) 74-
75°.

Anal.
Found:

Calcd for Ci6H2N2D: C, 74.96; H, 7.86; N, 10.93.
C, 74.98; H, 7.74; N, 10.94.

Acknowledgment.—We wish to thank the National
Institutes of Health for partial support of this work.

Registry No.— 1, 42031-65-2; 5, 34506-36-0; 6, 42031-67-4;
7,42031-68-5; 8,42133-38-0; 9,42031-69-6.
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See Editorial, J. Org. Chem., 37. No. 13, 4A (1972).

A Synthesis of Rosenonolactone from
Podocarpic Acid

Summary: The 10 9 methyl group shift, with con-
comitant lactonization, effected by Lewis acid treat-
ment of 12,12-ethylenedioxy-8a,9a-epoxypodocarpan-
16-oic acid (3), provides the basis for a new synthesis
of rosenonolactone (1).

Sir: The greater thermodynamic stability of rosane
compounds over that of pimarane derivativeslhas been
exploited in a biogenetically modeled synthesis2 of
rosenonolactone (1) from isocupressic acid. We report
a similar synthesis which, in contrast, however, is com-
pletely stereoselective and introduces the lactone func-
tion directly during the isomerization step. The
brevity of the following sequence, which begins with
abundantly available podocarpic acid, offers a particu-
larly attractive route to rosane compounds.

The As-ethylene acetal3derived from 12-oxopodocarp-
9(Il)-en-16-o0ic acid4 was oxidized in quantitative
yield by m-chloroperoxybenzoic acid to the a-epoxide
3. When a dilute solution of the epoxide in nitro-
methanc5 was treated with 2 molar equiv of boron tri-
fluoride etherate for 0.5 hr, the hydroxy lactone 4 (55%
yield) was the only neutral product isolated. With 12
equiv of reagent a 2:2:1 mixture (59% yield) of the
8(14)-en-12-one 5, the A7isomer 6, and hydroxy ketone
4 whs obtained.6 Olefin 5 vias rapidly isomerized by
ethanolic HCl1 to the a”-unsaturated lactone 7,7
wihereas olefin 6 was recovered unchanged.

The elaboration of a rosadiene derivative from ketone
6 was completed simply by C-methylation of its 13-
ethylidcnc derivative,8 affording a single stereoisomer
(8, 65% overall yield) in w'hich the vinyl group could
be assigned the 0 configuration from Eu(dpm)3induced
shifts in the nmr spectra of the derived (NaBH4 12a
and 12/1 alcohols. A correlation of these compounds
with rosenonolactone (1) to confirm the stereochemical
assignments was thwarted by complications arising
from the labile vinyl group and an alternative sequence
was therefore initiated.

Methoxycarbonylation (NaH, CH3CO2ZH3 of
ketone 6 followed by in situ methylation (Mel) gave a
single stereoisomer (9, 80% yield) which was converted

(1) T. McCreadie and K. H. Overton, J. Chem. Soc. C, 312 (1971).

(2) T. McCreadie, K. H. Overton, and A. J. Allison, J. Chem. Soc. C.,
317(1971).

(3) See paragraph at end of paper regarding supplementary material.

(4) R. H. Bible and R. B. Burtner, J. Org. Chem., 26, 1174 (1961).

(5) Reduced yields of lactonic products were obtained in benzene, aceto-
nitrile, or ether; the acetal function survived in the last solvent.

(6) Several analogous epoxy acids were treated similarly with equivalent
results.

(7) Resonances in the nmr spectrum of 7 at $5.87 (H-13, d, Jis,u = 10
Hz) and 6.93 ppm (H-14, dd, J B4 = 10Hz Is,u = 6 Hz) clearly indicated
that the C-s8 hydrogen substituent was quasiequatorial with respect to ring
C. Therefore 7 possesses the trans.syn.cis configuration as assigned, since
the cis,;s.yn,cis isomer merits no consideration and trans.syn.trans or cis,-
syn,trans backbones would confer a quasiaxial conformation (in both rings)
on C-s substituents.

(8) R. E. Ireland and P. W. Schiess, J. Org. Chem., 28, 6 (1963).

to its ethylene dithioacetal derivative (33% yield)
under carefully controlled conditions (rigorously dried
reagents, brief reaction times with recycling of re-
covered ketone).9 Desulfurization (W2 Raney nickel)
was accompanied by partial double-bond migration
(3:2 mixture of A7 and As14 olefins) but the triol 10
could be obtained cleanly (40% yield) from hydrobora-
tion of the mixture. Ketoaldehyde 11 from oxidation
by excess Collins’ reagentld reacted selectively with

O O
1, 8a H
2, 88 H
0
(@]
6, R = H,
8, R= 0CH=CH,, a CH;
9, R = 0 CO0CH;i « CK,
CH.OH CHO

methylenetriphenylphosphorane to give isorosenono-
lactone (2, 80% vyield)ll which, on equilibration in
HCRCCR gave a 1:1 mixture with rosenonolactone
(1). Synthetic 1 was indistinguishable (melting point,
mixture melting point, and tic, ir, and nmr spectra)

(9) The lactone function was degraded to the A5(10>olefinic acid at a rate
marginally slower than that of thioacetal formation. Cf. N. Kiriyama,
Y. Yamamoto, and Y. Tsuda, Chem. Commun., 37 (1971).

(10) J. C. Collins, W. W. Hess, and F. J. Frank, Tetrahedron Lett., 3363
(1968).

(11) A. Harris, A. Robertson, and W. B. Whalley, J. Chem. Soc., 1799
(1958).
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from an authentic sample.l2 The surprisingly efficient
lactonization-migration step13 is an intriguing aspect
of this synthesis and is the subject of current investiga-
tion. The utility of this approach in preparing further
analogs of rosenonolactone, e.g., the 11,8-hydroxy
derivative, Rosein I11,9is also under examination.

Supplementary Material Available.— Complete experimental
details on all compounds described in this communication will
appear following these pages in the microfilm edition of this
volume of the journal. Photocopies of the supplementary mate-
rial from this paper only or microfiche (105 X 148 mm, 20 X
reduction, negatives) containing all of the supplementary mate-
rial for the papers in this issue may be obtained from the Journals
Department, American Chemical Society, 1155 16th St., N.W.,
Washington, D. C. 20036. Remit check or money order for
S3.00 for photocopy or $2.00 for microfiche, referring to code
number JOC-73-4090.

(12) We are grateful to Professor R. W. Rickards, Australian National
University, for this compound.
(13) Cf. W. Herz and H. J. Wahlborg, J. Org. Chem., 30, 1881 (1965).
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The Photoisomerizations of
2-Methylphenylcyclopropanes.
Isotope Effects and Stereochemistry

Summary: A deuterium-labeling study on 2,2-di-
methylphenylcyclopropanc has resulted in the deter-
mination of secondary and rather small primary isotope
effects for the photochemical reaction and has shown
that hydrogen migration in this system takes place
preferentially from the methyl group trans to the
benzene ring.

Sir: The photochemistry of phenylcyclopropanes has
been the subject of intensive investigation recently.1-5
In particular the isomerizations of 2-alkylphenylcyclo-
propanes to 4-phenyl-lI-butenes7-11 are of interest
since they could represent an example of the allowed
[22s + f2s] concerted12 photochemical cycloaddition.
Alternatively the reaction could proceed via preliminary
opening to a classical diradical (2) or a itcyclopropane-
like13 intermediate (3) resulting from disrotatory or
conrotatory opening of 1 with subsequent hydrogen
migration affording the observed product. A priori

(1) W. von E. Doering and M. Jones, Tetrahedron Lett., 791 (1963).
(2) G. ft Hammond and R. ft. Cole, J. Amer. Chem. Soc., 87, 3256 (1965).
(3) E. W. Valyocsik and P. Sigal, 3. Org. Chem., 36, 66 (1971).
(4) K. Salisbury, 3. Amer. Chem. Soc., 94, 3707 (1972).
(5) G. W. Griffin, Angew. Chem., Int. Ed. Engl., 10, 537 (1971).
(6) S. S. Hixson, J. Amer. Chem. Soc., 93, 5293 (1971).
(7) H. Kristinsson and G. W. Griffin, 3. Amer. Chem. Soc., 88, 378 (1966).
(8) H. Kristinsson and G. W. Griffin, Tetrahedron Lett., 3259 (1966).

(9) P. H. Mazzocchi, R. S. Lustig, and G. W. Craig, J. Amer. Chem. Soc.,
92, 2169 (1970).

(10) J. Meinwald and D. A. Seely, Tetrahedron Lett., 3739 (1970).

(11) L. Ulrich, H. J. Hansen, and H. Schmid, Helv. Chem. Acta, 53, 1323
(1970).

(12) R. B. Woodward and R. Hoffmann, Angew. Chem., Int. Ed. Engl,, 8,
781 (1969).

(13) R. Hoffmann, J. Amer. Chem. Soc., 90, 1475 (1968). Hoffmann’s
calculations suggest that there is no distinct energy minimum in the singlet
or triplet excited states of the trimethylene diradical.
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one expects equivalent migration from cis- and trans-
methyl groups via the ,2 + ,2 route with steric factors
possibly causing a slight preponderance of migration
from the ¢rans-methyl group, whereas, if 2 is the inter-

H.
W 'ch2

CBH5CHCH2G(CH32 ctn5 CH.

-CH,
H" H— CH2
IIII
3

CiiH,

mediate, stereochemical information on the initial locus
of the migrating hydrogen must be lost. Preferred
disrotatory opening to 3 for electronic or steric reasons
requires migration from the (rons-methyl group, whereas
migration from the cfs-methyl group would result
from conrotatory opening. Stereochemical informa-
tion is thus of value in elucidating the mechanism of this
rearrangement.

In principle the problem could be solved by examin-
ing the relative rates of rearrangement of cis- and
irans-2-methylphenylcyclopropane; however, this sys-
tem is complicated by the fact that the ground-state
conformations and energies of the isomers differ
significantlyl4and photochemical cis =+ trans isomeriza-
tion4is so fast that it completely dominates terminal
olefin formation.

The problem can be solved by examining the prod-
ucts from photolysis of labeled materials such as 4.
The cis to trans migration ratio is simply the 6:7 ratio

obtained on photolysis of 4,55and this ratio is amenable
to mass spectroscopic analysis; i.e., whereas 6 affords
a normal tropylium ion at mse 91, the tropylium ion
from 7 (CTH@; appears at ms/e 92. The 6:7 ratio is
obtained from the suitably corrected®6m/se 91/92 peak
intensity ratio (H/D). As expected geometrical isom-
erization (i.e., 4 = 5) is slower in this system than in
the 2-methylphenylcyclopropanes and the experi-
mental 6:7 ratios from 4 were obtained by determining

(14) J.J.Rocchio, Ph.D. Thesis, University of Maryland, 1970.

(15) Details of the synthesis of the labeled compounds used will be pre-
sented elsewhere.

(16) An empirical correction factor was calculated from m/e 91/92 ratios
obtained from synthetic mixtures of 2-methyl-s-phenyl-lI-butene and
2-methyl-a-phenyl-4-di-l-butene. Scrambling of deuterium from the methyl
and vinyl positions to the benzylic position in the mass spectrum was also
considered. Examination of the mass spectra of suitable model compounds
showed that this was not a major process. The error limits reflect our es-
timation of the magnitude of this process.
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this ratio at various conversions and extrapolating back
to zero conversion. The formation of 6 and 7 is also
subject to primary and secondary isotope effects and
knowledge of these values is necessary to make the
data applicable to compound 1. If we define ir as
the primary, a and d as secondary type | and type Il
isotope effects, respectively, and x as the fraction migra-
tion from the cfs-mcthyl group, an expression relating
the corrected m/e 91/92 (H/D) to the 6:7 ratio can be
written; i.e., hydrogen migration to give 6 occurs from
the cis side (x) and is subject to three secondary type
Il effects (d3, while 7 results via trails migration (1 —
x) and is subject to a primary O) and a pair of second-
ary type | effects (a2 (eq 1).
x/P3 Xira2
HID - xymt @ - wp3 )
Similarly for systems 8 11+
can be written.

12 equations 2-5
These equations allow a solution for

7RIx + (1 - x)3JICr CD,H
H/D = w for n (2
CH
3xira2 + (1 — x)izfll Cdh CHj
H/D = — for 3)
CD.H
H/D = ~ for C645\ cdd
4
CD,H

10

X, w, a, and dT7 and substitution of the experimental
H/D values (Table 1) affords isotope effect values:

T = 196 = 0.22; a = 110 £+ 0.05; d = 1-04 +
0.09.1819
The calculated value of x is 0.373 * 0.054; i.e.,

there is a distinct preference for migration from the
methyl group trans to the benzene ring. The 63:37B

(17) S-H. Dai and W. R. Dolbier, Jr., J. Amer. Chem. Soc.. 94, 3953
(1972). These authors use a similar method to calculate isotope effects.

(18) The validity of the use of eq 5 can be questioned; i.e., these are inter-
molecular isotope effects as opposed to intramolecular effects in the other
cases. In the case of 11 + 12 we could be seeing an effect which arises on
formation of the reactive excited state. The use of five equations for the
four unknowns allows a solution for x independent of eq 5. Furthermore
the fact that the calculated values constitute a solution, well within experi-
mental error, of eq 1-4 suggests that there is little, if any, isotope effect on
formation of the reactive excited state.

(19) The inclusion of the secondary type 2 effect is actually mechanis-
tically prejudicial suggesting that C1-C 2 bond cleavage occurs in the rate-
determining step in the reaction. We have no evidence on this point.
Inclusion of a value /3 = 1.00 results in little change in the calculated values
for *and a (x = 2.11, a = 1.05) and the value for x is unchanged.
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Tabie |
Sys-
tem 4 8 9 10 11 + 12
H/D« 1.23 + 5.68 * 2.49 * 0.893 + 2.07 £
0.12 0.97 0.25 0.089 0.27

“ Corrected m/c f /92 intensity ratio.

ratio of trans to cis migration is significant and clearly
rules out 2 as a viable intermediate. In addition,
processes which proceed with exclusive disrotatory
or conrotatory opening to an intermediate such as 3
are also excluded by these results.

The data are consistent with mechanisms which
either result from a mixture of disrotatory and con-
rotatory openings to 3 followed by hydrogen migration
or a reaction which proceeds via a [/2S+ ,2S] transition
state, or its equivalent,Dsubject to a slight steric dis-
crimination.

It is inviting to attempt to interpret the isotope ef-
fects determined. Whereas the secondary effects are
of the expected magnitude and direction for the hy-
bridization changes involved,2 the primary effect is
low. In fact the magnitude of this effect is in the range
predicted for a four-centered transition2 state like
that which would be involved in a [,,2S + ,2S] process.
However, the lack of appropriate models for isotope
effects in photochemical systems would make mechanis-
tic interpretation of these data dangerous. Experi-
ments on the stereochemistry at the migration terminus
further elucidate the mechanism of this reaction.2

Acknowledgment— We wish to thank the Research
Corporation and the Center of Materials Research of
the University of Maryland for partial support of this
work.

(20) We cannot at present differentiate a [a2a + a2s] process from one in
which 1,2 bond cleavage has occurred via simple expansion of the CEC3C2
bond angle followed by hydrogen migration.

(21) A. Streitwieser, R. Jagow, R. Fahey, and S. Suzuki, J. Amer. Chem.
Soc., 80, 2326 (1958).

(22) R. A. More O'Ferrall, 3. Chem. Soc. B, 785 (1970).

(23) P. H. Mazzocchi and R. S. Lustig, J. Amer. Chem. Soc., 95, 7178
(1973).
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Exceptionally High Regioselectivity in the
Hydroboration of Representative Olefins with
9-Borabicyclo[3.3.1]Jnonane in a
Simplified Rapid Procedure

Summary: Hydroboration-oxidation of olefins with
stoichiometric amounts of 9-borabicyclo[3.3.1 jnonane
in refluxing tetrahvdrofuran proceeds rapidly and gives
the anti-Markovnikov alcohols in high isomeric purity,
often >99.5%. The regioselectivity obtained sur-
passes that obtained with other hydroborating agents,
especially in the case of internal olefins.

Sir:  The hydroboration of even highly substituted
olefins with stoichiometric quantities of 9-borabicyclo-
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Tabre |

Product Distribution in the Hydroboration-O xidation of Representative Olefins with 9-BBN BH

Olefin
1-Hexene

3,3-Dimethyl-I-butene
2-Methyl-I-pentene

Styrene

cfs-4-Methyl-2-pentene
cis-4,4-1)imethyl-2-pentene
2-Methyl-2-butene
1-Methylcyclopentene

Norbornene

and SiaBH in THF and with ClBHZ‘OEtZ ! 3
--------------------------- Product distribution, % °------------
9-BBN Sia,BH- HsBCI—
Product THF BHs-THF6 THF' OEt2d
I-Hexanol 99.9 94 99 >99.5
2-Hexanol <0.1 6 1 <0.5
3,3-Dimethy1-1-butanol 99.7 94
3,3-Dimethyl-2-butanol <0.3 6
2-Methyl-I-pentanol 99.8
2-Methyl-2-pentanol <0.2
2-Phenylethanol 98.£ 81’ 98 96
1-Phenylethanol 15 19 2 4
4-Methyl-2-pentanol 99.8 57f 97 60
2-Methyl-3-pentanol 0.2 437 3 40
4,4-Dimethyl-2-pentanol 99.9 58/ 79
2,2-Dimethyl-3-pentanol 0.1 42f 21
3-Methyl-2-butanol >99.8 98 99.7
2-Methyl-2-butanol <0.2 2 0.3
frcros-2-Methylcyclopentanol >99.8 98.5 >99.8
1-Methylcyclopentanol Trace 1.5 <0.2
exo-2-Norbornanol 99.5 99.5 >99.8
endo-2-Norbornanol 0.5 0.5 0.2

“ Total yields were 95 + 5%. bReference 2a,b.
[3.3.1]nonanel (9-BBN) proceeds rapidly in refluxing
tetrahydrofuran (THF). Oxidation of the intermedi-
ate B-R-9-BBN derivatives establishes that the regio-
selectivity realized with 9-BBN under these conditions
is exceptionally high, both for terminal and for internal
olefins. Moreover, 9-BBN is thermally stable and can
be stored at room temperature almost indefinitely,
either as the solid or as the THF solution. Conse-
quently, hydroboration with 9-BBN wusing this pro-
cedure offers convenience and major improvements in
product purities, both for the synthesis of the B-R-9-
BBN derivatives and for the anti-Markovnikov hydra-
tion of carbon-carbon double bonds.

The use of hydroboration-oxidation with BH3THF
for the anti-Markovnikov hydration of olefins2 suffers
from the formation of significant amounts of the minor
isomer in the hydroboration stage. The use of mono-
chloroborane-ethyl etherate (HBCI-OEt2 was re-
cently found to give very pure (>99.5%) primary
alcohols from terminal olefins.3 However, little regio-
selectivity was obtained with internal olefins. Hydro-
boration with disiamylborane (Sia2BH) offers higher
regioselectivity, but the reagent reacts only very
sluggishly with internal and cyclic olefins.%

It appeared that 9-BBN might overcome these
difficulties. Unfortunately, the rate of reaction of
9-BBN with olefins, especially the more substituted
compounds, is relatively slow. Consequently, the pro-
cedure adopted used a large excess (100%) of 9-BBN to
facilitate the reaction.1 The presence of such an excess
was especially undesirable for hydroborations in which
it was desired to use the J5-R-9-BBN derivatives for
further syntheses.6

We have now established that it is possible to achieve
the hydroboration of even highly substituted olefins

(1) E. F. Knights and H. C. Brown, J. Amer. Chem. Soc., 90, 5280 (1968).

(2) (@ H. C, Brown and G. Zweifel, 3. Amer. Chem. Soc., 82, 4708 (1960);
(b) H. C. Brown, “Hydroboration,” W. A. Benjamin, New York, N. Y.,
1962; (c) H. C. Brown and R. L. Sharp, J. Amer. Chem. Soc., 88, 5851
(1966); (d) G. Zweifel, N. R. Ayyangar, and H. C. Brown, ibid., 85, 2072
(1963).

(3) H. C.Brown and N. Ravindran, J. Org. Chem., 38, 182 (1973).

(4) H.C. Brown and G. Zweifel, 3. Amer. Chem. Soc., 83, 1241 (1961).

(5) (@ H. C. Brown and M. M. Rogié, J. Amer. Chem. Soc., 91, 2146
(1969); (b) H. C. Brown and R. A. Coleman, ibid., 91, 4606 (1969).

'Reference 4.

dReference 3. ' Reference 2c. 7 Trans olefin.
with the stoichiometric quantity of 9-BBN in refluxing
THF. First, the reaction time is relatively short.
Unexpectedly, under these conditions isomerization of
the B-R-9-BBN derivatives is not significant.6 Finally,
the regioselectivity observed is remarkably high, much
higher than that noted previously.1

For example, 1-hexene undergoes hydroboration to
give only 0.1% minor isomer (eq 1). Even more re-

RCH.,CH FCHCH,
(0] —H
RCH=CH., 0% yield

99.9%

®

0.1%

markable, internal olefins, such as cfs-I-methyl-2-
pentene, reveal a remarkable preference for placing the
boron adjacent to the less bulky substituent (eq 2).

(CHHCH CH,
\ / O —n
/ C::c\ 96% yield
H H
(CH)2CH CH, (CH),CH CH3
| | | |
HTC— ¢+ HC— CH2 (2)
B B
0 0
99.8% 0.2%

The following procedure for the hydroboration-
oxidation of cf6-4-methyl-2-pentene with 9-BBN is
representative.7

A dry, nitrogen-flushed, 50-ml flask with an injection
port was charged with 5.0 mmol of 9-BBN3(0.61 g) ina

(6) A detailed study of the isomerization of B-R-9-BBN derivatives is
underway with Hiroaki Taniguchi.

(7) For an excellent discussion of applicable technique, see D. F. Shriver,
“The Manipulation of Air-Sensitive Compounds,” McGraw-Hill, New York,
N. Y., 1969, Chapter 7.

(8) 9-BBN is now available from the Aldrich Chemical Co., Milwaukee,
Wis.
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nitrogen-filled glove bag. Dry THF (10 ml) was then
added via syringe. The solution was heated to reflux
and the reaction initiated by adding 2.5 ml of 2 M cis-4-
methyl-2-pentene in THF (5.0 mmol). The mixture
was stirred under reflux for 1 hr9 and then cooled to
room temperature. The intermediate organoboranes
were oxidized by adding, successively, 3 ml of ethanol,
1 ml of 6 IVNaOH, and 2 ml of 30% HD2 Complete
oxidation was ensured by maintaining the reaction mix-
ture at 50° for 1 hr. The aqueous phase was saturated
with potassium carbonate to give a dry THF solution of
the product. The absolute and relative product yields
were determined by glpc using dodecane as an internal
standard. (The reliability of the instrument in de-
termining the minor component was checked by analyz-
ing known synthetic mixtures of the two products in the
proportions expected from the reaction.) 4-Methyl-2-
pentanol was obtained in 96% yield, together with
0.2% 2-mcthyl-3-pentanol.

The results are summarized in Table | together with
comparable data for hydroborations with BH3THF,
H,BCI-OEt2 and SiaBH.

) One hour in refluxing THF proved adequate for all olefins examined

except the most sluggish, such as 1-methylcyclohexene and 2,3-dimethyl-2-
butene. In these cases, 8 hr under reflux proved adequate to complete the
hydroboration.

Communications

The origin of the exceptionally high regioselectivity
obtained with 9-BBN is not clear. The facile reaction
of 9-BBN with highly substituted olefins seems to in-
dicate that the reagent is sterically less demanding than
SiaZBH. However, the bicyclic structure of 9-BBN
isrigid and steric crowding in the transition state cannot
be relieved by internal rotation in the borane moiety.
Thus 9-BBN may be more sensitive to subtle differences
in steric environment than the acyclic dialkylborane,
SiaZBH.

In any case, it is clear that hydroboration with
9-BBN furnishes a convenient route to the synthetically
useful H-alkyl-9-BBN derivatives, as well as furnishing
the anti-Markovnikov alkylborane moiety in ex-
tremely high isomeric purity. This development, to-
gether with the stability and commercial availability
of the reagent,8greatly simplifies the synthesis of regio-
specifically and stereochemically pure derivatives.

(10) Graduate Research Assistant on a grant, GP-31385, provided by the

National Science Foundation.
Richard B. Wetherill Laboratory Charles G. Scouten10

Purdue University Herbert C. Brown?*

47907

W est Lafayette, Indiana

Received August lo, 1973



I ..

A young publication (1968),
MACROMOLECULES has played
an ever-increasing role in the
publication of original research In
the rapidly expanding field of
polymer chemistry.
Here you will find prompt publica-
tion of the rigorously reviewed
papers that provide the framework
for tomorrow’s polymer reseach—
bimonthly explorations of all the
fundamentals:

e Synthesis

e Polymerization Mecha-

nisms and Kinetics

e Chemical Reactions

e Solution Characteristics

< Bulk Properties of Organic,

Inorganic and Biopolymers

Widen your role in polymer re-
search now with MACROMOLE-
CULES. Just fill in the form.

Vioondenules

.another ACS service

Macromolecules
American Chemical Society
1155 Sixteenth Street, N.W.
Washington, D.C. 20036

Yes, | would like to receive MACROMOLECULES at the one-year rate

checked below:
Latin Other

u.s. Canada America Nations

| ACS Member Personal-Use
One-Year Rate O $12.00 0O $15.50 O $15.50 O $16.00

INonmember O $36.00 0O $39.50 0O $39.50 O $40.00
Bill me O Bill company O Payment enclosed O
Name
Home O
Street Business O
City State Zip

4-73



reectios

L alittle A

1) K. B. Sharpless and R. F. Lauer, J. Amer. Chem. Soc., 94,

PhSeX (X=Br, Cl or PhSe) 7154 (1972).

2) K. B. Sharpless and R. F. Lauer, J. Org. Chem.. 37, 3973

(1972).
The observation that alkyl phenylselenoxides undergo 3) K. B. Sharpless, M. W. Young and R. F. Lauer, Tetrahedron
L . ) Lett.. 1979 (1973).
eliminations at room temperature to form olefins ,-3 4) K. B. Sharpless and R F. Lauer, J. Amer. Chem. Soc.. 95,
is the basis for a new and convenient synthesis of 2697 (1973).

allylic alcohols, 4 allylic
cr,/3-unsaturated carbonyl

is easily converted into

carried out at or below

variety of oxidants (peracetic acid, sodium periodate,

hydrogen peroxide, etc.).

ethers and acetates,5 and

the highly colored phenyl-

5) K. B. Sharpless and R. F. Lauer, unpublished results.

. 6) K. B. Sharpless, R. F. Lauer and A. Y. Teranishi, J. Amer.
compounds.6-8 Diphenyl Chem. Soc.. 95, 6137(1973).

diselenide isa yellow, odorless, air-stab e solid which 7) H. J. Reich, I L. Reich and J. M. Renga, J. Amer. Chem.

Soc.. 95. 5500 (1973).
8) D. L. J. Clive, J. Chem. Soc., Chem. Commun., 695 (1973).
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