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The Polar [ + w] Cycloaddition Reaction. Enamines as Dipolarophiles in
1,3-Dipolar Additions!

Marcus K. Meilahn,2 Bruce Cox, and Morton E. Munk*

Department of Chemistry, Arizona State University, Tempe, Arizona 85281

Received September 11,1973

Hammett p values of —1.0, +2.1, and -0.66, respectively, were obtained for the addition of (1) phenyl azide to a
series of meta- and para-substituted acetophenone piperidine enamines, (2) a series of meta- and para-substitut-
ed phenyl azides to phenylacetaldehyde piperidine enamine, and (3) m-nitrophenyl azide to a series of meta- and
para-substituted phenylacetaldehyde piperidine enamines. Measured activation parameters and the insensitivity
of reaction rate to ion-solvating power of the solvent implicate a concerted cycloaddition process. Hammett pa-
rameters and the regiochemistry of the enamine-azide reaction are consistent with a polar transition state in the
electron reorganization process, in contrast to the more usually encountered isopolar transition states of 1,3-dipo-
lar additions. Molecular orbital calculations on ground-state enamine and the observed dependence of reaction
rate on the nature of the amino substituent lend support to the mechanism suggested.

One of the striking features of the 1,3-dipolar addition of
organic azides to enamines is the high degree of regiospeci-
ficity observed over a broad range of azide and enamine
substrates.3’4 Without exception, that terminal nitrogen
atom of the 1,3 dipole bearing the substituent is directed to
the carbon atom of the dipolarophile bearing the amino
group. The preferred orientation of addition could not be
reversed, even partially, by manipulation of steric effects.
Thus, the addition of phenyl azide to the piperidine enam-
ine of acetophenone gives |,5-diphenyl-5-(I-piperidino)-
4,5-dihydro-1,2,3-triazole, the product of kinetic control,
exclusively.4 Control of the direction of addition appeared
to be the result of electronic stabilization and therefore it
was suggested that the reaction proceeds via a polar transi-
tion state (1 or 2) in the rate-determining step. An impor-
tant role was attributed to electron-releasing nitrogen in
delocalizing positive charge. Orientation phenomena pro-
vided no distinction between the stepwise and concerted
cycloaddition.

Al e N = Ar

al b N*#NVN '/
1 1

— o0o==c¢C — C—

sil 6 ai
N N

I\ A
1 2

To further illuminate the nature of the transition state
activation parameters, solvent dependence, Hammett cor-
relations, and the stereochemistrys of cycloaddition have
been examined. A number of pertinent kinetic studies have
been published6“8 and these will be contrasted with results
reported herein.

Two reactions were chosen for initial Kkinetic study
(Table 1). In each case a first-order relationship was de-

819

Actlvatl?)I nParame rskA |tJonC%|Ph nyl Azide"

perl INe Enamines in Lhiorororm
Enamine E a, kcal/mol kcl:ljr*ﬁol AS* Registry no.
Acetophenone 16+12 1 +].2 = i4 14 '66'
PhenSIhacetaI- l4+12 lg+12 “gg + 48 338'15'8
dehyde

“ Registry no., 622-37-7.

Solxent D%penderkge &% o] ofPhenXItMQe to

cetopfenone Piperidine Enaming

* 104'
1 mol 1min-

z value, kcal/mola
91 +0.26

63.2 .
I k%

rived for both enamine and azide. Activation parameters
for these reactions are summarized in Table I.

The large negative entropies of activation are indicative
of highly ordered transition states9 and provide presump-
tive, but not compelling, evidence favoring the concerted
mechanism. The insensitivity of rate to solvent polarity
(Table I1) is also consistent with the concerted process,
but, it should be noted, does not require a cyclic transition
totally devoid of charge separation. No correlation between
the solvent polarity parameter Z and rate is evident;l0
rather the most rapid reaction, by a modest margin, occurs
in acetonitrile.11 Huisgens has reported a similar pattern of

Solvent

Chloroform
Acetonitrile
Ethanol

0 Reference 10.
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Table lll
Rate Constants for Cyclo%%gltlon in Chloroform at 44.8°

Rate constant, ~ 103 I.*mol 1 min”*

vk
Reaction 2b of

Substituent Reaction 1 Reaction 39
p-och3 1.9 +0.044 88+ 0.13

p-ch3 1.1 + 0.09 4.5 £ 0.07 280 £+ 5
»2-CH3 0.95 + 0.004

H 0.91 + 0.026 10.0 £ 0.3 210 + 8
w-OCHg 0.89 + 0.014 190 + 3
p-Cl 0.52 + 0.018 29.0 £ 0.6 150 + 3
p-Br 0.50 + 0.001 42.0 = 0.7 150 £ 6
w-N02 0.17 + 0.012 210.0 +8

P-no2 980.0 + 9

“ Addition of PhN3to the piperidine enamine of meta- and para-
substituted acetophenones. b Addition of meta- and para-sub-
stituted phenyl azides to phenylacetaldehyde piperidine enamine.
OAddition of m-nitrophenyl azide to the piperidine enamine of
meta- and para-substituted phenylacetaldehydes. d Average devia-
tion. e Registry no. of the piperidine enamine of substituted acet-
ophenones are, respectively, 53927-01-8, 53927-02-9, 53927-03-0,
53927-04-1, 53927-05-2, 53927-06-3, 53927-07-4. < Registry no. of the
substituted phenyl azides are, respectively, 2101-87-3, 2101-86-2,
3296-05-7, 2101-88-4, 1516-59-2, 1516-60-5. «Registry no. of the
piperidine enamine of substituted phenylacetaldehydes are, re-
spectively, 53927-08-5, 53927-09-6, 53927-10-9, 53927-11-0.

Meilahn, Cox, and Munk

bon bearing the amino substituent, and the known superior
+R quality of the pyrrolidine group relative to piperidine.i5

In the acetophenone enamine series (reaction 1), steric
inhibition of resonance may account for the reduced role of
phenyl, as molecular modelsi6 indicate that phenyl and
amino group cannot simultaneously achieve the coplanarity
required for delocalization of positive charge because of se-
vere steric crowding.

Equally good Hammett § and <~ correlations were de-
rived for the addition of a series of meta- and para-substi-
tuted phenyl azides to phenylacetaldehyde piperidine ena-
mine;17 o° values gave a somewhat less satisfactory fit. The
extended form of the Hammett equation,18 Qx = aa/ + (jor
+ h, gave an evalue approaching unity (para substituents
only; reaction 2, Table V) indicating a balance of inductive
and resonance effects better expressed by normal Hammett
a values than <~ values.19 Kinetic data for the addition of
para-substituted phenyl azides to cyclohexanone pyrrol-
idine enamines (reaction 4), norborneneé,8 (reaction 5), and
cyclopentene8 were also processed by us using the extended
form of the Hammett equation (Table V) and show a grad-
ual decline in ein the order given,19 consistent with a re-
duction in charge separation in the transition state.

The sign and magnitude of p for reaction 2 (Table 1V) is
suggestive of negative charge at nitrogen bearing phenyl in
the transition state. This result complements that derived

_— Table | . :
Hammett Relationship. Correlations w% Various Substituent Constants*

Hammett p value (correlation coefficient)

Reaction

studied” a u® a*
Reaction 1 -1.0 (0.98) -0.97 (0.96) -0.71 (0.94)
Reaction 2 +2.1  (0.98) +2.2  (0.96) +1.7 (0.98)
Reaction 3 -0.66 (0.99). -0.63 (0.99) -0.59 (0.95)

a Substituent constants taken from C. D. Ritchie and W. F. Sager, Prog. Phys. Org. Chem., 2, 323 (1964). b Reactions described in Table

solvent insensitivity in the cycloaddition of phenyl azide to
cyclopentanone piperidine enamine. A more profound rate
dependence on solvent polarity is expected in cycloaddi-
tions proceeding by way of zwitterionic intermediates,12
e.g., 2. Finally, the conservation of the configuration of the
enamine during electron reorganization lends strong sup-
port to the concertedness of cycloaddition.5

The Hammett relationship was chosen to assess the mag-
nitude and distribution of charge among the centers under-
going electron reorganization. In the addition of phenyl
azide to a series of meta- and para-substituted acetophe-
none piperidine enamines, the rate constants (Table Il1I,
reaction 1) correlate best with the original Hammett a
values!3 (Table 1V).

The sign of p in reaction 1 is consistent with the develop-
ment of positive charge in the transition state at the carbon
atom bearing the substituent probe. However, the magni-
tude of p may not reflect the full extent of electron defi-
ciency because of the presence of a second and powerful
electron donor, the amino group, at that site. Evidence in
support of the latter point is found in a study of the depen-
dence of the rate of cycloaddition on the nature of the
amino group (Table VI). Although piperidine and pyrrol-
idine are nearly equal in basicity, the acetophenone enam-
ine of the latter amine is 34 times more reactive toward
phenyl azide. In sharp contrast the piperidine enamine
reacts only 4.5 times faster than the morpholine enamine in
spite of the 1000-fold difference in amine basicity.14 This
behavior is explicable in terms of electron deficiency at car-

. T%)Iev .
Correlation of Rate Data with the Extended
ammett quatlon

No. of
Reac- data
tion pointsa hb 'R6 (ce/ff)
ic s -0.092 (80.0) -0.99 (98.0) -1.2 (98.0) 1.2
2C 6 -2.0 (99.9) 24 (99.0) 2.2 (99.0) 0.91
3C 4 -0.68 (99.9) -0.69 (99.0) -0.75 (99.0) 1.1
4de 4 3.9 (99.0) 2.8 (99.0) 2.3 (98.0) 0.83
Ste 4 24 (99.0) 1.0 (95.0) 0.77 (95.0) 0.77
sf,s 5 0.041 (50.0) 0.98 (99.0) 0.70 (95.0) 0.71
6he 4 038 (80.0) 1.0 (80.0) 0.67 (50.0) 0.67

aOnly rate constants for para-substituted derivatives used.
b Confidence levels for the significance of h, o, and fi appear in
parentheses. ¢ Reaction described in Table Ill. d Addition of para-
substituted phenyl azides to cyclohexanone pyrrolidine enamine.
e Data from ref 8. <Addition of para-substituted phenyl azides to
norbornene. «Data from ref 6. ™Addition of para-substituted
phenyl azides to cyclopentene.

from reaction 1, and together they provide convincing evi-
dence for substantial charge separation at bond a, as de-
picted in expression 1.

In Hammett studies related to reaction 2, Huisgen8 ob-
tained p = +2.54 in the addition of substituted phenyl
azides to cyclohexanone pyrrolidine enamine, but p drops
in magnitude to —(-0.9 with norbornene6,8 and cyclopen-
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tene.8 The latter observation suggests less charge separa-
tion in the transition states of olefin cycloadditions.

The substituent probe was next attached to the f} carbon
atom of the dipolarophile to examine charge separation at
bond b in the transition state 1. An excellent fit was ob-
tained with both a and <°values in the addition of m-nitro-
phenyl azide to a series of substituted phenylacetaldehyde
piperidine enamines. The t value (reaction 3, Table V) of
1.1 suggests that a values provide a better measure of sub-
stituent effects.

The negative sign of p is inconsistent with the generation
of negative charge at the carbon atcm as shown in transi-
tion state 1. Rather, it is best accommodated by well-ad-
vanced bond formation at bond b, and therefore, little or
no charge separation at bond b (3). The rate-enhancing

N
/\
3
qualities of electron donors on the substituent probe at the
d carbon atom are then explicable in terms of the modest
stabilization of positive charge at the a carbon atom.
Transmission of the electronic effect occurs through the
nearly saturated /3-carbon atom and this accounts for the
reduced magnitude of p.20

Alternatively, the sign of p in reaction 3 could implicate a
substituent effect more profoundly influencing the ground-
state dipolarophile than transition state. If the ground-
state enamine is characterized by charge separation as ex-
pressed by the polar resonance form 4, an electron-attract-

/\N:C—C—
4

ing substituent could stabilize the enamine and retard the
rate of cycloaddition. Such a ground-state controlled model
of cycloaddition is not, however, consistent with the sign of
p in reaction |.21 Further, the MO calculations described
below suggest little contribution of resonance form 4 to the
enamine ground state.

Mechanistically, the cycloaddition of aryl azides to elec-
tron-rich enamines22 proceeds in a concerted fashion with
the simultaneous, but uneven, formation of two new a
bonds.23 Electron reorganization leads to an ordered transi-
tion state in which bond formation at b is considerably fur-
ther advanced than at bond a. The resultant charge separa-
tion at bond a accounts for the observed regiospecificity
even in sterically encumbered transition states.

Finally, a mechanism based on initial triazene formation
(5), followed by rearrangement to triazoline24 was also re-

5

jected in light of the observed conservation of enamine con-
figuration in the cycloadduct.5 The results of the analogous
conversion of /V-acylaziridines to oxazolines2s would
suggest inversion of configuration in the rearrangement of
triazene 5.

Semiempirical CNDO molecular orbital calculations26 on
a series of 1-substituted alkenes shed light on the nature of
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Table V1
Dependence of Rate on Amine. Addition ofPhenyl
Azide to Acetophenone Enamines*

T
Piperidine %2 X ].0:3 0%1
AN LIk B A (80X

OlInchloroform at4a.s-.

Table VI
CNDO Molecular Parameters*

irelectron density, q ir bond order, p

%:CH\“H 10570 0.9809 0.98%5
: C:CX: 1088 09745 19%7 09670 0259
LT 9B LS 0%6M 023
7"

a NTLET 0B 0%

o LI 0SS 1903 046 0289

Ph

° Convergence requirements set at E = 0.0001, TCONV = 0.001.
6 Phenyl group in plane of carbon-carbon double bond.

ground-state enamine. Although a number of physical phe-
nomena establish ir electron delocalization in enamines,27,28
the evidence adds little to our knowledge of the extent of
charge separation in the ground state relative to an alkene
as the standard of comparison, ir electron density (q) and ir
bond order (p) were chosen as a measure of the importance
of the polar resonance form 4 (Table VII).

The pi2 values of the five compounds listed are close to
unity, with propene displaying the greater degree of ir bond
localization as expected. Values for the first three entries
follow the generally accepted order of increasing resonance
effect (+R effect).29 The ir bond orders, P23, reflect the
same trend. These data suggest strong localization of ir
electrons for all compounds listed, and thus little charge
separation in the ground state. This conclusion finds sup-
port in the calculated q values at C-I, which differ little for
the just three compounds.

Although limited in scope, the MO calculations do ap-
pear to lend support to the proposed mechanism of cy-
cloaddition and the assertion that substituent effects influ-
ence the transition state more profoundly than the initial
state.

In reactions in which carbon develops positive charge in
the transition state, both OR and NR2 substituents at the
reaction site generally accelerate the rate relative to an
alkyl group, e.g., solvolysis reactions. Such is not the case in
azide cycloadditions.30 The striking discrepancy in rates of
addition of aryl azides to enamines and enol ethers is likely
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Table VIII
Comparative 1,3-Dipole Reactivity

Entry Dipolarophile PhC=NNPha
1 PhCH=CH2

2 PhCH=CH (PyrF E]1}*n *
3 CH2=C H C 5Hn->j 1.00

4 CH2=CHCO 2Et 350.

5 Me2NCH==CHCO ,Et 1.97

6 (Pyr)CH=CHCQ 2Et/

1, 3 Dipoles i relative rates of cycloaddition

PhN3 PhC=NOb

ss.00i:-6"} 50'000*

1.00c 1.00
41.0C 25.8
600.c 5.85

“ Relative second-order rate constants in benzene: A. Eckell, R. Huisgen, R. Sustmann, G. Wallbillich, D. Grashey, and E. Spindler,
Chem. Ber., 100, 2192 (1967).6 Relative second-order rate constants in ether: ref 35.c Relative second-order rate constants: ref8.a¢;2 = 5.7
X 10 51 mol 1sec"1 (CHCI3, 30°) for addition of PIIN3 to phenylacetaldehyde piperidine enamine (Table 1X). This value multiplied
by pyrrolidine/piperidine rate factor of 35 (Table VI) for relative rate calculation. e Estimated by dividingii = 8 x 10 61 mol 1sec-1
for addition of m-nitrophenyl azide to 3-methyl-3-pyrrolidinoacrylic ethyl ester (Experimental Section) by 20 (rate ratio m-nitrophenyl
azide/phenyl azide, Table 111) and multiplying by 36 (rate ratio CH2=CH CO02Et/CH3CH=CHCO2Et, ref 8). f Registry no., 53927-12-1.

*Pyr = 1-pyrrolidyl.
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Experimental Section

Kinetic Method—Data in Table Ill. Infrared Absorbance
Measurements. A Beckman Model IR 12 infrared spectrophotom-
eter was used to determine the absorbance of the azides in all ki-
netic runs. The base line (/o) was defined by a line extending from
the established base lines on each side of the azide absorption in
the 2100-cm-1 region. The maximum deflection of each azide was
taken as I. The average of three scans provided the actual value of
/ used. The Bouguer-Beer plots (log 1a/l vs. concentration) were
linear in all cases over the concentration ranges studied.

Determination of the Aromatic Azide Concentration. The
absorbance, As, of a freshly prepared standard azide solution of
known molar concentration,. Ms, and the absorbance of the un-
known sample, A, were determined. Substitution into eq 1 allows
the calculation of the unknown molar concentration, M. The term
aib is the slope of the Bouguer-Beer plot for the azide.

Error Analysis. The major source of error in this method is the
reproducibility of I, which varies slightly from scan to scan. The
maximum error introduced in any single scan was estimated to be
+1.5%. Since the value of azide concentration used is the average
of three scans, the magnitude of the error is reduced. The concen-
tration of known phenyl azide solutions containing various concen-
trations of enamine and aminotriazoline were analyzed for phenyl
azide via this method and the concentrations were determined
within + 1%.

Determination of Rate. Freshly purified enamine was weighed
into a volumetric flask, dissolved in the solvent, stoppered, and
placed in a constant-temperature bath (+0.2°). A known amount
of pure azide was placed in a small vial and placed in the constant-
temperature bath along with a vial of solvent and the reaction ves-
sel. After thermal equilibrium was established, the azide was rap-
idly and quantitatively transferred into the volumetric flask, dilut-
ed to volume by the addition of solvent, mixed, and transferred to
the foil-encased reaction vessel. The solution was blanketed with a
nitrogen atmosphere and the flask was sealed with a silicone rub-
ber septum. Periodically 0.1 ml of the solution was removed via
microliter syringe, quenched in cold solvent in a 1-ml volumetric
flask, and diluted to volume. The absorbance was immediately de-
termined on this solution. Reactions were followed to between 20
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Table IX
Rate Constants Derived for Calculation of
Activation Parameters (Table I)

Rate constant, ft2 x 103 L. mol 1 min 1

Dipolarophile® 30.0° 38.9° 44.8°

PhC(Pip)==CH2!! 0.26 +0.01 0.58
PhCH=CH(Pip)c 3.4 +£0.1 6.9 +0.1 10.0
“PhN3 is the dipole. blnitial concentration in raoles/liter;

azide, 1.20; enamine, 2.40. c Initial concentration in moles/liter;
azide, 1.00; enamine, 2.00. dPip = A-piperidyl.

+0.02 0.91 +0.03
+

Table X
Initial Concentrations of Reactants in Kinetic
Runs (Table I11)

Reaction0 Azide& Enamine”™
1. 1.20 2.40
2. [»-OCH3,CHS H, Br, CI 0.86 1.72
/»-N02, w-N02 0.10 0.20
3. 0.10 0.20

“ Reactions described in Table III.
liter.

b Concentration in moles/

and 40% of completion. In several cases clean second-order kinetics
were followed for at least 70% of reaction. The rate constants re-
ported are the average of multiple runs in all cases. The average
deviation from the mean is also recorded.

Kinetic Method—Pyrrolidine Enamine of Ethyl Acetoace-
tate. To a solution of 0.175 g (0.00096 mol) of 3-methyl-3-pyrroli-
dinoacrylic ethyl ester in a 1-ml volumetric flask was added 0.330 g
(0.0020 mol) of m-nitrophenyl azide. Deuteriochloroform was
added to bring the volume of the solution to 1 ml. About 0.4 ml of
the solution was transferred to an NMR sample tube which was
sealed with a stopper. Periodically the NMR spectrum of the solu-
tion was recorded and from the integration of the region of 6 4.85-
3.75, the concentration of the enamine and the adduct was deter-
mined. The rate constant in Table VIII is the average of two inde-
pendent runs.

Solvents. Analytical reagent grade chloroform (Mallinckrodt
Chemical Works) was used without purification in all the kinetic
work with the exception of the study of solvent effects. Reagent-
grade acetonitrile (Matheson Coleman and Bell) was distilled from
P205 prior to use. Absolute ethanol was distilled from magnesium.
The samples run in acetonitrile were quenched and diluted in ace-
tonitrile and the samples run in absolute ethanol were quenched
and diluted with chloroform.

Material Balance. 1,5-Diphenyl-5-(I-piperidino)-4,5-dihy-
dro-1,2,3-triazole. A solution of 0.528 g (0.0044 mol) of phenyl
azide and 0.834 g (0.0045 mol) of the piperidine enamine of aceto-
phenone in chloroform (5 ml) was sealed in a flask with a nitrogen
atmosphere and placed in the dark for 2 days. The solvent was re-
moved in vacuo and distillation of the residue at a bath tempera-
ture of 36° (0.12 mm) afforded 0.326 g (62%) of phenyl azide as de-
termined by GLC (20% DC550/Anakrom ABS, 170°, 15 psi). The
nonvolatile material was dissolved in pentane and decolorized.
Crystallization afforded 0.349 g (26%) of the crude aminotriazoline,
mp 96-103° (lit4mp 109-110.5°).

Duplication of the above procedure accounted for 85% of the
starting material as the aminotriazoline or the unreacted phenyl
azide.

Preparation of Enamines (Table XI). Enamines of ketones
were prepared by the method of Stork.15 The procedure of Man-
nich36 was employed for the preparation of enamines of aldehydes.
The substituted phenylacetaldehydes were prepared by rearrange-
ment of the corresponding styrene oxide.37 The following enamines
are reported in the literature: the piperidine enamine of phenyla-
cetaldehyde,36 p-chlorophenylacetaldehyde,38 acetophenone,4 the
pyrrolidine enamine of acetophenone,3 the morpholne enamine of
acetophenone 40 and the pyrrolidine enamine of ethyl acetoace-
tate 4l

Preparation of Azides. Phenyl azide was prepared by the
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Table XI
New Enamines

Piperidine
enamine Physical properties®
Substituted Phenylacetaldehydes
m-Methoxy bp 136-138° (0.1 mm), mXd 1.6110
p-Bromo mp 87.5-88.5°
/»-Methyl mp 42-43°
Substituted Acetophenones

/»-Bromo bp 99-102° (0.1 mm),«Zn 1.5845
m-Methoxy bp 104—106° (0.1 mm), m25d 1.5563
m-Methyl bp 69-72° (0.1 mm),n2n 1.5505
/»-Methoxy bp 92.5-94.5° (0.1 mm), w2sda 1.5592
?2w-Nitro mp 76-77°
/»-Chloro bp 80-83° (0.06 mm), w2d 1.5661
/»-Methyl bp 78° (0.1 m m),«25D 1.5510

0 Satisfactory analytical data for C, H, N (+0.35%) were pro-
vided for these compounds: Ed.

method of Linsay and Allen42 The following substituted phenyl
azides were prepared by the method of Smith and Boyer:43 m-ni-
trophenyl azide 4 p-nitrophenyl azide44 p-chlorophenyl azide45
p-bromophenyl azide45 p-methylphenyl azide 45 p-methoxyphen-
yl azide 46
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cis- and Irons-1-ehloropropene have been added to cyclopentadiene both thermally at 200° and with /3-aceto-
naphthone as a photosensitizer. As in other similar cases, the thermal reaction is a stereospecific Diels-Alder pro-
cess. The photosensitized cycloaddition leads to mixtures of the same four 1,4 and eight 1,2 cycloadducts from
both geometrical isomers of 1-ehloropropene. Structures were established by a set of syntheses, identities, and
correlations involving the thermal and photosensitized cycloadducts of 1,1-dichloropropene to cyclopentadiene,
their dechlorination with tributyltin hydride, catalytic hydrogenation of the bicyclo[3.2.0]heptenes to the bicyclo-

heptanes, and close comparison of NMR spectra.

In connection with our studies of cycloaddition reactions
proceeding through biradical intermediates, we have stud-
ied the thermal and photosensitized cycloaddition of both
cis- and trans-l-ehloropropene to cyclopentadiene. This
paper describes the isolation and identification of the prod-
ucts of those reactions.

Results

Isolation of Pure cis- and trans-1-Chloropropene.
Commericial technical grade “ 1-chloropropene” (Columbia
Organic Chemicals Co., Inc., Columbia, S.C.) as received
was a mixture of about 10% 2-chloropropene, bp 23-24°,
25% cis- 1-chloropropene, bp 31-32°, and 65% frans-l-chlo-
ropropene, bp 35-36°.2

Several workers have separated the above compounds by
distillation and VPC, and established the structures of the
cis and trans materials by NMR 3 ir correlation,48 and di-
pole moment.4%

Isolation of pure cis- (98+%) and trans- 1-chloropropene
(98+%) was accomplished by distillation using a spinning
band column. Because of the great difficulty of the separa-
tion, however, a mixture consisting of 15% cis and 85%
trans was used for generating photoadduct mixtures for
preparative VPC.

Isolation and Identification of the 1,4 Adducts. The
1,4 adducts of cyclopentadiene and cis- and trans-1-chlo-
ropropene were produced by thermal reaction of a mixture

of the 1-chloropropene isomers (15:85, respectively) with
cyclopentadiene at 200° in a sealed tube. VPC analysis of
the product on a j8,/3'-oxydipropionitrile (/1,/3'-ODPN) col-
umn indicated the presence of four peaks of retention
times greater than those of dicyclopentadiene. From pure
trans- 1-chloropropene (99+%) and cyclopentadiene, olefin
was recovered unisomerized and the product mixture con-
sisted of dicyclopentadiene and two fractions (ratio 67.5:
32.5) of retention time corresponding to the first and third
peaks in the chromatogram from the mixed olefin isomers
and cyclopentadiene. Therefore the first and third peaks
correspond to the thermal trans-1-chloropropene-cyclo-
pentadiene adducts and the second and fourth peak corre-
spond to the cis-1-chloropropene-cyclopentadiene adducts.
Each component in the cis, trans thermal reaction was col-
lected preparatively on /J,/3'-ODPN.

The assignment of the structures is based chiefly on the
NMR spectra and some chemical evidence to follow. The
assumptions relied upon were (a) 1,4 Diels-Alder addition
with retention of configuration in common with dichlo-
roethylene4s8 and alkylethylenes;5 (b) that endo substitu-
ents (protone or methyl5) are shifted upfield (shielded) rel-
ative to exo substituents; (c) that C7 protons couple in a W
pattern with endo protons.687

The NMR peaks of the Diels-Alder addition compounds
are listed in Table | with their structural assignments.

Chemical evidence that further confirms the identity of
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Table |

NMR-

VPC peak Compd T
9.05 3
8.30 1
Al 8.04 1
7.77 1
7.35 1

7.13 1

6.88 1

3.90 2
8.85 3
A2 8.49 1
8.10 2
7.55 1
7.08 1
6.15 1
4.02 1
3.75 1
8.82 3
8.44 3
7.56 1
6.97 1
6.26 1
3.94 1
3.64 1
9.13 3
8.68 1
Ad 8.46 1
7.68 1
7.28 1
6.89 1
5.56 1
3.85 2

the thermal 1,4 adducts is based on the known exo hydride
donation preference of tri-rc-butyltin hydride.s

The thermal reaction of 1,1-dichloropropene and cyclo-
pentadiene (200°, 24 hr) yields material that on isolation
gives a single peak on several VPC columns. The NMR,
however, displays two methyl doublets at r 8.99 and 8.73 in
the ratio of about 60:40 and therefore the material consists
of at least two separate compounds, presumably exo- and
enc/o-5,5-dichloro-6-methyl-2-norbornene. Reduction of
this mixture with 1 equiv of tri-n-butyltin hydride yields a
mixture of compounds. VPC analysis on ftd'-ODPN indi-
cates the results listed in Table Il on the basis of the above
NMR assignments.

The two compounds which predominate are the two with
the endo chloro structures in accord with exo hydride
donation by the tin hydride. The ratio of exo donation of a
hydrogen atom to endo donation in the endo methyl com-
pounds is 9.7:1. This corresponds to a small trans/cis direc-
tive factor of 1.3 by neighboring methyl, superposed on a
normal exo/endo preference of 7.4.

The thermal reaction of 1,1-dichloroprop.ene and cyclo-
pentadiene on the basis of the above analysis yields a 58:42
mixture of 5,5-dichloro-endo-6-methyl-2-norbornene and
5,5-dichloro-exo-6-methyl-2-norbornene. The ratio corre-
sponds to the 60:40 ratio of the methyl doublets at ir 8.99
and 8.73, with the endo material again being the more up-
field of the two.

Designation of Isomers. The 12 isomeric cycloadducts
obtained from photosensitized addition of the 1-chloropro-
penes to cyclopentadiene are resolved by d,j3'-ODPN and
TCEP columns into nine fractions, the order of elution

Number of H's

Mult Assignment J, Hz
d CHCHj 7
dof g Anti C7H 9, 2
doft Syn C7H 9,1
tof q chch3 7?8
m Ring junction
m Ring junction
dofd CHC1 8 2
m Olefin
d CHCHj 7
d of gn Anti C7H 9, 2
m Syn C7H, CHCHj
m Ring junction
m Ring junction
d of d CHC1 7, 2
d of d Olefin 6,3
dofd Olefin 6,3
d CHCHS 7
m CHCHj, C7H’'s
m Ring junction
m Ring junction
t CHC1 3
d of d Olefin s 8
dof d Olefin 6,3
d CHCHj 7
d Syn CH 9
doft Anti C™H 9, 2
m CHCHj 7
m Ring junction
m Ring junction
dof d CHC1 8,3
m Olefin

Table 11

Results of Reaction of exo- and endo-
5,5-Dichloro-6-methyl-2-norbornene with (rc-Bu)fjSnH

il A2 A3 A4

% reduced 5.4 6.3 36.2 52.1
material

being the same on both columns. In discussing the steps in
the identification of the isomers, the VPC fractions will be
named hvl through hu9, with no implication as to the num-
ber of components in each fraction. In the course of the
study the isomers will be matched with the possible four
1,4 cycloadducts (Table 1) and the eight 1,2 cycloadducts.
Since these correspond in structure and configuration to
the 2-butene cycloadducts previously studied,9,10 the struc-
tures are designated by an adaptation of the same scheme
previously used (Scheme 1). For example, the names A CI
or A Me refer to structure A with the chlorine and methyl,
respectively, at position 7. For consistency with other pa-
pers from this laboratory we depict the bicyclo[3.2.0]hept-
2-enes with the 4 ring in a horizontal plane and the 5 ring
joined to it along the left side, inclined upward, with the
double bond in front.
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Scheme |
The 12 Photocycloadducts of 1-Chloropropene to
Cyclopentadiene

Synthesis. The synthetic and correlative sequence
adopted is shown in Scheme II.

Photosensitized Cycloaddition of 1,1-Dichloropro-
pene and Cyclopentadiene. The photoreaction of 1,1-di-
chloropropene and cyclopentadiene was carried out with
/3-acetonaphthone as sensitizer. The ratio of cross adducts
to photodicyclopentadiene was about 1:6. The cyclopenta-
diene dimers were separated from the cross adducts by dis-
tillation with the dicyclopentadienes distilling at the lower
temperature. The higher boiling fraction revealed four
peaks on VPC analysis (Carbowax 20 M column).

Their relative amounts in order of increasing retention
time were 61.8:27.8:1.1:9.2. Peaks 1, 2, and 4 (comprising
99% of the mixture) were each collected preparatively.

The last peak was not of cross-adduct origin, since it did
not contain any olefinic hydrogens. It was tentatively iden-
tified as photodimers of 1,1 -dichloropropene.

The second peak collected corresponded in retention
time to the mixture of 1,4 adducts previously obtained in
the thermal reaction of 1,1 -dichloropropene and cyclopen-
tadiene. The NMR indicated two doublets centered at r
8.99 and 8.73 in the ratio of 2.6:1 and therefore a mixture of
the endo and exo methyl 1,4 compounds in that ratio. This
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Scheme |1

fraction also contained about 5% impurity from peak 1 of
the photomixture.

Peak 1, which comprised about 62% of the mixture and
68% of the cross adducts, appeared to be a single com-
pound. It had a single methyl doublet centered atr 8.82, a
multiplet at r 7-8, a broad peak at r 6.2, and a sharp singlet
at £ 4.11 in the ratio of 3:4:1:2, respectively. It was assigned
the  structure la, 7,7-dichloro-6-exo-methylbicyclo-
[3.2.0]hept-2-ene, for several reasons.

Accumulated experience indicates that a chlorine atom
on a C=C double bond is more activating than a methyl
group toward capture of a cyclopentadiene triplet, and
more stabilizing to a free radical at the carbon to which the
Cl is attached. There is no doubt that the prevalent biradi-
cal,l1,12 in photocycloaddition of 1,1-dichloropropene to cy-
clopentadiene will have the structure 9, and the strongly

9

predominant non-1,4 adduct must therefore be either la or
Ib.
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The far downfield position of the methyl NMR signal, ¢
8.83, supports the exo assignment which would be made on
the basis of experience with photosensitized cycloadditions.
The assignment of structure la is also uniquely compatible
with the reactions of this adduct.

Compound la was reduced with tri-n-butyltin hydride
(1.1 equiv). Two monochloro materials were obtained in
about 80% yield. The isomers were in the ratio of 2.7:1 and
were therefore assigned structures B Cl and A CI, respec-
tively. The well-known exo preference for hydrogen atom
donation by tri-n-butyltin hydride to a free radical is the
basis of the assignment.13

CH3 + O n CH,

la B Cl 271 c
AdC

The mass spectra of both B Cl and A CI indicated the
correct molecular weights and the nmr indicated the cor-
rect hydrogen ratios. The methyl resonances were shifted
only slightly upfield from la to r 8.85 and 8.84, respective-
ly. The downfield hydrogen at the ring junction shifted up-
field in both cases to r 6.42 and 6.70, respectively, as would
be expected on removing an electronegative substituent.
There appeared in each a new signal attributable to a chlo-
romethinyl hydrogen which is split by two adjacent hydro-
gens. Both B Cl and A CI can be hydrogenated quantita-
tively over Adams catalyst in ethyl acetate solvent, to com-
pounds 2 and 3, respectively. The mass spectra of 2 and 3
indicated the correct molecular weights and the NMR
spectra indicate no olefin resonances, a chloromethinyl hy-
drogen and a ring junction hydrogen (a to the chlorine),
and a doublet methyl group, as well as eight indistinguisha-
ble saturated hydrogens.

Compound la can also be hydrogenated and the product
1 has a molecular weight indicating the addition of two hy-
drogens. The NMR shows a doublet methyl group at r 8.78
and a single broad hydrogen at r 6.75. When 1 is reduced
with 1 equiv of tri-n-butyltin hydride, 2 and 3 are produced
in the ratio of 4.7:1. The increased stereoselectivity is to be
expected since the endo side of 1 is now more hindered
than the endo side of la. This further confirms the endo-
exo relationship to the chlorines in compounds B Cl and A
Cl.

Compound la, the dichloro-exo-methyl adduct, was
dehydrohalogenated in KOH-ethanol to the diene 6 in
about 70% yield. The mass spectrum of 6 indicated a mo-
lecular weight of 140, corresponding to loss of HC1 from la.
The NMR showed two distinct olefinic hydrogens at r 4.15
and 4.3, two distinct ring-junction hydrogens at r 6.7 and
6.85, two allylic hydrogens at r 7.3, and an olefinic methyl
signal at r 8.23. The methyl signal appeared to be a triplet
coupled to two hydrogens with a coupling constant of about
1 Hz.

In ethyl acetate over platinum oxide 6 was hydrogenated
to a single material with a molecular weight of 110 and an
NMR spectrum whose only distinctive feature was an up-
field methyl doublet at r 9.17. Since it is known that Pt in
polar solvents can hydrogenolyze vinylic chlorines, this re-
duced material is probably 8, 6-endo-methylbicyclo-
[3.2.0]heptane.14

Hydrogenation of 6 in hexane with 5% RI{/A1203 under
about 3 atm produced three materials, all separable by
VPC. Besides 55% of 7 and 5% of 8 there was 40% of a prod-
uct assigned the structure 4, 6-ercdo-chloro-7-endo-methyl-
bicyclo[3.2.0]heptane, on the basis of exo hydrogenation, a
molecular weight of 144 with one chlorine, an NMR spec-
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trum with an upfield methyl doublet (r 9.07), and a down-
field chloromethinyl hydrogen at r 5.25.

The above sequence constitutes a chemical proof of the
configuration of the methyl group in la. Since 2 and 3 rep-
resent the possible configurations about the chlorometh-
inyl carbon with the unchanged fixed methyl configuration
of 1, and 4 has the endo methyl configuration (exo hydroge-
nation) with a specific chloro configuration, and since 2 and
3 are distinct from 4, their methyl configurations must be
different from that of 4 and hence they must have an exo-
methyl configuration. Thus la must have an exo-methyl
configuration in accord with its assignment and the assign-
ments of the structures based on it.

With the four possible 1,4 adducts, Al-4, the two 1,2 ad-
ducts, B Cl and A CI, and the three hydrogenated 1,2 ad-
ducts, 2, 3, and 4, it became possible to isolate and identify
the compounds produced in the photoreaction of 1-chloro-
propene and cyclopentadiene.

Isolation of Photoadducts. The photosensitized reac-
tion of a mixture of 1-ehloropropene isomers and cyclopen-
tadiene at about 0-10° produced a mixture of cyclopenta-
diene photodimers and cross-adducts. As has been men-
tioned, analysis of the mixture on a d./T-ODPN column or
TCEP column indicated nine peaks, hv1-9, in addition to
photodimers of cyclopentadiene, which had shorter reten-
tion times than the cross-adducts. Fractions hvi-6 were
collected preparatively on a 20 ft X 0.25 in. column of 20%
d,/3'-ODPN on 60/80 mesh Chromosorb P at about 95°. The
fractions hv7-9 were collected on a 20 ft X 0.25 in. column,
20% TCEP on 60/80 mesh Chromosorb P at about 120°.
The latter peaks were very small and of very long retention
times. The eventual analysis was performed at higher tem-
perature on a TCEP column and it was shown by injection
of the collected samples from the di/*-ODPN collections
that the relative retention times as well as separations were
identical on the two columns.

The peak hv? could be separated into two closely over-
lapping peaks only on a 0.125 in. analytical TCEP column.
On all 0.25 in. and preparative columns the best that could
be obtained was a somewhat unsymmetrical peak, and
hence in the collected material no appreciable separation of
hv?, was obtained.

From the NMR spectra of the collected materials it was
immediately obvious that some peaks were pure com-
pounds and others were mixtures. The criterion used in the
above analysis was the appearance of a single methyl dou-
blet and a single chloromethinyl hydrogen. By this criteri-
on hvl, hv2, and hvi5-9 were all single-component peaks.
The peak hv1was pure A1(F), peak hvé was pure B-Cl, and
peak hv7 was pure A4(E). In addition the peaks hv3-5 also
contained as one of their components some of the com-
pounds previously synthesized. The peak hv3 consisted of
A-Cl as the major component with one other minor compo-
nent. The peak hv4 contained an unknown material as the
major component and A2(G) as the only other component.
The peak hv5 contained A3(F') and one other component.

Hydrogenation reduces the eight possible 1,2 adducts to
four, of which three have been independently synthesized.
In addition, given compounds A Cl and B CI, it is immedi-
ately possible to assign their double bond isomers by find-
ing the other compounds that hydrogenate to 2 and 3.

Hydrogenation of hv5 gives two overlapping peaks on
TCEP. Each was collected on the 0.25 in. TCEP column.
The first peak consisted of nearly pure 2 (impurity being
the second peak) and the second peak was the hydrogena-
tion product of A3(F'). Since hv5 consisted cf A3 and an
unknown adduct, the unknown material must have been C
Me, 6-endo-chloro-7-exo-methylbicyclo[3.2.0]hept-2-ene.
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Table 111
Identities of the Hydrogenated VPC Peaks0
VPC peak Product
hv2 5
hv3 3
In4 5 + dihydro-G
hvg 2 + dihydro-F
hv8 4
hv9 4

0 Platinum oxide, 1 atm hydrogen, 25°, in ethyl acetate.

hv3 was hydrogenated to give pure 3 with no other com-
pounds present as judged by VPC or NMR. The other
minor component therefore must be A Me, the double bond
isomer of A CIl, 6-exo-chloro-7-ea:o-methylbicyclo-
[3.2.0]hept-2-ene.

When the pure materials hv8 and hv9 are hydrogenated
they yield the identical product 4 and are therefore the two
possible olefin isomers from which 4 can be derived, name-
ly D Cl and D Me, whose structural assignments will be dis-
cussed.

The only remaining unidentified materials are hv2 (a
pure compound) and hv4, which contains as a minor com-
ponent A2(G) plus an unidentified material. When hv2 is
hydrogenated it yields a single material, 5. The peak hv4
gives on hydrogenation two peaks on TCEP in the approxi-
mate ratio 3:1. The larger peak was collected and shown to
be identical with 5, the hydrogenation product from hv2.
The second peak had the same retention time as the hydro-
genation product of A2 since A2 was a component of the
original mixture.

The above is summarized in Table IIl.

NMR Assignments. The position of the ring-junction
hydrogen in the NMR that is both allylic and a to the chlo-
romethinyl group offers a means of differentiating between
two double-bond isomers in this series of compounds. Al-
lylic character and proximity to -CHC1- have deshielding
effects that are approximately additive. Within any two
double bond isomers the shielding or deshielding effects of
exo and endo adjacent chlorines or methyl will be fixed,
since the configurations of the chlorine and methyl are
identical. Within isomeric pairs there are four kinds of
ring-junction hydrogens. They are (a) a to methylmethinyl
group and nonallylic; (b) a to chloromethinyl group and
nonallylic; (c) allylic and a to methylmethinyl group; (d) al-
lylic and a to chloromethinyl group.

The deshielding one would expect for the above ring-
junction hydrogens (for a fixed endo,exo chlorine-methyl
series) would be d > ¢ ~ b > a. Hence it is possible to as-
sign the allylic a chloromethinyl hydrogen given the NMR
spectra of the two isomers, since it is simply the most
downfield hydrogen, other than the chloromethinyl hydro-
gen, from which it can be easily differentiated. For exam-
ple, B Cl has its most downfield saturated hydrogen other
than the chloromethinyl hydrogen at r 6.42. The most
downfield ring-junction hydrogen in B Me is atr 6.8, adif-
ference of 0.38 ppm.

The compounds hv8 and hv9 are double bond isomers
since they both hydrogenate to 4. The compound hv9 has
its most downfield ring-junction hydrogen at r 6.3, clearly
differentiated from the other saturated hydrogens. The
compound hv8 has an indistinguishable collection of hydro-
gens at t 6.6-7.7, two of which are its ring-junction hydro-
gens and both of which are considerably more shielded
than r 6.3. Therefore hv9 has a hydrogen which is both al-
lylic and a to a chloromethinyl group. On this basis it can
be assigned structure D Cl, 7-endo-chloro-6-endo-methyl-
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Table IV
NMR Characterization of Hydrogenation Products 2-5

No. cis

Position of chloro- adjacent alkyl

Compd methiny! hydrogen, t  groups and ring
5 6.62 2
3 6.00 1
2 5.99 1
4 5.25 0
Table V

Identities of the Components of the VPC Peaks on
TCEP Produced in the Photosensitized Cycloaddition
of Cyclopentadiene and cis- and
trans-1- Chloropropene

VPC peak Identity
hvi1 F
hv2 CC1
hvs AC1 + AMe
hva G + BMe
hvs F' + CMe
hve BC1
hv'z E
hvs DMe
hvs DC1

bicyclo[3.2.0]hept-2-ene, and hv8 can be assigned structure
D Me, 6-endo-chloro-7-endo-methylbicyclo[3.2.0]hept-2-
ene.

The assignment of structure 5 to the hydrogenation
product from hv2 was made for several reasons. First, it
was not identical with 4, the diendo compound, and did not
correspond to either 2 or 3, the exo-methyl possibilities.
Second, its upfield methyl doublet (r 9.03) is closer to that
of 4 (r 9.07) than that of 2 or 3 (r 8.84 and 8.81). Hence,
since it must have an endo methyl group and it is not 4, it
must be 5. Also, since a methyl group is shielding relative
to a hydrogen and endo hydrogens are more shielded than
exo hydrogens, the chloromethinyl hydrogen of 5 should be
the most shielded of all the chloromethinyl hydrogens, the
effects being additive, in the series 2, 3, 4, and 5. In Table
IV are listed the positions of the chloromethinyl hydrogens
in the NMR for the above compounds; also listed are the
number of cis adjacent alkyl groups in each case.

The position of the ring-junction hydrogen in the nmr
that is both allylic and a to the chloromethinyl group again
permits the assignment of structure to the two compounds
that hydrogenate to 5. The most downfield ring-junction
hydrogen is hv2 at r 6.6, and it is clearly differentiable from
the other allylic hydrogens. On the other hand, in the major
component of hv4 the corresponding hydrogens are more
upfield (above t 6.7) and not clearly differentiable. There-
fore hv2 has the structure C Cl, 7-exo-chloro-6-endo-meth*
ylbicyclo[3.2.0]hept-2-ene, and the 1,2 component of hv4
has the structure B Me, 6-exo-chloro-7-endo-methylbicy-
clo[3.2.0]hept-2-ene.

In Table V are listed the final assignments for hv1-9,
and in Table VI are listed the nmr peaks of the 1,2 adducts.

Experimental Section

Thermal Reaction of Cyclopentadiene and a Mixture of cis-
and trans-1-Chloropropene. The olefin mixture (85.4% trans,
14.6% cis, 7.2 g, 0.094 mol) and freshly distilled cyclopentadiene
(3.85 g, 0.058 mol) was degassed and sealed in a thick-walled tube.
The tube was heated in a tube oven to 200° for 24 hr and then let
cool for 7 hr. The tube was opened and some of the material was
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Table VI
Compd NMR, t H's Multo Assignment /, Hz
8.96 3 d Methyl 7
7.60 2 m Methylene
bel 7.10 2 m Bridge-methinyl
6.3 1 , m Bridge-aCHCl-allyl
5.3 1 t CHC1 8
4.2 2 m O lefinic
9.06 3 d Methyl 7
DMe 6.5-7.9 5 m Bridge-ally lie-methinyl
5.25 1 t CHC1 8
4.3 2 m O lefinic
8.85 3 d Methyl 7
7.2-8.0 4 m Bridge-ally lie-methinyl
BC1 6.4 1 m Bridge-aCHCl-allyl
6.0 1 t CHC1 8
4.15 2 s (br) O lefinic
8.8 d Methyl 7
CMe 6.7-7.9 m Bridge-ally lie-methinyl
5.85 t CHC1 8
4.2 s (br) O lefinic
8.85 3 d Methyl 7
7.2-8.0 4 m Bridge-allylic-methinyl
AC1 6.7 1 m Bridge-aCH Cl-allyl
5.85 1 d of d CHC1 2, 8
4.2 2 s (br) O lefinic
8.8 d Methyl 7
AMe 7.2-8.0 ni Bridge-allylic-methinyl
5.9 1 CHC1
4.2 m O lefinic
8.98 3 d Methyl 7
6.9-7.7 4 m Bridge-allylic-methinyl
CcC1 6.6) 2 m Bridge-aCHCIl-allyl
6.5J d of CHC1 8, 6
4.2 2 m O lefinic
8.95 d Methyl 7
BMe 6.8-8.0 m Bridge-allylic-methinyl
6.5 dof CHC1 6, 4
4.2 s O lefinic

0s = singlet, d = doublet, t = triplet, m = multiplet, br = broad.

analyzed on a 0.25 in. X 16 ft 20% TCP column in order to ascer-
tain the purity of the recovered olefin. It was found to be the same
as the initial mixture. The olefin was distilled off and the residue
was bulb-to-bulb distilled. Analysis and collection of the material
was performed on a 0.25 in. X 20 ft 20% j£,/3'-ODPN column at 90°,
flow rate about 80 cm3/min. The retention times of the four com-
pounds were 69.4, 74.6,101.4, and 132.2 min.

Thermal Reaction of trans-1-Chloropropene and Cyclo-
pentadiene. The reaction was conducted as described above with
4.0 g (0.06 mol) of cyclopentadiene and 5.0 g (0.065 mol) of trans-
1-chloropropene (99.25% by VPC). The reaction was carried out at
180° for 24 hr. The tube was opened and 4.8 g of olefin was recov-
ered which was still about 99+% pure by VPC. VPC analysis of the
product after bulb-to-bulb distillation indicated largely dicyclo-
pentadiene but there were two significant peaks with retention
times of 68.3 and 99.8 min in the ratio 67.5:32.5.

Photosensitized Cycloaddition of 1-Chloropropene and Cy-
clopentadiene. The mixture of 1-chloropropenes (85% trans, 15%
cis, 185 g, 2.42 mol), cyclopentadiene (4 g, 0.061 mol), and /3-aceto-
naphthone (2 g, 0.012 mol) was irradiated at about 10° in a water
bath by means of a water-jacketed 450-W Hanovia lamp. The solu-
tion was stirred by nitrogen bubbling through. Every 4 hr another
4 g (0.061 mol) of cyclopentadiene was added (for a total of 20 g,
0.3 mol) and the total irradiation time was 20 hr. The excess olefin
was distilled off and the residue was bulb-to-bulb distilled, yield-
ing about 27 g of material. VPC on (j,d-ODPN indicated about
75% dicyclopentadiene and 25% material consisting of six major
peaks (78°, 75 cm3/min, on 0.25 in. 20% /3,/T-ODPN, 25 ft) of reten-
tion times of 97.2, 106, 119.6, 130, 146.2, and 157.6 min, and three
minor peaks of longer retention time. The six major peaks were
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collected preparatively on /3,/3'-ODPN, and the three minor peaks
were collected on TCEP.

Thermal Reaction of 1,1-Dichloropropene and Cyclopenta-
diene. A solution of 1,1-dichloropropene (11.1 g, 0.1 mol) and cy-
clopentadiene (3.3 g, 0.05 mol) with some hydroquinone (0.2 g) was
sealed in a thick-walled glass tube after degassing and heated to
200° for 24 hr. The tube was then cooled and opened, the excess
olefin was removed on the rotovac, and the residue was bulb-to-
bulb distilled at about 0.005 mm. VPC on Carbowax indicated
mostly dicyclopentadiene, but there was also a peak of longer re-
tention time that was collected. The VPC retention time was idem
tical with that of the second peak in the photoreaction of the two
above components and displayed two methyl doublets in the ratio
of 60:40 at r 8.99 and 8.73, respectively.

Photoreaction of 1,1-Dichloropropene and Cyclopenta-
diene. Synthesis of 7,7-Dichloro-6-exo-methylbicyclo-
[3.2.0]hept-2-ene (la). A solution of d-acetonaphthone (4 g, 0.024
mol) in 1,1-dichloropropene (300 g, 2.7 mol) was irradiated with a
450-W Hanovia high-pressure lamp under N2 with stirring at
about 15-20°. To this solution was added, at about 4-hr intervals,
10-g (0.15 mol) portions of freshly distilled cyclopentadiene to a
total of about 40 g (0.6 mol) over the course of about 16 hr, and the
irradiation was continued overnight to bring the total irradiation
time to about 22 hr. The excess dichloropropene was distilled off
and the residue (about 40 g) was distilled under vacuum (18 mm)
through a 12-in. Vigreux column. The DCPD came off first at
about 66-75° followed by the cross adducts at 88-89° (6 g, 0.03
mol). VPC of the undistilled material on Carbowax indicated a
DCPD/cross adduct ratio of about 6:1. The distilled material indi-
cated four peaks on Carbowax 20M (10%, 0.125 in., 150°, 40 psi,
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flow 2.6) of retention times of 30, 33.5, 40, and 42.5 min. The first,
second, and fourth peaks were collected preparatively. Exact mass
for la: theory, 176.0159; found, 176.0146.

Reaction of (n-BuHSN, and Compound la. Synthesis of exo-
6-Methyl-endp-7-chlorobicyclo[3.2.0]hept-2-ene (B Cl) and
exo-6-Methyl-exo-7-chlorobicyclo[3.2.0]hept-2-ene (A CI). A
mixture of tri-n-butyltin hydride (0.429 g, 0.00147 mol) and la
(0.237 g, 0.00134 mol) in hexane was refluxed overnight under
argon with stirring. The material was bulb-to-bulb distilled (0.005
mm). Evaporation and isolation gave a mixture of isomers by vpc
(0.170 g, 0.0012 mol, 89%), 3a:2a 27:73. The mixture also contained
about 5% starting material and about 15% of a material of short re-
tention time, seemingly hydrocarbon. The mixture was separated
on d.d'ODPN preparatively, to give pure 2a and pure 3a, of identi-
cal retention time with hv3 and hv6, respectively. Exact mass for
2a: theory, 142.0549; found, 142.0546. Exact mass for 3a: found,
142.0552.

Reaction of Thermal Dichloropropene-Cyclopentadiene
Adducts with (n-BuBSnH. Formation of 1,4-Chloropropene
Adducts. A mixture of the two thermal adducts from the dichloro-
propene-cyclopentadiene reaction in the ratio 60:40 endo:exo
(0.156 g, 0.00089 mol), tri-ra-butyltin hydride (0.290 g, 0.001 mol),
and hexane was refluxed overnight under argon with stirring and
then the material was bulb-to-bulb distilled at about 0.005 mm,
giving the product mixture (0.124 g, 0.00088 mol, 99%). The analy-
sis was performed on /3,/3'-ODPN.

6-Methyl-7-chlorobicyclo[3.2.0]hepta-2,6-diene (6). A solu-
tion of la (0.5 g, 0.00282 mol) in 5 ml of EtOH with 2.0 g of KOH
was refluxed for about 2 days until VPC indicated replacement of
the starting material by a product of short retention time (15 min,
150°, 20M 10%, 0.125 in.). Dilution with about 50 ml of water, ex-
traction with ether, drying the ether, and its evaporation yielded
the product 6 (0.281 g, 0.002 mol, 71%). Collection on a preparative
column gave pure material. Exact mass: theory, 140.0393; found,
140.0398.

Hydrogenation of 2a. Formation of exo-6-Methyl-endo-7-
chlorobicyclo[3.2.0]heptane (2). A solution of 2a (0.05 g, 0.00035
mol) with PtC>2(0.001 g) in about 0.5 ml of ether was hydrogenated
at room temperature and 1 atm for 24 hr, during which 9 ml of H2
was absorbed, and the reaction then stopped. By VPC, starting
material (retention time 40 min, /3,/3'-ODPN, 75°, 35 psi) had dis-
appeared to be replaced by product (retention time 30.4 min).
Evaporation of the ether after bulb-to-bulb distillation gave prod-
uct 2 (0.035 g, 0.00025 mol, 70%) whose nmr displayed no vinyl hy-
drogens. Exact mass: theory, 144.0705; found, 144.0701.

Hydrogenation of 3a. Formation of exo-6-Methyl-exo-7-
chlorobicyclo[3.2.0]heptane (3). A solution of 3a (0.037 g,
0.00026 mol) and PtC> (0.002 g) in CH2CI2was hydrogenated at 1
atm of H2 with stirring for 24 hr. The reaction could not be fol-
lowed by VPC, since starting material and product had the same
retention time. However, after 24 hr the material had taken up
about 6.5 ml of hydrogen (about 100%) and stopped. The material
was bulb-to-bulb distilled and the methylene chloride evaporated.
The nmr of the product (0.027 g, 0.00018 mol, 75%) had no vinylic
hydrogen signals. Exact mass: theory, 144.0705; found, 144.0711.

Hydrogenation of hv4. Formation of endo-6-Methyl-exo-7-
chlorobicyclo[3.2.0]heptane (5). A solution of hvA (0.0377 g,
0.00027 mol) was hydrogenated over PtC> (0.001 g) in ether in the
usual manner. Starting material (retention time 36 min, 3,0
ODPN, 75°, 35 psi) was replaced by two peaks in the ratio of 68:32
(retention times 34.8 and 43.2 min). The largest component, 5, was
collected (0.012 g) and its time-averaged nmr spectrum taken by
use of the HA-100 spectrometer for 3 hr. Exact mass: theory,
144.0705; found, 144.0709.

Hydrogenation of hvs. Formation of 2. A solution of 0.096 g of
hv5 in ether was hydrogenated over PtCX (0.003 g) in the usual
manner with the uptake of about 17 ml of hydrogen. Starting ma-
terial was replaced by two peaks on TCEP (retention times 61.1
and 63.5 min). Isolation by filtration and evaporation gave product
(0.085 g, 0.00059 mol, 87%). Vpc separation and collection indicat-
ed 2 as the first peak and the hydrogenation product of the 1,4-
endo-chloro-exo-methyl adduct (dihydro-F') as the second peak.

Hydrogenation of hv2. Formation of 5. A solution of hv2
(exact mass: theory, 142.0549; found, 142.0547; 0.011 g, 0.000078
mol) and PtC> (0.001 g) in CCl4 was hydrogenated in the usual
manner, taking up about 2 ml of H2, at which point the reaction
stopped. The material was bulb-to-bulb distilled and isolated as
CCl4 solution. It was identified as 5 by NMR and ir.

Hydrogenation of hv3. Formation of 3. The photopeak hv3
(0.055 g, 0.00039 mol), which contained A Cl and another 1,2 prod-
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uct by NMR to the extent of about 15%, was hydrogenated over
PtC>2(0.003 g) in ether, taking up about 10 ml of hydrogen over the
course of about 24 hr. Bulb-to-bulb distillation and evaporation of
the ether gave a product (0.048 g, 0.00034 mol, 87%) whose NMR
and ir indicated it to be a single material, 3.

Hydrogenation of 6. Formation of 6-Methyl-7-chlorobicy-
clo[3.2.0]hept-6-ene (7). The diene 6 (0.025 g, 0.00018 mol) was
hydrogenated over PtCs2 (0.001 g) in about 0.5 ml of CCl4. After
about 8 hr the material had taken up about 3 ml of hydrogen and
the uptake halted. Vpc on ftd'-ODPN indicated disappearance of
starting material (retention time 20 min) and the appearance of a
new peak (retention time 10 min), compound 7. Exact mass: theo-
ry, 142.0549; found, 142.0556.

Hydrogenation of 6. Formation of endo-6-Methylbicy-
clo[3.2.0]heptane (8). The diene 6 (0.05 g, 0.00036 mol) was hy-
drogenated over Pt02 (0.001 g) in about 0.5 ml of ethyl acetate
with chlorobenzene as internal standard. After 2 hr the material
had taken up about 11 ml of hydrogen (115% of theory) and then
the uptake halted. VPC on Apiezon J (15%, 16 ft, 135°, 100 cm3¥
min) indicated complete disappearance of starting material (reten-
tion time 20 min) and appearance of a new peak (retention time
3.0 min) in about 95% yield based on chlorobenzene. The material
was collected on the column (0.011 g, 28%). Exact mass: theory,
110.1096; foud, 110.1092.

Hydrogenation of 6. Formation of .n do-6-Methyl-enrfo-7-
chlorobicyclo[3.2.0]heptane (4). The reaction was followed on
/3,/3'-ODPN (90°, 0.125 in. X 16 ft, 40 psi, flow rate 2.5). The diene
6 (0.1012 g, 0.00072 mol) in about 3-5 ml of hexane was hydroge-
nated in the Parr hydrogenator at 40 psi hydrogen over 5% Rh/
Al203 (0.03 g). The starting material (retention time 19 min) had
disappeared after 30 min, to be replaced by a compound of reten-
tion time 9.6 min previously demonstrated to be 8. Sampling at 1-
hr intervals indicated the appearance of a material of short reten-
tion time (2.9 min), 8, and one of long retention time (34 min) at
the expense of 8. The reaction stopped with the composition listed
in the discussion of results and could be forced to go no further.
Centrifugation to remove catalyst, evaporation to remove solvent,
and preparative VPC to remove impurities yielded pure 4 (0.016 g,
0.00011 mol, 32%). Exact mass: theory, 144.0705; found, 144.0708.

Hydrogenation of entfo-6-Methyl-endo-7-chlorobicyclo-
[3.2.0] hept-2-ene (D CI). The olefin, D Cl (exact mass: theory,
142.0549; found, 142.0554) isolated by preparative VPC as hv9
(0.027 g, 0.00019 mol) and PtC> (0.002 g) in about 0.2 ml of CCl4
was hydrogenated under 1 atm of hydrogen. The material took up
4.5 ml (95%) in 4 hr and ceased further uptake. Isolation by bulb-
to-bulb distillation and evaporation of solvent yielded 4 (0.024 g,
89%) identified by ir and NMR.

Hydrogenation of entfo-fi-Chloro-enrfo-7-methylbieyclo-
[3.2.0] hept-2-ene (D Me). The olefin, D Me (exact mass: theory,
142.0549; found, 142.0545) isolated by preparative vpc of hv8
(0.0114 g, 0.00008 mol) and PtC>2(0.001 g) in about 0.1 ml of CCl4
was hydrogenated under 1 atm hydrogen. The hydrogen uptake
ceased after 5 hr. Isolation by bulb-to-bulb distillation as CCl4 so-
lution was effected and the material was identified as 4 on the
basis of ir and NMR spectra.
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cis- and trans- I-chloropropene have been added to cyclopentadiene with /3-acetonaphthone as a photosensitiz-
er at 30.5 and —24.8°. The relative total amounts of cis and trans photocycloadducts are about the same from cis-
and irons-I-chloropropene, hut the composition with respect to individual isomers is different in the two prod-
ucts by amounts outside the experimental error. These differences are smaller than in the similar case of the 1,2-
dichloroethylenes and, as in that case, are greater at the lower temperature than at the higher. The observed reg-
ioselectivities and relative reactivities of olefins toward excited cyclopentadiene triplet are consistent with direct
formation of a triplet biradical, whose time of spin inversion to singlet is appreciably shortened by the presence of

chlorine within the biradical.

One of the clearest models of cycloaddition through a
biradical intermediate is the reaction initiated by a photo-
sensitizer. Triplet excitation energy is transferred rapidly
from the sensitizer to that one of the unsaturated reactants
having the lower lying triplet. Attack of this triplet on the
second reactant produces a biradical with its electron spins
unpaired, longer lived than a singlet biradical. Undergoing
extensive intramolecular rotational equilibration, this bira-
dical leads to product distributions characteristically dif-
ferent from those of concerted cycloadditions2 from excited
singlet state participants. Cyclopentadiene, sensitized by
aromatic ketones, gives photocycloadducts to 1,2-dichlo-
roethylene,3'47°'8 2-butene,5’7 and |,2-dichloro-1,2-difluoro-
ethylene,6,7 which are mixtures of all seven possible cis-
fused 1,2 and bridged 1,4 cycloadducts with extensive loss
of configuration.

The comparison of the photocycloadditions of 2-butene
and 1,2-dichloroethylene7 revealed a striking difference.
Six of the seven products are classifiable as belonging to
the erythro or threo series,10 this configiirative feature
being established at the moment of formation of the biradi-
cal. (The trans 5,6-disubstituted norbornenes are of ambig-
uous origin, since they can be formed from both erythro
and threo biradicals.) cis- and trans-2-butene lead to iden-
tical ratios of the three erythro products, and to identical
ratios of the threo products, although the ratio of total
erythro to total threo depends upon the configuration of
the starting material. This indicates that the internal rota-
tions of each biradical on which the relative amounts of its
products depend have reached statistical equilibrium be-
fore the spin inversion which triggers cyclization of the
biradical. In the dichloroethylene products, however, al-
though the ratio of total cis products to total trans prod-
ucts is largely independent of the configuration of the
starting material, the actual isomer distribution within the
threo series and within the erythro series shows large varia-
tion between cis and trans dichloroethylenes. The product
pattern suggested that the sp2-sp3 rotation that equili-

brates the relative configin-ations of the two chlorine atoms
was still proceeding rapidly, but that the sp3-sp3 rotation
about the newly formed bond in the biradical must be pro-
ceeding less completely. It has recently been established9
that this ethane-like rotation approaches equilibration at
higher temperatures, so that the dichloroethylene photocy-
cloaddition at 80-100° is comparable in degree of equili-
bration to the 2-butene cycloaddition at —15°.

In the difference between the cases of 2-butene and of
1,2-dichloroethylene several factors may be involved. Since
the steric requirements of the chlorine atom and the meth-
yl group are comparable, it seems likely that the difference
is more a matter of rate of spin inversion, converting triplet
into singlet biradical (concerted or unconcerted with bond
formation) than of the rate of intramolecular rotation in
the biradical. Chlorine is not a heavy enough nucleus to
‘cause spectacular effects on rates of spin inversion, but a fi-
nite influence of this kind is to be expected and could easily
produce the marginal effect observed where ring closure
just begins to compete with internal rotation. Other possi-
ble differences in the systems being compared include per-
sistence of an exciplex in the formation of the biradical,
secondary interaction between chlorine and hydrogen in
the biradical, “cogwheel” facilitation of rotation past a
methyl group as compared to a chlorine atom, and possible
donor-acceptor character in the reaction between cyclo-
pentadiene triplet and dichloroethylene providing a possi-
ble bypass to the conservation of spin multiplicity. Since
the similarities between the butene and dichloroethylene
systems are greater than the differences, the last-named
factor cannot be very important. The fact that the product
compositions are independent of sensitizer over a consider-
able range of excitation energy3 makes competition be-
tween cyclopentadiene and a dichloroethylene-diene com-
plex as energy acceptor seem unlikely.

Several of the possible influences mentioned here would
depend in their operation on whether the chlorine atom, or
the methyl group, were at the radical site or at the site of
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Table |
VPC Retention Times for Hydrogenated
Photoadducts'l

Compdk Retention time, min
2 59.2
Dihydro-F' 61.8
3+ 5 +dihydro-F 69.7
Dihydro-G 86.9
Dihydro-E 99.3
4 116.2

° 25 ft X 0.125 in. TCEP on Chromosorb P 60/80 mesh column
at 90° with 5cm3min flow rate. 6 For structures see ref 11.

initial bond formation. It was therefore considered of inter-
est to study the photosensitized cycloaddition of cyclopen-
tadiene and 1-chloropropene. Biradicals in this system
would resemble those from 2-butene at one point and those
from dichloroethylene at the other. If the degree of stereo-
chemical equilibration depended on the regioorientation of
the biradical, it would speak for one of the more unsym-
metrically operating of the effects.

Results

The photosensitized cycloaddition of a mixture of cis-
and trans-1-chloropropene to cyclopentadiene was shown
to produce the 12 photocycloadducts listed in Scheme 1.11

The names A Cl or A Me refer to structure A with chlo-
rine and methyl respectively at position 7.

The identification of all the adductsil does not complete
the problem of determining their relative amounts. It is
only from quantitative information that one can evaluate
the contributions of the various factors that determine the
rate of the biradicals produced in photosensitized reac-
tions. From the separations of the photoadducts on a 25 ft
X 0.125 in. column of 20% TCEP on acid-washed Chromo-
sorb P, 60/80 mesh, it was possible to get the relative
amounts of fractions hvl-9 (components listed in Table V
of ref 11). On a 30 ft X 0.125 in. TCEP Chromosorb P 80/
100 mesh column it proved possible to get the relative
amounts of A Cl and A Me, since hv3 separated sufficiently
to give a measurable shoulder. Simultaneous injection of
hv3 and synthetic A Cl indicated that the shorter retention
time material was A CIl. The analysis of hv3 was performed
by cutting out the peaks on the chart paper, and weighing
them. The reproducibility of the analysis for A Cl and A
Me proved to be of the order of £1.0% of the reported value
from one injection to the next.

It was therefore possible to get ten numbers by direct
analysis of the original photomixture. Many other columns
were tried in an effort to get additional separations. The
complex nature of the mixture (the cyclopentadiene photo-
dimers overlapped with adducts on many columns) as well
as the basic similarity of structures, polarities, and volatili-
ties of the adducts made the effort fruitless.

The key proved to be products of hydrogenation of the
photoadduct mixture. The peaks hv4 and hv5 each sepa-
rated into two pure compounds upon hydrogenation. The
products of the hydrogenation of hv4 and hv5 did not over-
lap, and hence it was possible, in conjunction with the anal-
ysis of the unhydrogenated photomixture, to get a com-
plete analysis of the entire photoadduct mixture. VPC
analysis on the 25-ft TCEP column of the mixture obtained
by hydrogenating the mixed photoadducts in ethyl acetate
over platinum oxide under 1 atm of hydrogen revealed six
peaks. Collection, in conjunction with simultaneous injec-
tion, indicated the results listed in Table I.
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Table 11
Product Distribution from Photosensitized
Cycloaddition of Cyclopentadiene with cis-1-
Chloropropene, /3-Acetonaphthone as Sensitizer

Compd 30.5° -24.8°

F (trans-1,4) 11.8 10.3

CCl (erythro, trans- 7.1 4.8

1,2)

A ClI (threo-cis-1,2) 16.9 19.5

A Me (threo-cis-1,2) 3.4 2.4

B Me (threo-trans-1,2) 16.2 16.9

G (exo-cis-1,4) 8.3 10.0

C Me (erythro-trans-1,2) 12.8 14.2

F' (trans-1,4) 7.7 8.0

B CI (threo-trans-1,2) 11.9 11.2

E (endo-cis-1,4) 15 0.9

D Me (erythro-cis-1,2) 0.3 0.3

D CI (erythro-cis-1,2) 2.1 15
Cyclopentadiene 565. 940.

photodimers

The hydrogenation was shown to be quantitative by
using dodecane as an internal standard. The above results
therefore allow for a complete analysis of all 12 components
of the photoadduct mixture. The procedure consists of (a)
analysis of the isolated photoadducts hv1-9 on the 25 ft X
0.125 in. TCEP column; (b) analysis of A Cl and A Me on
the 30 ft X 0.125 in. TCEP column; (c) hydrogenation of
the isolated adduct mixture; (d) analysis of the hydroge-
nated photoadducts on the 25 ft X 0.125 in. TCEP column.

From d the amounts of hydrogenated G and hydrogenat-
ed F' (dihydro-G and dihydro-F') are directly measurable.
The amount of dihydro-G when subtracted from the
amount of hv4 gives the amount of B Me. The amount of
dihydro-F' when subtracted from the amount of hv5 gives
C Me. Cross checking of the results, for instance, by taking
the amount of 2 (obtained from the analysis of hydrogena-
tion products) and subtracting the amount of B CI (hv6) to
obtain the amount of B Me indicated agreement within a
run to about +0.5-1% of the reported values.

All the quantitative analyses were performed using an F
& M 7620 dual-column flame ionization chromatograph
with nitrogen as carrier gas. The integrations were per-
formed with an F & M 3370 digital integrator except as
previously indicated. The detector was assumed to be
equally sensitive to the various isomeric adducts. The
products were shown to be stable to the photolytic condi-
tions under which they were formed.

No reproducible quantitative results could be obtained
in the case of cis-1-chloropropene and cyclopentadiene
when irradiated at —78°. The amount of cross adducts
from the cis isomer was less than 5% of the amount of pho-
tocyclopentadiene dimers.

The results of the photosensitized cycloadditions are
given in Tables Il and IlIl. The experiments were all per-
formed in degassed, sealed Pyrex tubes containing samples
of either cis- or irons-1-chloropropene, freshly distilled cy-
clopentadiene, and 2-acetonaphthone in the approximate
molar ratio of 100:10:1, respectively. The chloro olefins
were of >98% purity.

Discussion

In broad terms, the photosensitized cycloaddition of 1-
chloropropene to cyclopentadiene resembles that of 1,2-
dichloroethylene3,7 in yielding nonidentical product distri-
butions from cis and trans starting materials. Also in simi-
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Table 111
Product Distribution from Photosensitized
Cycloaddition of Cyclopentadiene with trans-1-
Chloropropene, /3-Acetonaphthone as Sensitizer

Compd 30.5° -24.8° -78.0°
F (trans-1,4) 16.9 21.0 29.8
C Cl  (erythro, trans-1,2) 11.3 4.8 1.33
A ClI (threo-cis-1,2) 19.9 21.4 23.2
A Me (threo-cis-1,2) 4.1 3.1 1.3
B Me (threo-trans-1,2) 9.1 5.3 3.8
G (exo-cis-1,4) 4.3 2.4 14
C Me (erythro-trans-1,2) 9.1 7.6 4.6
F (trans-1,4) 11.3 235 28.8
B ClI (threo-trans-1,2) 10.7 8.0 3.7
E (endo-cis-1,4) 15 1.4 1.2
D Me (erythro-cis-1,2) 0.4 0.3 0.1
D Cl (erythro-cis-1,2) 1.4 1.2 0.8
Cyclopentadiene 240. 289. 390.

photodimers

Table IV
Structural and Stereochemical Distribution of
Photocycloadducts of Tables Il and 111

30.5° -24.8°
From cis; From trans From cis From trans

Total cis 30.4 31.6 34.6 28.0
Total 1,2 70.7 66.0 70.8 51.7
Total 1,2 with -CHCH3  32.7 22.7 33.8 16.3
Total 1,2 with -CHC1 38.0 43.3 37.0 35.4
Total erythro-1,2 22.3 22.2 20.8 13.9
Total threo-1,2 48.4 43.8 50.0 37.8
trans-1,4 (F + F) 19.5 28.2 18.3 44.5
endo-cis-1,4 (E) 15 15 0.9 1.4
exo-cis-1,4 (G) 8.3 4.3 10.0 2.4
Total erythro-1,2 Me 131 9.5 14.5 7.9
Total threo-1,2 Me 19.6 13.2 19.3 8.4
Total erythro-1,2 CI 9.2 12.7 6.3 6.0
Total threo-1,2 ClI 28.8 30.6 30.7 294

larity to the case of dichloroethylene, the total cis/trans
ratio of the products near room temperature shows no sig-
nificant dependence on the configuration of the starting
material. The differences between the products from the
cis and trans isomers, which are more marked at the lower
temperatures, appear in a greater regioselectivity of the cy-
clopentadiene triplet toward the trans than the cis isomer,
and in the distribution between 1,2- and 1,4-addition prod-
ucts. Thus the generalization that the sp2-sp3 rotation in
the biradical is fast relative to spin inversion applies to this
case also. There is a scattered incidence of cis-trans pairs
formed with slight net inversion (PQ < 1),1213 but since
these instances in the 1,2-addition products are almost ex-
actly balanced by net retentions in the 1,4-products, they
are probably associated with fractionations in the ring clos-
ing step. Exploring this point in great detail is hindered by
the impossibility of determining what fraction of the 1,4
cycloadducts originate from the Me and the CI biradicals,
and how the trans 1,4 adducts are apportioned between
erythro and threo series.

The 1,2 cycloadducts, however, are readily recognizable
both as to the regio series (Cl or Me) and as to the diaste-
reomeric series (erythro and threo)10 to which they belong.
Table IV summarizes such information about the product
distributions at 30.5 and —24.8°. In general the dependence
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on configuration of starting material is greater than with
2-butene, but less than with 1,2-dichloroethylene.357
There is, however, no tendency for the CIl product distribu-
tion to resemble specifically those from dichloroethylene,
or those from 2-butene; rather, the results are consistent
with the idea that the presence of a single chlorine atom in
the triplet biradical gives it a lifetime with respect to spin
inversion that is intermediate between those of biradicals
with two chlorine atoms and with none.

If an intramolecular heavy atom effect is the correct ex-
planation of the difference between the lifetimes of triplet
biradicals that do and do not contain chlorine, it is surely a
marginal effect. Experiments with two halogen-containing
solvents (l,I,2-trichloro-1,2,2-trifluoroethane and bromo-
benzene) showed no significant effect of the solvent on the
product compositions of the cycloadducts of cyclopenta-
diene with cis- and trans-2-butene. However, it should be
noted that the spin inversion with which we are here con-
cerned is that of an odd electron at one end of a rapidly ro-
tating biradical in which the environment of the electron
and its interaction with its mate are constantly changing.
In the large heavy atom solvent effects on the dimerization
of acenaphthylene,l4 intersystem crossing occurs in the
rigid excited singlet of acenaphthylene crossing to triplet
before the formation of any biradical. Even the time scales
of these two cases are quite different so that the lack of sol-
vent effects in the present case probably does not consti-
tute a test of an intramolecular heavy atom effect in a bira-
dical.

Because of the competition for cyclopentadiene triplet
by the olefin and ground-state cyclopentadiene, it is possi-
ble to evaluate the competitive rate constants from an ac-
curate determination of the relative amounts of reactants
and products. The rate constants of reaction of cyclopenta-
diene triplet with a series of alkenes can thus be deter-
mined in terms of its rate constant toward cyclopentadiene
as a standard.

In the competing reactions (D = diene, 0 = olefin, D2 =
dimer, A = adduct, D* = excited diene)

a
D* + D —» D2

D* + 0o —>A
-dp)/d/ = 2£d(D*)(D) + fca(D*)(0)
-d(0)/d/ = fea(D*)(0)

dP) nk, D) ,
d(0) kz (O)

If (D)/(0) = x and'O' , the
dy _ dv
[ 2

If k is defined as 2 (kd/ka) —1, the integral equation is

fexp + 1

kx + 1 ©)

In— = rin
which can be applied to the initial and final amounts of
material in a preparative reaction. When, as in most of the
present cases, irradiation is conducted to the complete con-
sumption of cyclopentadiene, the final x vanishes and the
equation becomes

Ino- = | In (oci + ) )
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Table V
Relative Reactivities toward Cyclopentadiene Triplets
(Total Cycloadducts)

Ra o fromeq 4
Alkene, Xq = 0.10 30.5° -24.8° 30.5° -24.8° Ref
r/s-1-Chloro- 5.65 9.40 42 22.5 This
propene work
Cl orientationl 225 11.8 This
work
Me orientation0 19.5 10.7 This
work
Ir<7ns-1-Chloro- 240 2.89 121 96 This
propene work
Cl orientation 79.4 66 This
work
Me orientation 41.6 30 This
work
c/s-1,2-Dichlo- 1.476 2.29 2306 128 3
roethylene
trans-1,2-Di~ 0.396 0.45 10816 909 3
chloroethylene
2-Butene 336 (5% 5

°R = (cyclopentadiene dimers)/(cross adducts). hAt 25°. "As-
suming that the distribution of 1,2 cycloadducts indicates the reg-
ioselectivity in formation of the total biradical.

Wheny is in great excess, the approximation

f yo

becomes a good one, and eq 3 becomes equivalent to that
previously usedi5 in cycloadditions of I,I-dichloro-2,2-di-
fluoroethylene. By means of eq 4 the relative rate constants
of Table V have been determined. A trans olefin captures
cyclopentadiene triplet at 30.5° 2.9 times as fast as its cis
isomer in the case of 1-chloropropene, and 4.7 times as fast
in the case of 1,2-dichloroethylene at 25°. At —24.8° these
factors become 4.3 and 7.1, respectively.

The kjk,\ of 2-butene in Table V is of low accuracy be-
cause the dimers were only estimated retrospectively by
difference from the initial diene and the measured yield of
cross adduct. The value is included for qualitative compari-
son only.

Comparison of the rates in Table V suggests that at the
site of first bond formation methyl is more deactivating
than chlorine by factors of about 7 and 5, respectively, in
the trans and cis alkenes, while chlorine at the radical site
is more activating than methyl by corresponding factors of
13 and 6. The results are consistent with the rate of photo-
sensitized cycloaddition being chiefly determined by local
factors stabilizing a free radical and hindering the forma-
tion of a covalent bond. There are no signs of these factors
being greatly modified by energy uptake by a complex nor
by the entrance of an exciplex into the reaction sequence
under the conditions of these reactions.

Experimental Section

Materials for Quantitative Photosensitized Cycloadditions.
Eastman dicyclopentadiene was cracked thermally to give cyclo-
pentadiene. The cyclopentadiene to be used in a run was redis-
tilled shortly before use. Eastman White Label /?-acetonaphthone
was recrystallized from hexane. Pure trans-1-chloropropene
(98+%) was obtained by distillation of practical 1-chloropropene
through a 23-in. Nester-Faust spinning band column with a reflux
ratio of 50-100:1, bp 37.5-38.0°. Pure cis-1-chloropropene (98+%)
was obtained by redistillation of the 31-34° fraction from the iso-
lation of trans olefin through the 23-in. Nester-Faust column. Pure
cis olefin was obtained at 32.5-33.0° with a reflux ratio of about
100:1. The VPC analysis of these olefin mixtures was performed on

Bartlett and Hull

either a 15 ft X 0.25 in., 15% tricresyl phosphate on Chromosorb P
60/80 mesh column or a 25 ft X 0.125 in., 20% 1,2,3-tris(cya-
noethoxy)propane on acid-washed Chromosorb P 60/80 mesh col-
umn.

Irradiations. The olefin (5.0 g, 0.066 mol), freshly distilled cy-
clopentadiene (0.45 g, 0.0066 mol), and /f-acetonaphthone (0.11 g,
0.00066 mol) were weighed into 15 X 125 mm Pyrex test tubes with
constricted necks. The tubes were degassed four times and sealed
under vacuum. A 550-W Hanovia mercury lamp was used for all ir-
radiations. For the runs at 0° and above the tubes were fastened to
a Pyrex well and immersed in a water bath. The water bath was
kept at the desired temperature by passing cold methanol from a
Lauda Kryomat Model TK30 through cooling coils. Water circu-
lated through the Pyrex well. The runs at -24.8° were performed
by placing the sealed tubes in a Pyrex flask containing enough di-
methyl ether to cover the tubes. The well containing the lamp was
placed next to the flask. The dimethyl ether was refluxed using the
well as a heat source and a Dry Ice condenser. A stream of dry ni-
trogen was blown on the face of the flask adjacent to the lamp to
prevent the condensation of moisture. The experiments at —78°
were performed by immersing the sealed tubes in a Dry Ice-meth-
anol bath contained in an unsilvered dewar. The Pyrex well con-
taining the lamp was then placed adjacent to the side of the dewar
next to which the tubes were suspended.

Product Analysis. An F & M 7620 dual column gas chromato-
graph with a flame ionization detector was used. The tubes were
opened and the olefin was examined for isomerization. In no case
was the product olefin analysis different from that of starting ole-
fin within experimental error. The olefin was distilled off and the
residue was bulb-to-bulb distilled at 0.001 mm into a liquid nitro-
gen cooled receiver. The peaks hv1-9 were analyzed on a 25 ft X
0.125 in. 20% TCEP on Chromosorb P 60/80 mesh column at 90°
and 5 cm3min He flow rate. The relative amounts of A Cl and A
Me were determined on a 30 ft X 0.125 in. 20% TCEP on Chromo-
sorb P 80/100 mesh column at 90° and less than 1 cm3min flow
rate. To about 0.03 g of this photomixture was added 2 mg of PtC2
and about 0.5 ml of ethyl acetate. The hydrogenation was carried
out under 1 atm of hydrogen for about 4 hr (uptake generally halt-
ed after 0.5 hr). The ethyl acetate solution was then decanted
(after centrifugation) and analyzed directly in the 25 ft TCEP col-
umn for the hydrogenation products of A2 and A3. All integrations
were performed using an F & M 3370 digital integrator except
those for the relative amounts of A Cl and A Me. These were ob-
tained by Xeroxing the VPC trace and cutting out the peaks corre-
sponding to A Cl and A Me and weighing them.
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An efficient synthesis of pentacyclo[4.3.0.025.038.047Jnonan-9-one (5, homocubanone) has been devised and its
conversion to a variety of tetracyclo[4.2.0.026.047]octan-3-yl (secocubane) derivatives is described. Baeyer-Viliig-
er oxidation of exo-secocubyl methyl ketone (14) gave the corresponding acetate 15, which was reduced to exo al-
cohol 16. Similar oxidation of endo-secocubyl methyl ketone (13) gave acetate 18 and trifluoroacetate 19, shown
to have the rearranged exo-tetracyclo[4.2.0.024.038Joctan-5-yl structure. exo-Secocubyl mesylate (17) solvolyzed
in acetic acid with a rate of k = 1.27 X 10-4 sec-1 at 75°, and gave one product, acetate 18. The results obtained in
this investigation are compared with the reactivity of exo- and endo-bicyclo[2.2.0]hex-2-yl derivatives and ex-
plained in terms of controlling steric, geometric, and conformational factors.

The study of strained polycyclic small-ring compounds
has become widespread in recent years.l In particular,
the use of the cubane “cage” compound series pentacyclo-
[4.4.0.02-5.03'8.04'7]decyl (bishomocubyl), pentacyclo-
[4.3.0.025.03'8.04'7] (homocubyl), and cubane itself has
facilitated the study of strain-reactivity relationships. In-
vestigations with derivatives of these cage compounds have
given insight into the nature of transition metal catalyzed
rearrangements of strained systems,2 and solvolysis studies
of bishomocubyl (1)3 and homocubyl (2)4 derivatives have
offered exceptional opportunities for The investigation of
transition states, intermediates, and strain release factors
in carbonium ion rearrangements.

A natural extension to the studies of cubane-related cage
compounds is the tetraeyclo[4.2.0.025.04'7]octyl (secocub-
ane) system (3). These solvolytic studies of secocuban-3-yl
derivatives (4) offer exceptional opportunities for the study
of the geometrical and stereochemical requirements of car-
bonium ion rearrangements in strained systems. The puck-
er56 of the side cyclobutane rings in the rigid secocubyl
cage causes a large stereochemical difference in the rear-
rangement routes open to the exo and endo isomers of 4.
Furthermore, one would anticipate significant differences
in exo vs. endo reactivities in the secocubyl series.

The discovery of the intramolecular [2 + 2] photocy-
cloaddition reaction has lead to the development of syn-

thetic routes to a variety of polycyclic cage compounds.7
However, the difficulties which make these compounds
such a synthetic challenge often hamper further studies.
The multistep, low-yield synthetic routes to homocubanes8
and secocubanes9 limit the quantities of material available
for solvolytic and other chemical investigations. We now
wish to describe the development of a convenient and effi-
cient synthesis of homocubanone (5) which makes large
guantities of ketone available for use as a synthetic intér-
mediate. We also wish to report, in detail, on the conver-
sion of 5 to monofunctionalized secocuban-3-yl derivatives,
and the studies undertaken of the solvolytic reactivity of
the secocubane compounds.

Synthesis. The synthesis of homocubanone was accom-
plished by the series of reactions outlined in Scheme I. The
synthesis of tetrachlorohomocubanone ketal 9 was first re-
ported by Warrener and coworkers;10 however, no experi-
mental details were given and no attempt was made to op-
timize the yield. In the present study, it has been found
that a 65% yield of 6 could be obtained when the reactants
were refluxed in n-octane (bp 125°) for 6 days.11'12 Dechlo-
rination of 9 with lithium metal and ieri-butyl alcohol in
tetrahydrofuranil3 gave homocubanone dimethyl ketal (10)
in 90% yield. Ketal 10 was hydrolyzed to homocubanone (5)
with 5% aqueous sulfuric acid. The sequence illustrated in
Scheme | represents a 30% overall yield synthesis of 5 from
cyclooctatetraene, and is capable of providing 20-30-g
quantities of material for further synthetic efforts.

Conversion of 5 to thé secocubane system was achieved
via nonenolizable ketone cleavage.l4 Thus, when 5 was
added to a stirred suspension of potassium tert-butoxide
and water in tetrahydrofuran, and the mixture was heated
at 50° for 6 hr, an 85% yield of a mixture of endo-and exo-
secocubane-3-carboxylic acids (11 and 12) in a 9:1 ratio was
obtained. The NMR spectrum of the mixture of 11 and 12
contained broad singlet resonances at 5 2.3 for 11 and 2.5
for 12 (in a ratio of 9:1) for the methylene protons and a
broad multiplet at 5 3.0-3.7 for the remaining cage protons
of both isomers. The upfield shift of the methylene protons
of endo isomer 11 is consistent with the results found for
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other cage and half-cage compounds, and this shift has
been attributed to steric compression in the endo isomer.15
The synthetic route to exo-secoeubane-3-mesylate (17) is
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illustrated in Scheme Il. The acid mixture, 11 and 12, was
treated with oxalyl chloride, and the resultant crude acid
chloride mixture was converted to a mixture of endo and
exo methyl ketones 13 and 14 by treatment with lithium di-
methylcuprate.16 The mixture of methyl ketones was sepa-
rated by silica gel chromatography, or alternatively, was
quantitatively converted to exo isomer 14 by treatment
with sodium methoxide in methanol. Baeyer-Villiger oxi-
dation of 14 with trifluorooperacetic acid in buffered meth-
ylene chloridel7 gave exo acetate 15 in good yield. Lithium
aluminum hydride reduction of 15 gave exo-secocuban-3-ol
(16), which was converted to mesylate 17 in the usual man-
ner.18

The NMR spectra of both alcohol 16 and mesylate 17 ex-
hibited the characteristic doublet, J = 2 Hz, at &4.85 and
5.55 assigned to the protons a to the alcohol and mesylate
group, respectively. In addition, both spectra had similar
two-proton multiplets at 8 2.4 for the methylene protons
and six-proton multiplets at 8 3.5 for the cage protons. The
similarities between the spectra of 16 and 17 indicate that
mesylate formation occurred without rearrangement of the
cage skeleton.

Results

Baeyer-Villiger oxidation of endo ketone 13 with trifluo-
roperacetic acid in buffered methylene chloride proceeded
at a much slower rate than 14, presumably owing to steric
hindrance in the endo isomer. The reaction gave a 90%
yield of approximately equimolar amounts of an acetate 18
and a trifluoroacetate 19 with rearranged carbon skeletons.
The acetate and trifluoroacetate had infrared carbonyl ab-
sorptions at 1730 and 1780 cm-1, respectively, and both
compounds had an ion corresponding to formula CsHg for
the parent carbon skeleton fragment in the mass spectrum,
isomeric with the secocubyl cage system. The NMR spectra
of 18 and 19 were very similar, with a signal for the a-oxy
proton at 8 4.75 and 5.0, respectively. Both compounds ex-
hibited broad, complex multiplets at 8 1.6-2.3 and 2.3-2.9,
and the acetate had a three-proton singlet at 8 1.95 for the
acetate methyl group.

The high-field multiplet at 8 1.6-2.3 is indicative of a
fused cyclopropane ring in the rearranged carbon skele-
ton.19 The absence of any NMR or infrared evidence for
unsaturation suggests that the new structure is still a tetra-
cyclic system. The production of both acetate and trifluo-
roacetate is consistent with ionization of the first-formed
acetate, followed by carbonium ion rearrangement prior to
collapse of the products. The equimolar ratio of acetate to
trifluoroacetate, formed in spite of the overwhelming ex-
cess of trifluoroacetate ion in solution, is indicative of the
much greater nucleophilicity of acetate anion and/or inter-
nal return of the acetate anion.

Lithium aluminum hydride reduction of the crude mix-
ture of 18 and 19 gave a single alcohol 20, which was oxi-
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Figure 1. 13C NMR spectrum of solvolysis acetate 18: (a) off-
resonance coupled; (b) wide-band coupled.

dized with chromium trioxide-pyridine to the correspond-
ing ketone 21. The ketone had the molecular formula
CaHfiO, determined by high-resolution mass spectroscopy,
an infrared carbonyl absorption at 1750 cm-1, and an ultra-
violet Amex at 202 nm (e 2500), indicative of a cyclopropyl
conjugated ketone.20

The above data are consistent with the proposal of a cy-
clobutyl-cyclopropylcarbinyl rearrangement of the first-
formed endo-secocubyl acetate (22) to the tetracy-
clo[4.2.0.024.038]oct-5-yl ring system (23). A similar rear-
rangement of a strained cyclobutyl ketone, carvonecam-
phor, to a cyclopropylcarbinyl system under Baeyer-Villig-
er conditions has been reported by Buchi.2l The formation
of both acetate and trifluoroacetate products from rear-
rangement of 22 under Baeyer-Villiger conditions indicates
that a solvated carbonium ion, free of acetate counterion,
was formed. For steric reasons, it was expected that nucleo-
philic attack would give exo products 18 and 19, due to the
endo-methylene hydrogen (Hendo), which blocks approach
from that side of the molecule.

The exo configuration of 18 and 19 was confirmed by ad-
dition of Eu(fod)3 to a solution of alcohol 20 in carbon tet-
rachloride. The multiplet assigned tc the methylene pro-
tons of 20 at $1.90 moved downfield at a slower rate than
the signals for the protons {3 to the hydroxyl group (H.-j)
when successive 1-mg portions of Eu(fod)3 were added.
Models indicate that the hydroxyl oxygen of endo alcohol
24 would be very close to Hendo, and the NMR resonance of

the methylene protons of 24 would be expected to separate
as the Hendo signal was shifted downfield at a rapid rate.
Final proof of the structure of acetate 18 was obtained
from its carbon-13 NMR spectrum. The off-resonance
decoupled and wide-band decoupled 13C NMR spectra of
18 are shown in Figure 1, and the chemical shifts and as-
signments of the various resonances are listed in Table I
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. Tahle .
13CNMR Asmgnments?or golvolysw Acetate 18

Carbon 6, ppm Splitting
[ 41.0 Doublets
2.3 20.0,20.5 Doublets
4 21.2 Doublet
5 81.3 Doublet
6 46.2 Doublet
7 43.4 Triplet
8 39.4 Doublet
9 171.3 Singlet
10 32.0 Quartet

The presence of three cyclopropyl carbons at 5 20.0-21.2,
one methylene carbon at 5 43.4, which appears as a triplet
in the off-resonance spectrum (C-7), and the appropriate
chemical shifts of the tertiary carbons in relationship to
their surroundings confirm the structure of 18.

When mesylate 17 was stirred for 22 hr in sodium acetate
buffered acetic acid at 80°, a quantitative yield of a mix-
ture of acetates was obtained. Analysis of the mixture by
VPC showed 90% of one acetate, which proved to be identi-
cal with rearranged acetate 18 obtained from Baeyer-Vil-
liger reaction of endo ketone 13. In addition, trace amounts
of several other products were obtained which were not in-
vestigated.

The acetolysis rate of 17 was determined at three tem-
peratures by measuring the disappearance of the NMR sig-
nal for the proton a to the mesylate group vs. an internal
standard (chloroform). Calculations based on these mea-
surements give first-order rate constants of k = 1.27 X 10-4
sec-1 at 75.6°, k = 2.61 X 10-5 sec-1 at 60.0°, and k = 2.95
X 10-6 sec-1 at 44.7°. Extrapolation to 25° gives k = 2.5 X
10-7 sec-1, Ea= 30 = 3 kcal/mol, and AH1 = 27 + 3 kcal/
mol.

Discussion

It is instructive to compare the reactivities of secocubyl
derivatives with their corresponding bicyclo[2.2.0]hex-2-yl
models. McDonald and Davis2 found that exo- and endo-
2-acetylbicyclo[2.2.0]hexanes (25 and 26) exhibited reactiv-
ity in the Baeyer-Villiger reaction similar to that of exo-
and endo-secocubyl ketones 14 and 13. Oxidation of exo
ketone 25 gave the corresponding acetate 27, but similar

treatment of endo ketone 26 gave a mixture of the expected
endo acetate 28, rearranged acetate 29, and a trace of 30.
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Table I

Relative solvolysis
rate, X = OSC"R Ref

Conpd

Endo acetate 28 underwent further rearrangement on
standing at —26° in carbon tetrachloride solution, forming
additional 29 and 30.

The relative solvolysis rates of the compounds relevant
to this study are summarized in Table Il. Acetolysis of bi-
cyclo[2.2.0]hex-2-yl tosylate (31) proceeded with carbon-
carbon bond migration to form ion pair 32, which collapsed

to give rearranged tosylate and acetate products.23 The cy-
clobutane rings of 31 are nearly planar. Hence, the forma-
tion of a stabilized bicyclobutonium ion, such as that gen-
erated from cyclobutyl tosylate, is prohibited. Since the
solvolysis rate of cyclobutyl tosylate is faster than expected
by bond-angle deformation considerations because of the
formation of such a nonclassical ion, the fact that 31 solvo-
lyzes only nine times slower than cyclobutyl tosylate is be-
lieved to indicate some anchimeric assistance to ionization
due to /2,7 -bond migration.

Solvolysis of endo-bicyclo[2.2.0]hex-2-yl 3,5-dinitroben-
zoate (33) in aqueous acetone gave a mixture of rearranged

alcohols and internal returned dinitrobenzoates.24 The
greatly accelerated rate of 33 (Table Il) was attributed to
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the formation of bicyclobutonium ion intermediate 34.

The large endo/exo rate ratio for the bicyclo[2.2.0]hexyl
system is in line with the observed rate ratios for the gener-
al series of bicyclo[/ra.2.0]alkyl derivatives.26 The high sol-
volytic reactivity of the endo compounds is explained by a
disrotatory opening of the central bond to maintain maxi-
mum overlap with the developing p orbital at the site of the
leaving group. In this manner a bicyclobutonium ion simi-
lar to 34 can be formed. A similar mechanism in the exo
compounds is prohibited owing to the steric interaction be-
tween the opposing bridgehead hydrogens.

In exo-secocubyl mesylate (17), the side cyclobutanes are
puckered, and the leaving group is held in an axial configu-
ration. Hence, 17 should solvolyze at a slow rate relative to
cyclobutane.27 Furthermore, a Wagner-Meerwein rear-
rangement in 17, similar to that in 31, is prohibited by ste-
ric and strain factors. Yet the relative solvolysis rate of 17
is the same order of magnitude as 31; in fact, it is actually
somewhat faster. The conformation of 17 prevents any an-
chimeric assistance to solvolysis, and hence it is unlikely
that much, if any, rearrangement occurs during the rate-
determining ionization. However, the unexpected rate ac-
celeration can be explained by relief of steric compression
of the endo-methylene hydrogens on ionization of 17 to a
classical trigonal carbonium ion (35). The driving force at-
tributed to such steric compression strain release does ac-
count for the observed solvolysis rate, and there is prece-
dent for rate accelerations of solvolyses due to steric com-
pression strain release.28

While rearrangement of 35 to carbonium ion 23 repre-
sents a calculated10 strain release of approximately 16 kcal,
further rearrangements of the cyclopropylcarbinyl carboni-
um ion could release a great deal more strain energy. It is,
therefore, somewhat surprising that the rearrangement se-
guence stops at 23. An examination of molecular models in-
dicates that 23 would be expected to be a stable cyclopro-
pylcarbinyl carbonium ion owing to the rigid bisected ge-
ometry, and hence a significant barrier to further reaction
would be anticipated. The formation of a cyclopropylcar-
binyl rearrangement product is also consistent with the
rearrangement of credo-2-acetylhicyclo[2.2.0]hexane (26),
which gave mainly cyclopropylcarbinyl acetate product 29.

The very reactive nature of the endo-secocubyl system is
apparent from the results of the present study. Unfortu-
nately, this extreme reactivity has thus far precluded the
isolation of an endo-secocubyl derivative for solvolytic
studies. However, based on the results of solvolysis studies
on the bicyclo[2.2.0]hex-2-yl system, a minimum rate pre-
diction for the endo-secocubyl system would be 10®relative
to the exo system. Furthermore, the fact that the leaving
group in an endo derivative would be equatorial relative to
the puckered cyclobutane ring would be expected to en-
hance the endo/exo rate ratio to an even greater extent.

Experimental Section

Melting points were measured with a Buchi Schmelzpunktbest-
immungsapparat, and are uncorrected. Infrared spectra were ob-
tained with a Perkin-Elmer Model 137 spectrometer, and ultravio-
let spectra were recorded with a Perkin-Elmer Model 202 spec-
trometer or a Beckman DK-2A spectrophotometer. Nuclear mag-
netic resonance spectra were obtained with Varian Model T-60 or
HA-100 spectrometers.



Synthesis of Secocubane Derivatives

Thin layer chromatography (TLC) was done on silica gel coated
microscope slides. The plates were sprayed for analysis with a
phosphomolybdic acid solution. Analytical vapor phase chroma-
tography was carried out with a Hewlett-Packard Model 5750 re-
search chromatograph and preparative vapor phase chromatogra-
phy was done on a Wilkins Aerograph, Model A-90-P. Combustion
analyses were performed by the Microanalytical Laboratory, and
mass spectra were obtained from the Mass Spectroscopy Laborato-
ry, College of Chemistry, University of California, Berkeley.

Technical grade ether distilled from potassium hydroxide and
technical grade pentane distilled from phosphorus pentoxide were
used for recrystallizations and chromatography. Dry ether was pre-
pared by refluxing reagent grade ether with sodium and benzophe-
none. Dry tetrahydrofuran was refluxed with and distilled from
lithium aluminum hydride. Irradiation grade acetone was refluxed
with and distilled from potassium permanganate. All other sol-
vents used were reagent grade unless otherwise specified.

anti-Dimethyl  Tricyclo[4.2.2.025]deca-3,7,9-triene-7,8-di-
carboxylate (G). A solution of 5 g (0.048 mol) of cyclooctatetraene
and 6.1 g (0.050 mol) of dimethyl acetylenedicarboxylate in 20 ml
of n-octane (bp 125°) was refluxed for 6 days under nitrogen. The
reaction was followed by the loss of cyclooctatetraene resonance in
the NMR spectrum of the reaction mixture. When cyclooctate-
traene was almost gone, the reaction was cooled and solvent and
unreacted starting material were removed by distillation at aspira-
tor pressure. The residue was distilled at diffusion pump pressure
(20 m) through a short-path distillation apparatus to give 8.7 g of a
mixture of adduct 6 and dimethyl phthalate. Careful integration of
the NMR spectrum of the mixture showed it to be about seven
parts Gto one part dimethyl phthalate, which indicated a 7.65-g
(65%) yield of adduct G bp 80-100° (20 m) [lit.11 bp 140-150° (2.0
mm)]; NMR (CCD 8 2.7 (2 H, m, cyclobutene bridgehead), 3.7 (6
H, s, over 2 H, m, esters and bridgeheads), 6.0-6.2 (4 H, m, vinyl-
ic); ir (CCl4) 1740, 1650, and 1600 cm-1. No attempt to obtain the
adduct in pure form, free from dimethyl phthalate, was made.

anti-endo-onti-Dimethyl 4,5,6,7-Tetrachloro-lo,15-dime-
thoxypentacyclo[8.2.2.14-7.02-9.07-8]pentadeca-5,11,13-tri-
ene-ll,12-dicarboxylate (7). A solution of 170 g (0.75 mol) of 6
and 210 g (0.80 mol) of 1,2,3,4-tetrachloro-5,5-dimethoxycyclopen-
tadiene29 in 400 ml of chloroform was refluxed under nitrogen with
constant stirring for 10 days. The solvent was removed by rotary
evaporation and the crude solid residue was washed several times
with 50% ether-pentane, collected by filtration, and dried under
reduced pressure. The combined washings were concentrated and
the residue was dissolved in chloroform and refluxed for another 7
days. The total yield of adduct 7 was 290 g (76%): mp 182.5-185.5°
(lit20mp 186°); NMR (CDC13) S2.1 (2 H, m), 2.4 (2 H, m), 3.6 and
3.8 (6 H,s, OCH3), 41 (2 H, m), 6.6 (2 H, t, ¥ = 4 Hz, vinylic); ir
(CHCI3) 1725, 1640, 1620, and 1200 cm-1; mass spectrum m/e 473
(M- Cl).

Anal. Calcd for C2iH 200 6Cl4 (510.27): C, 49.40; H, 3.90; Cl, 27.80.
Found: C, 49.34; H, 3.80; Cl, 27.92.

en<fo-1,6,7,8-Tetrachloro-9,9-dimethoxytricyclo[4.2.1.025]-
nona-3,7-diene (8). Adduct 7, 237 g (0.465 mol), was pyrolyzed by
heating at 200° for 15 min. The resultant oil was chromatographed
on 1500 g of silica gel, and elution with 30% ether-pentane gave
145 g (100%) of crude 8. The crude solid was dissolved in 95% etha-
nol, decolorized with Norit, and recrystallized to give pure 8: mp
83.5-84.5° (lit.10 mp 80-81°); NMR (CCD b 3.4 (2 H, s, bridge-
head), 3.60 and 3.65 (3 H, s, OCH3), 6.1 (2 H, s, vinylic); ir (CC14)
1625 and 1170 cm-1; mass spectrum m/e 314, 316, 318.

Anal. Calcd for CiiH1002Cl4 (316.04): C. 41.75; H, 3.16; Cl, 44.90.

Found: C, 41.58; H, 3.08; Cl, 44.74.
1,6,7,8-Tetrachloro-9,9-dimethoxypentacyclo[4.3.0.02-5.03-8.

047]nonane (9). A solution of 20 (64 mol) of diene 8 in 2 1 of
irradiation grade acetone was deaerated with nitrogen and irra-
diated with a GE-AH6 high-pressure 1000-W mercury vapor lamp.
The irradiation was followed by TLC (10% ether-pentane) and was
ceased after 18 hr. The solvent was rotary evaporated and the resi-
due was chromatographed on 1500 g of silica gel, eluting with 5%
ether-pentane. The product was recrystallized from pentane to
yield 15 g (75%) of 9: mp 143-145° (lit.10mp 123°); NMR (CC14) 5
3.4-3.8 (6 H, s, on 4 H, m); ir (CCD 3000 and 1200 cm-1; mass
spectrum m/e 314 (M+), 279 (M —Cl).

Anal. Calcd for Cn Hi0O2Cl4 (316.04): C, 41.75; H, 3.16; Cl, 44.90.
Found: C, 41.89; H, 3.17; Cl, 44.68.

9,9-Dimethylpentacyclo[4.3.0.025.038.047]nonane (10). A so-
lution of 4.0 g (0.013 mol) of ketal 9 and 8.3 g (0.112 mol) of dry
tert-butyl alcohol in 70 ml of dry tetrahydrofuran was stirred vig-
orously under anhydrous conditions and 1.6 g (0.224 mol) of finely
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cut lithium wire was added. The spontaneous exothermic reaction
which ensued was moderated by ice-bath cooling to maintain a
gentle reflux. When the reaction subsided the mixture was re-
fluxed for an additional 3 hr and cooled. The mixture was strained
(to remove excess lithium) into 500 ml of crushed ice. The aqueous
solution was extracted with ether and the ether extracts were dried
(MgSCD, filtered, and rotary evaporated to yield 2.1 g (91%) of a
colorless oil shown to be almost pure dechlorinated ketal 10 by
VPC (SE-30 column, 130°). Short-path distillation gave pure ketal
10: bp 67-75° (2.0 mm); NMR (CCl4) b 3.0-3.55 (8 H, m, cage pro-
tons), 3.15 (6 H, s, ketal protons); ir (CCl4) 2940, 1450, 1100, and
1050 cm-1; mass spectrum m/e 178 (M+), 177 (M —H), 163 (M —
CH3), 147 (M - OCHD3).

Anal. Calcd for CnH140 2 (178.20): C, 74.20; H, 7.87. Found: C,
74.43; H, 7.95.

Pentacyclo[4.3.0.025.03804,7jnonan-9-one (Homocubanone,
5). A suspension of 0.46 g (2.58 mmol) of ketal 10 in 25 ml of 5%
aqueous sulfuric acid was stirred vigorously at room temperature
for 9 hr. A white, crystalline solid gradually formed in the aqueous
solution. The solid was extracted with ether, and the ether extracts
were washed with 5% aqueous sodium bicarbonate solution until
neutral and dried (MgSCD- Solvent was removed by distillation
through a short glass helix packed column to yield 0.3 g (88%) of
crude homocubanone (5). An analytical sample of ketone was ob-
tained by recrystallization from pentane: mp 66- 68°; NMR (CCl4)
b 3.0 (2 H, m, a protons), 3.5 (6 H, m, cage protons); ir (CCI4) 1760
and 1716 cm-1; mass spectrum m/e 132 (M +).

Anal. Calcd for CO9H8 (132.17): C, 81.80; H, 6.06. Found: C,
81.5; H, 5.9. There was difficulty with the analysis because of the
compound’s volatility and its tendency to hydrate readily.

exo- and endo-Tetracyclo[4.2.0.025047]octane-3-carboxylic
Acids (11 and 12). A 300-ml, three-necked flask was fitted with a
reflux condenser, a rubber septum inlet, and a nitrogen inlet, and
was flushed with nitrogen. A slurry of 32.8 g (0.292 mol) of potassi-
um ierf-butoxide in 180 ml of dry tetrahydrofuran was introduced,
and the flask was cooled in an ice bath. The slurry was stirred
magnetically and 1.57 ml (0.087 mol) of water was slowly added via
syringe. Homocubanone (3.5 g, 0.026 mol) was added at once, and
the mixture was stirred at room temperature for 1 hr and heated at
50° for 6 hr. The mixture was cooled and poured into crushed ice,
and the residual salts were washed out with water. The aqueous so-
lution was washed with ether until the washings were colorless,
and the aqueous layer was acidified with concentrated hydrochlo-
ric acid and extracted with ether. The combined extracts were
dried (MgSCD, filtered, rotary evaporated to yield 3.86 g (97%) of
a yellow, waxy solid. Sublimation (80°, 0.2 mm) afforded 3.398 g
(85% isolated yield) of a mixture of endo and exo acids 11 and 12
which were not separated: NMR (CDCI3) 8 2.3 and 2.45 (2 H, 2
broad s in ratio of 9:1, methylene protons), 3.0-3.7 (7 H, m, cage
protons and a-acid proton of endo isomer), 3.6 (1 H, s, a-acid pro-
ton of exo isomer); ir (CHC13) 3600-2500, 1695, and 1265 cm-1;
mass spectrum m/e 150 (M+), 105 (M —C02H);

Anal. Calcd for CgHio02 (150.18): C, 72.00; H, 6.67. Found: C,
71.77; H, 6.69.

exo- and endo-3-Acetyltetracyclo[4.2.0.025047]octane (13
and 14). A 1.24-g (8.27 mmol) sample of a mixture of endo and exo
acids 11 and 12 was dissolved in 50 ml of benzene and an excess (10
g) of oxalyl chloride was added. The mixture was stirred at room
temperature for 1 hr and the solvent and excess oxalyl chloride
were removed by rotary evaporation to yield a crude acid chloride
mixture: ir (CCD 1780 and 1720 cm-1.

A solution of the acid chloride in dry ether was added via syringe
to a solution of lithium dimethylcuprate (24.8 mmol) in 150 ml of
ether at —78°.16 The mixture was stirred at —78° for 20 min and
hydrolyzed at that temperature with methanol. The mixture was
warmed to room temperature and poured into water, and the solu-
tion was suction filtered through Celite. The organic layer was sep-
arated, the aqueous layer was extracted with ether, and the com-
bined organic layers were washed with saturated salt solution and
dried (MgSCD. The solvent was removed by distillation through a
glass helix column to yield 1.17 g (95%) of a yellow oil shown by
VPC (SE-30 column, 130°) to be a mixture of endo and exo ke-
tones 13 and 14. The mixture was separated by chromatography on
silica gel (10% ether-pentane) to give pure exo ketone 14 and endo
ketone 13. Analytical samples were obtained by preparative VPC
(SF-96 column, 135°). Exo isomer 14: mp 40-42°; NMR (CCl4) 8
2.1 (3 H, s, methyl), 2.45 (2 H, broad s, methylene), 3.3 (6 H, broad
s, cage), 3.65 (1 H, s, a-keto proton); ir (CCI4) 2940 and 1700 cm-1;
mass spectrum m/e 148 (M+), 147 (M —H), 133 (M —CH3), 105
(M - COCH3).
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Anal. Calcd for C10H120 (148.21): C, 81.04; H, 8.16. Found: C,
81.26; H, 8.27.

Endo isomer 13: mp 35-36°; NMR (CCU) 6 2.1 (3 H, s, methyl
group), 1.8-2.5 (2 H, m, methylene protons), 2.6-3.8 (7 H, m, cage
protons and a-keto proton); ir (CCI4) 2940 and 1750 cm-1; mass
spectrum m/e 148 (M+), 147 (M —H), 133 (M —CH3J3), 105 (M —
COCHD3).

Anal. Calcd for CiOH120 (148.21): C, 81.04; H, 8.16. Found: C,
80.73; H, 8.22.

Isomerization of Methyl Ketones 13 and 14. A 2.32-g (0.016
mol) sample of endo ketone 13 was dissolved in 200 ml of anhy-
drous methanol and a trace of sodium methoxide was added. The
mixture was stirred at room temperature under nitrogen for 5 days
and poured into 10% aqueous hydrochloric acid, and the solution
was extracted with ether. The combined extracts were washed with
dilute sodium bicarbonate and dried (MgSCh), and the solvent was
removed by distillation to yield 2.19 g (94%) of exo ketone 14, iden-
tical with an authentic sample, as the only product.

exo-Tetracyclo[4.2.0.025047]octan-3-0l Acetate (15). To a
stirred suspension of 1.9 g (12.8 mmol) of exo ketone 14, 24 g (167
mmol) of anhydrous disodium phosphate, and 140 ml of methylene
chloride was added, dropwise, a methylene chloride solution of tri-
fluorooperacetic acid [prepared from 12.6 ml (85.7 mmol) of triflu-
oroacetic anhydride]. The mixture was stirred for 1 hr at room
temperature and filtered, and the inorganic salts were washed with
additional methylene chloride. The combined organic phase was
washed with 10% sodium carbonate solution and dried (MgSCh),
and the solvent was removed by distillation through a glass helix
column to yield 2.036 g (97%) of acetate 15. An analytical sample
was obtained by preparative VPC (SF-96 column, 135°); NMR
(CCl14) 52.0 (3 H, s, methyl), 2.S5-2.8 (2 H, m, methylene), 3.0-3.6 (6
H, m, cage), 5.5 (1 H, broad s, a-ester proton); ir (CCl4) 2920,1730,
and 1235 cm-1; mass spectrurn m/e 164 (M+), 121 (M —COCH3),
105 (M - OAc).

Anal. Calcd for C10H1202 (164.21): C, 73.14; H, 7.37. Found: C,
72.90; H, 7.19.

exo-Tetracyclo[4.2.0.025.04,7Joctan-3-0l (16). Acetate 15, 2.03
g (12.3 mmol), was reduced with a fivefold excess of lithium alumi-
num hydride at 0° in dry ether. The solution was hydrolyzed with
aqueous ammonium chloride solution and extracted with ether,
and the solvent was rotary evaporated to give 1.41 g (94%) of crys-
talline alcohol 16. Recrystallization from ether-pentane gave a
pure sample of 16: mp 102-103°; NMR (CCl4) &1.3 (1 H, broad s,
hydroxyl proton), 2.0-2.4 (1, H, m, methylene proton), 2.4-2.7 (1
H, m, methylene proton), 2.9-3.7 (6 H, m, cage protons), 4.85 (1 H,
d, J = 2 Hz, a-hydroxyl proton); ir (CCl4) 3600-3100 and 2950
cm-1; mass spectrum m/e 122 (M+), 121 (M —H);

Anal. Calcd for CgHioO (122.17): C, 78.65; H, 8.25. Found: C,
78.38; H, 8.12.

exo-Tetracyclo[4.2.0.02504%octan-3-0l Mesylate (17). A
300-ml, three-necked flask was fitted with a nitrogen inlet and an
addition funnel, and was flamed out under nitrogen flush. A solu-
tion of 658 mg (5.4 mmol) of alcohol 16 and 688 mg (6.0 mmol) of
methanesulfonyl chloride in 60 ml of benzene was added and the
flask was placed in an ice bath. The solution was stirred magneti-
cally and 800 mg (8.0 mmol) of triethylamine was added, dropwise,
over aperiod of 2 min. The reaction mixture was removed from the
ice bath and stirred at room temperature for 30 min. The mixture
was filtered, the salts were washed with additional benzene, and
the combined organic solution was rotary evaporated to yield a
crude, colorless oil which solidified on standing. The crude residue
was dissolved in pentane and concentrated to afford pure crystal-
line mesylate 17: 1.04 g (96%); mp 83.5-85°; NMR (CCL4) $2.3-2.8
(2 H, m, methylene), 2.9 (3 H, s, methyl), 3.2-3.9 (6 H, m, cage),
5.55 (1 H, d, J = 2 Hz, a-OMs proton); ir (CCI4) 2930, 1455, 1210,
and 1175 cm-1; mass spectrum m/e 105 (M —OMs).

Anal. Calcd for CO9H120 3S (200.26): C, 53.97; H, 6.04; S, 16.01.
Found: C, 53.73; H, 5.96; S, 15.78.

exo-Tetracyclo[4.2.0.024038]octan-5-acetate (18) and Tri-
fluoroacetate (19) via Baeyer-Villiger Reaction of Endo Ke-
tone 13. Following the procedure described for the exo ketone 14,
0.78 g (5.25 mmol) of ketone 13 was oxidized, and after stirring for
1 hr at room temperature, the mixture was refluxed for 5 hr. The
solvent was removed by distillation through a glass helix column to
yield 0.98 g of yellow oil. VPC (SE-30 column, 120°) examination
of the product mixture showed two equal-intensity peaks account-
ing for about 90% of the material and several components present
in small quantities. Preparative VPC (SF-96 column, 130°) of the
two major components of the mixture afforded pure samples of ac-
etate 18 and trifluoroacetate 19. Acetate 18: NMR (CCl4) 51.5-2.2
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(6 H, m, cyclopropyl and methylene), 1.95 (3 H, s, methyl), 2.3-2.9
(2 H, m, bridgehead), 4.75 (1 H, m, «-ester); ir (CCI4) 3020, 2930,
1725, and 1240 cm-1; mass spectrum m/e 164 (M+), 121 (M —
COCH3), 105 (M - OAc);

Anal. Calcd for C10H1202 (164.21): C, 73.14; H, 7.37. Found: C,
73.00; H, 7.29.

Trifluoroacetate 19: NMR (CCU) 0 1.6-2.4 (6 H, m, cyclopropyl
and methylene), 2.4-2.9 (2 H, m, bridgehead), 5.0 ( 1 H, m, Gy
ester); ir (CCl4) 3020, 2930, 1780, and 1155 cm-1; mass spectrum
m/e 218 (M+), 105 (M - CO02CF3).

Reduction of the Rearranged Acetate 18-Trifluoroacetate
19 Product Mixture from Ketone 13. Formation of Rear-
ranged Alcohol 20. A 1.1-g (ca. 5.8 mmol) portion of crude prod-
uct mixture from the Baeyer-Villiger reaction on endo ketone 13
was reduced with excess lithium aluminum hydride at 0° in ether.
The crude mixture was hydrolyzed with agueous ammonium chlo-
ride and extracted with ether. Solvent was removed by distillation
through a glass helix column to yield 0.50 g (70% from the ketone)
of crude alcohol 20. Recrystallization, sublimation, and column
chromatography failed to produce pure 20. However, a pure sam-
ple was obtained by preparative VPC (SF-96 column, 120°); NMR
51.45 (1 H, s, OH), 1.4-1.8 (4 H, m, cyclopropyl), 1.8-2.1 (2 H, m,
methylene), 2.3 and 2.6 (1 H, m, bridgeheads), 3.95 (1 H, m, «-hy-
droxyl proton); ir (CCl4) 3600-3100, 3020, 2930, and 1060 cm-1;
mass spectrum m/e 122 (M+), 121 (M —H), 105 (M —OH).

Oxidation of Rearranged Alcohol 20. Formation of Ketone
21. A 100-ml, three-necked flask was flamed out under nitrogen
flush and a solution of 1.58 g (20 mmol) of dry pyridine was added.
The solution was stirred magnetically and 1.0 g (10 mmol) of chro-
mium trioxide (dried over phosphorus pentoxide) was added. The
mixture was stirred for 15 min to form the chromium trioxide-
bispyridine complex and 200 mg (1.64 mmol) of crude alcohol 20
was added. The mixture was stirred at room temperature for 1 hr
and filtered, and the residual tar was washed with several portions
of ether. The combined filtrates were washed with 5% sodium hy-
droxide solution until the washings were colorless, 5% hydrochloric
acid, saturated sodium bicarbonate, and saturated sodium chloride
solutions. The organic phase was dried (MGSO4), and the solvent
was removed by distillation through a glass helix column to yield
110 mg (55%) of a colorless oil. VPC (SE-30 column, 100°) exami-
nation of the product mixture showed 90% of one component, ke-
tone 21, which was purified by preparative VPC (SF-96 column,
120°): nmr (CCl4) 51.4-2.0 (3 H, m, cyclopropyl), 2.1-2.5 (3 H, m,
methylene and a-keto), 2.85 (2 H, m, bridgehead); uv max
(CH30H) 202 nm (e 2500); ir (CC14) 3020, 2930, and 1750 cm-1;
high-resolution mass spectrum m/e 120.0577 (CgHsO), 91.0545
(CTH7Y).

Preparative  Acetolysis of exo-Tetracyclo[4.2.0.025.--
04,7]octan-3-ol Mesylate (17). Mesylate 17 (972 mg, 4.86 mmol)
and 480 mg (5.86 mmol) of anhydrous sodium acetate were dis-
solved in 100 ml of dry acetic acid. The solution was stirred and
heated to 80° for 22 hr, cooled, and poured into 500 ml of water.
The solution was extracted with pentane twice and with ether
once, and the combined extracts were washed with saturated sodi-
um bicarbonate until the extract was neutral. The extract was
dried (MgSCh), and the solvent was removed by distillation
through a glass helix column to yield 812 mg (100%) of a clear oil.
This oil was examined by VPC (SE-30 column, 120°) and was
found to consist of 90% acetate 18, identical with an authentic
sample.

Determination of the Acetolysis Rate of Mesylate 17. Ap-
proximately 0.5 ml of a solution of 69.3 mg (0.346 mmol) of mesyl-
ate 17 and 30 mg (0.364 mmol) of anhydrous sodium acetate in 2
ml of dry acetic acid was placed in an NMR sample tube. Two
drops of chloroform was added and the tube was sealed under ni-
trogen atmosphere. The tube was placed in a constant-tempera-
ture bath at 75.6° and the solvolysis was followed by NMR by
measuring the decrease of the «-mesylate proton signal at 5 5.55
against the internal standard chloroform signal, using repeated in-
tegration technique (error 5%). The rate calculated by computer
using a least-squares analysis was 1.2 X 10-4 sec-1.

Similar rate determinations were made at 60.0 and 44.7° and
gave rates of 2.61 X 10-5 and 2.95 X 10-6 sec-1, respectively. Good
first-order plots were obtained in all three cases. These data give
Ea= 30+ 3 kcal/mol and AH = 27 + 3 kcal/mol.
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9,9-Dimethoxy-1,2,3,4-tetrachloropentacyclo[4.3.0.025.038.047Jnonane (2) was found to rearrange to cage-
opened ketone 4 on treatment with concentrated sulfuric acid, but, with hydrogen bromide in acetic acid, ketal 2
was hydrolyzed to tetrachlorohomocubane (3). Treatment of 3 with aqueous base gave rise to the oxahomocubane
acid 6, while treatment with sodium hydroxide in benzene gave tetrachlorosecocubane acid (8). The conversion of
3 to 6 was shown to proceed through 8 via a sequence of intramolecular chlorine displacements by the isolation of
intermediate lactone 10. These results are discussed in relation to reactions of similar compounds which have

been previously described in the literature.

As part of an investigation of the tetracyclo[4.2.0.025.-
045floctane (secocubane) ring system, various chlorinated
cage compound intermediates have been studied in an at-
tempt to devise an efficient synthetic route to secocuban-
5-yl derivatives (1). The chemistry of polycyclic cage com-

pounds is altered a great deal owing to the electron-with-
drawing inductive effects and to the steric effects of multi-
ple chlorine substitution,3 and in the present study atten-
tion has been directed toward the role of these two effects
upon the rearrangement pathways of the cage system.
Tetrachlorohomocubanone ketal (2) was prepared in
good yield by the method of Warrener and coworkers.4 At-
tempts to hydrolyze ketal 2 with various concentrations of
sulfuric acid (up to 75% acid at temperatures up to 80°)

were unsuccessful, the ketal being recovered quantitatively.
However, treatment of 2 with concentrated sulfuric acid at
room temperature gave an unsaturated ketone 4, which was
isomeric with the expected cage ketone 3, in 70% yield. The
infrared absorption of the product at 1750, 1625, and 1590
cm-1 was compatible with an a-chloro conjugated carbonyl
group and an additional chlorinated cyclobutene double
bond.5 The ultraviolet spectrum, Xmex 234 nm (c 6700), also
indicated a conjugated ketone. The NMR spectrum exhib-
ited multiplets at 5 3.6 and 3.4 in a ratio of 2:1 in addition
to a one-proton doublet at 57.7. Double irradiation of the
signal at 5 3.6 caused the 5 7.7 doublet to collapse to a sin-
glet.

The above data indicate cage-opening rearrangement of
a hydrolysis intermediate with carbonium ion character at
the carbonyl carbon to give the product, 3,4,6,8-tetrachlo-
rotricyclo[4.3.0.028nona-3,8-dien-7-one (4). One possible
mechanism for the rearrangement to 4 is illustrated in
Scheme 1. The driving force behind the indicated 1,3-sig-
matropic shift is not clear, but such a shift is necessary in
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Scheme |

order to arrive at 4, which has only one vinylic hydrogen.
The exact nature of this rearrangement and the point at
which the 1,3 shift occurs is an open point, and the se-
quence illustrated in Scheme | is purely arbitrary. In any
event, generation of a very unstable carbonium ion at the
carbonyl carbon and the great driving force due to strain
release combine to bring about the observed rearrangement
of 2 to 4.

Acid-catalyzed hydrolysis of perchlorinated cage ketals
generally requires quite vigorous conditions, usually con-
centrated or fuming sulfuric acid.6 In such cases hydrolysis
usually occurs without rearrangement and is due to the ad-
ditional stability afforded to theex polycyclic systems by
the presence of more than four chlorine substituents. Even
though the perchlorinated cage ketals require more reac-
tive conditions to initiate hydrolysis, they do not undergo
the type of rearrangement pathway that is observed in the
hydrolysis of 2.

In an effort to hydrolyze ketal 2 without rearrangement,
it was heated with 30% hydrogen bromide in acetic acid in a
sealed tube. This procedure gave a quantitative yield of the

Cl ¢ cl c
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desired ketone 3, which hydrated rapidly to 5 on contact
with the moisture in air. Pure 3 had a characteristic car-
bonyl absorption at 1800 cm-1. This nucleophilic ketal
cleavage reaction does not involve a carbonium ion inter-
mediate and therefore rearrangement does not occur.7
Treatment of ketone 3 or its hydrate 5 with an aqueous
potassium hydroxide solution at reflux yielded oxahomocu-
banecarboxylic acid 6, isolated as its methyl ester 7. The
structure of 7 was assigned on the basis of the following
spectral evidence: NMR (CCl4) 83.55 (m, 4 H), 3.9 (s, 3 H),
5.2 (m, 1 H); ir (CCl4) 1760-1735 cm-1 (split carbonyl);
mass spectrum m/e 231, 211, In addition, ester 7 gave cor-

rect elemental analysis for the molecular formula
CioH80O3C12
Cl cl
CH,Fi-
Cl
Cl
a d

When 3 was treated with aqueous base at 75°, much
longer reaction times were required for complete reaction.
Esterification then gave an approximately equimolar mix-
ture of 7 and the ester (9) of the desired cleavage product,
tetrachlorosecocubanecarboxylic acid (8). Ester 9 had a sin-
gle infrared carbonyl absorption at 1745 cm-1 and its NMR
spectrum was similar to that of 7 with the exception of a
sharp doublet (J = 2 Hz) at 84.5 for the endo a-chloro pro-
ton replacing the broad 8 5.2 multiplet for the exo a-oxy
proton of 7. The lack of complex splitting observed for the
endo-secocubyl proton (H8) of 9 is a rather general phe-
nomenon which has been observed in other cage com-
pounds.8

Cl Cl

9

When ketone 3 was refluxed in benzene with solid, pow-
dered sodium hydroxide, a quantitative yield of seco acid 8
was obtained. In an attempt to recrystallize 8, the acid was
dissolved in hot aqueous methanol; the solution upon con-
centration and cooling afforded a new compound, a crystal-
line solid which was not an acid. The new compound was
assigned lactone structure 10 on the basis of its analysis for
molecular formula C9H502CI3, and the following spectral
data: NMR (CDC13) 83.65 (m, 3 H), 4.1 (m, 1 H), 5.3 (dou-
blet of doublets, J = 2 and 5 Hz, 1 H); ir (CDC13) 1780-
1770 cm-1 (split carbonyl). Lactone 10 must be formed via
intramolecular displacement of chlorine by carboxylate
anion in the polar aqueous medium.
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When lactone 10 was treated with aqueous potassium
hydroxide at room temperature it was converted quantita-
tively to oxy acid 6, indicating that the lactone is an inter-
mediate in the conversion of ketone 3 to 6. Thus, the sa-
ponification of the lactone must give ring-opened dianion
11, which undergoes intramolecular chlorine displacement
to yield the cyclic ether acid 6.

cl cl

cFTf

As afinal proof that seco acid 8 is an intermediate in the
conversion of 3 to 6, it was also subjected to further treat-
ment with aqueous potassium hydroxide solutions. At room
temperature no reaction occurred, but at reflux 8 was rap-
idly and quantitatively converted to 6. This result points
out the necessity for a greater driving force and higher tem-
perature in order to bring about the first intramolecular
displacement to lactone 10, and completes the cycle of in-
termediates capable of being converted into the end rear-

Scheme 11
Ccl ¢l Cl ¢l
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rangement product, oxy acid 6. These results are summa-
rized pn Scheme II.

The reaction pathways for ketone 3 illustrated in
Scheme Il have been observed previously in related sys-
tems. Perchlorohomocubanone (12) was reported to give,
stereospecifically, secocubane acid 14 in high yield when
treated with either aqueous potassium hydroxide or sodi-
um hydroxide in toluene.9 Apparently the presence of four
additional chlorine substituents stabilizes carbanion inter-
mediate 13 sufficiently to prevent the further reactions ob-
served in the tetrachloro compound.

In a related study, tetrachloro ketone 15, when heated
with sodium hydroxide in benzene, was found to give a
mixture of the ring-contracted product 16 and the ring-
cleaved product 17 in a ratio of 3:2. However, on treatment
with potassium hydroxide in either water or benzene, ke-
tone 15 gave exclusively cleavage to 17 in near-quantitative
yield.10 While these results are less readily rationalized
with the results of the present study, it is apparent that
changes in steric and strain factors due to the extra one-
carbon bridge in 15 must play a major role in determining
what reaction pathways are open to the molecule.

The formation of ring-cleaved products instead of the
normal Favorskii-type contraction in these reactions can be
attributed to a combination of factors due to ring strain
and to the added stability of the chlorocarbanion interme-
diates. However, the less common intramolecular displace-
ments occurring in the present study are most likely the re-
sult of severe steric interaction between the crowded endo
substituents in the ring-opened intermediates. In both the
formation of lactone 10 and its conversion to acid 6 the ste-
ric strain is relieved by closure of such an intermediate to
the cyclic product.

The formation of lactone 10 is not without precedent; a
similar intramolecular displacement to form lactone 20 has
been observed in the attempted ring contraction of bromo
ketone 18 in DMSO.11 The absence of multiple halogen
substituents to stabilize carbanion intermediate 19 inhibit
the formation ringe cleavage products and permit the se-
quence of intramolecular proton transfer and subsequent
bromine displacement to predominate (Scheme II11). Also,
the intramolecular displacement of halogen by alkoxide
anion has been observed in the sequence outline in Scheme
1V,12 a result illustrating the generality of endo -endo-sub-
stituted cages undergoing intramolecular ring closure via
chlorine displacement.
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Scheme 111

Scheme 1V

Experimental Section

3.4.6.8- Tetrachlorotricyclo[4.3.0.025]nona-3,8-dien-7-one
(4). A 125-mg (0.4 mmol) sample of ketal 2 was suspended in 5 ml
of concentrated sulfuric acid and stirred at room temperature. The
ketal gradually dissolved as the solution darkened in color. After 6
hr, the dark brown solution was poured into 60 ml of crushed ice
and the precipitated yellow solid collected by filtration. The aque-
ous layer was extracted with ether and the combined ether layers
were dried (MgSCb). Rotary evaporation of the solvent afforded
additional solid product. The combined crude product was chro-
matographed on 10 g of silica gel, eluted with 50% ether-pentane,
and recrystallized from pentane to yield 70 mg (70%) of ketone 4:
mp 143-145°; NMR (CDCI3) 83.4 (1 H, m) and 3.6 (2 H, m, bridge-
heads), 7.7 (1 H, d, 3 = 3.5 Hz, vinylic) (irradiation of the 83.6 sig-
nal caused the vinylic signal at 8 7.7 to collapse to a singlet, and ir-
radiation of the 8 7.7 signal greatly simplified the multiplet at 8
3.6); uv max (EtOH) 234 nm (t 6700); ir (CHCI3) 1750, 1625, and
1590 cm-1; mass spectrum m/e 268 (M+), 233 (M - CI).

Anal. Calcd for C9H40CI4 (269.94): C, 40.04; H, 1.48; Cl, 52.60.
Found: C, 40.13; H, 1.53; CI, 52.38.

1.6.7.8-
(3). A 12.15-g (0.0385 mol) sample of ketal 2 was placed in a thick-
walled Pyrex tube and 90 ml of 30% hydrogen bromide in acetic
acid was added. The tube was sealed under nitrogen atmosphere
and heated at 110° in a tube furnace for 10 days. The solvent was
evaporated, carefully avoiding water, and the crude brown residue
wa9 chromatographed on 500 g of silica gel. Elution with 50%
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ether-pentane and recrystallization from hexane-methylene chlo-
ride yielded 10.0 g (96%) of 3 which hydrates readily on exposure
to airr mp 175-178° (water loss at 100°); NMR (as hydrate 5)
(CDCI3) 8 3.1 (2 H, broad, OH), 3.8 (4 H, s, cage protons); ir
(CHCI3) 1800 and 1150 cm-1 (after exposure to air a 360-3300-
cm-1 absorption appears and the 1800-cm-1 peak is diminished);
mass spectrum m/e 268 (M+), 233 (M - CI).
9-Oxa-2,3-dichloropentacyclo[4.3.0.025038047]nonane-1-
carboxylic Acid (6). Treatment of ketone 3 or its hydrate 5 with
various concentrations of aqueous potassium hydroxide at reflux
afforded acid 6, while at lower temperatures mixtures of acids 8
and 6 were obtained. Longer reaction times were required when
lower base concentrations were employed. The procedures in all
cases were similar and are illustrated by the following example.

A mixture of 0.52 g (2.0 mmol) of ketone 2 in 50 ml of 30% aque-
ous potassium hydroxide was refluxed under nitrogen for 6 hr. The
solution was allowed to cool, poured into crushed ice, and acidified
with concentrated hydrochloric acid, and the resultant precipitate
was extracted with ether. The combined ether layers were washed
with saturated salt solution, dried (MgSCL), and rotary evaporated
to yield 0.42 g (92%) of crude acid 6. A pure sample of acid 6 was
obtained by recrystallization from ether-pentane: mp 201.5-
202.5°; NMR (acetone-cfe) 83.6 (4 H, m, cage protons), 5.35 (1 H,
m, a-ether); ir (KBr) 3400-2500 and 1710 cm-1; mass spectrum
m/e 232 (M+), 234 (M + 2), 197 (M - CI), 199 (M + 2 - ClI).

Anal. Calcd for CgHeOsClj (233.06): C, 46.30; H, 2.57; Cl, 30.45.
Found: C, 46.18; H, 2.56; Cl, 30.62.

A portion of the acid was esterified with ethereal diazomethane
and the crude ester was recrystallized from pentane, giving an ana-
lytical sample of methyl ester 7: mp 86-88°; NMR (CCl4) 83.3-3.7
(4 Hm m, cage protons), 3.9 (3 H, s, ester), 5.1-5.3 (1 H, m, a-ether
proton); ir (CC14) 1760-1735 cm-1 (split carbonyl); mass spectrum
m/e 231 (M - CH3), 211 (M - CI).

Anal. Calcd for COH6E0 214 (287.99): C, 37.55; H, 2.10; Cl, 49.20.
Found: C, 37.74; H, 2.13; Cl, 48.98.

1,2,3-exo0-8-Tetrachlorotetracyclo[4.2.0.02504%]octane-
endo-3-carboxylic Acid (8). Powdered sodium hydroxide (5.0 g,
0.125 mol) was added to a solution of 5.2 g (0.02 mol) of ketone 2 in
600 ml of benzene. The suspension was stirred magnetically and
heated to reflux under nitrogen. After 21 hr, the mixture was
cooled and extracted with water. The aqueous solution was acidi-
fied with concentrated hydrochloric acid and extracted several
times with ether. The combined ether layers were washed with sat-
urated salt solution, dried (MgSCL), and rotary evaporated to give
4.8 g (92%) of crude acid 8. Pure acid 8 was obtained by recrystalli-
zation from pentane: mp 216-220°; NMR (DMSO-ds) 83.4-4.1 (4
H, m, cage protons), 4.8 (1 H, d, 3 = 2 Hz, a-chloro); ir (CHCI3)
3500-2500 and 1720 cm-1; mass spectrum m/e 241 (M —CO2H),
215(M - Cl- CO2H),217 (M + 2- Cl- CO2H).

Anal. Calcd for C9H infn602Cl4 (287.99): C, 37.55; H, 2.10; Cl,
49.20. Found: C, 37.74; H, 2.13; Cl, 48.98.

A portion of acid 8 was esterified with ethereal diazomethane to
give ester 9. The ester was purified by recrystallization from pen-
tane: mp 127-128°; NMR (CCl4) 8 3.3-4.0 (4 H, m, cage protons),
3.95 (3 H, s, ester), 45 (1 H, d, 3 = 2 Hz, a-chloro proton); ir
(CCl4) 1745 cm-1; mass spectrum m/e 264 (M —Cl).

Anal. Calcd for CiOH802C14 (302.02): C, 39.75; H, 2.65; Cl, 47.00.
Found: C, 40.04; H, 2.75; Cl, 46.74.

9-Oxa-1,2,3-trichloropentacyclo[4.4.0.025038047]decan-10-
one (10). A solution of 1.0 g (3.5 mmol) of acid 8 in 150 ml of 10%
aqueous methanol was refluxed for 24 hr and cooled, and the white
precipitate was collected. The mother liquor was concentrated and
a second crop was collected to yield a total of 8.7 g (100%) of lac-
tone 10. The product was recrystallized from ether-pentane to af-
ford an analytical sample: mp 168-171°; NMR (CDCI3) 83.5-4.0 (3
H, m) and 4.0-4.3 (1 H, m, cage protons), 5.3 (1 H, doublet of dou-
blets, J = 2 and 5 Hz, a-oxy proton); ir (CHCI3) 1780 and 1770
cm-1 (split carbonyl); mass spectrum m/e 215 (M - ClI), 217 (M +
2 —Cl), 219 (M + 4 —Cl).

Anal. Calcd for CO9HS50 2C13 (251.56): C, 42.90; H, 1.99; CI, 42.30.
Found: C, 43.02; H, 2.13; Cl, 42.09.

Conversion of Lactone 10 to Acid 6. A. At Reflux. A mixture
of 62 mg (2.46 mmol) of lactone 10 in 20 ml of 20% aqueous potas-

Tetrachloropentacyclo[4.3.0.02s.038047]nonan-9-one sium hydroxide was refluxed for 5 hr. The mixture was cooled,

poured into crushed ice, and acidified with concentrated hydro-
chloric acid. The precipitate was extracted into ether, and the
ether solution was washed with saturated salt solution and dried
(MgS04). The solution was rotary evaporated to give crude 6,
which on esterification with ethereal diazomethane yielded 58 mg
(95%) of methyl ester 7 identical with an authentic sample.
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B. At Room Temperature. Lactone 10 (97.5 mg, 3.88 mmol)
was suspended in 40 ml of 20% aqueous potassium hydroxide and
stirred. The solid gradually dissolved, and after 5 days the clear,
colorless solution was acidified, worked up as in A, and esterified
to yield 80 mg of methyl esters. VPC examination (XF-1150 col-
umn, 200°) showed ester 7 and an unidentified by-product in a
ratio of 5:1.

Acid 6 from Acid 8. A 66-mg (2.29 mmol) sample of acid 8 was
stirred in 25 ml of 20% aqueous potassium hydroxide under nitro-
gen for several days. An aliquot worked up as described below
yielded only unreacted starting material. The mixture was then re-
fluxed for 5 hr and allowed to cool. The solution was poured into
crushed ice and acidified with concentrated hydrochloric acid, and
the resulting precipitate was extracted with three portions of
ether. The ether extracts were washed with saturated salt solution,
dried (MgSOd, and rotary evaporated to yield 50 mg (88%) of acid
G The formation of acid Gwas confirmed by esterification of the
acid with ethereal diazomethane, which gave methyl ester 7 identi-
cal with an authentic sample.

Registry No.—2, 20792-01-2; 3, 54119-85-6; 4, 54119-86-7; 5,
54119-87-8; G 54119-88-9; 7, 54119-89-0; 8, 54119-90-3; 9, 54119-
91-4; 10,54119-92-5.
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Synthesis of Some 4-Substituted Pentacyclo[4.3.0.024.038.05,7]nonane
Derivatives and Their Reactions. Cyclopropane Ring Expansion and
Cleavage
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The direct photolysis of 8-cyanodeltacyclene (1) gave 4-cyanopentacyclo[4.3.0.024.038.057nonane (2) in a high
yield. 2 was converted to the corresponding carboxylic acid 4, carbinol G and amine 10. Buffered hydrolysis of 6
p-nitrobenzoate (7) and 3,5-dinitrobenzoate (8) afforded exclusively pentacyclo[5.3.0.036.0210.069 decan-3-ol (9),
a cyclopropylcarbinyl-cyclobutyl rearrangement product. Deamination of 10 in CsHg-AcOH gave unrearranged
acetate 12 and rearranged acetate 13 in 7:13 ratio. Acid 4 was converted to isocyanate 18, which gave the corre-
sponding urea and urethane derivatives 19-22 on treatment with water, aniline, ethanol, and phenol, respectively.
On refluxing with KOH in ethylene glycol, 19-22 afforded a —1:9 mixture of exo-and endo-tetracyclo[4.3.0.
29 04,8In0Onan-3-ol (23x and 23e) accompanied with a trace amount of ketone 24. The formation of the alcohols
was explained by base-catalyzed cyclopropylamine rearrangement, followed by the Meerwein-Ponndorf-Verley

reduction.

The chemistry of small-ring compounds combined with
cage structure has in recent years received a great deal of
attention.1 We were intrigued by the possibility of ob-
taining novel ring system by skeletal rearrangement of
these systems. In this paper we wish to describe cyclopro-
pylcarbinyl cation and cyclopropylamine anion rearrange-
ments by using appropriately 4-substituted pentacy-
clo[4.3.0.024.038.05,7Jnonane derivatives.

Results and Discussion

Photolysis of 8-cyanodeltacyclene (1)2in ether afforded
a photoisomer 2 in 88% yield and a trace amount of dimer
33 (Scheme 1). 2 was identified as 4-cyanopentacy-
clo[4.3.0.024.038.057]nonane, an intramolecular Zda + 2<s
adduct, by spectral characteristics and the photochemical
analogy.4 Mass spectral molecular ion peak at m/e 143 and
analysis indicated a formula CI1I0HO9N for 2. In the NMR
(CDCI3, 60 MHz) spectrum, 2 had characteristic signals as
summarized in Table I. The lowest 4 H multiplet at 5 2.72
was assigned to Hi, H8, H 2, and H3 by comparison of the
chemical shifts reported for 4,5-bismethoxycarbonyl4ad
and 4,5-dicarboxylic acid analogs4d3bas well as the parent

pentacyclic compound.41The broad triplet at 8 2.36 was as-
signed to H5because of its 1 H peak area and its signal pat-
tern.5 The complex multiplet at 52.17 and broad singlet at
8 1.88 were assigned to He and H7, and H9 and Hg', respec-
tively. 3 had a molecular ion peak at m/e 286 (C20H18N2)
and ir (KBr) absorptions at 2250 (CN) and 814 and 790
cm-1 (nortricylene),6 and hence 3 was characterized as an
intermolecular 2 + 2ir photodimer.

On alkaline hydrolysis 2 afforded the corresponding car-
boxylic acid 4 in 90% yield. Esterification of 4 with diazo-
methane gave 5 quantitatively, which was reduced to carbi-
nol 6 with lithium aluminum hydride (89%). The p-nitro-
benzoate 7 and 3,5-dinitrobenzoate 8 were obtained in high
yields by the usual method.7 Lithium aluminum hydride
reduction of 2 afforded the corresponding amine 10 (82%),
which was characterized as its phenylurea derivative 11
(Scheme 1). The structures of these derivatives were con-
firmed by the spectral and analytical data (Table 1).8

On hydrolysis in 70% (v/v) aqueous dioxane in the pres-
ence of an excess amount of 2,6-lutidine at 170° for 24 hr, 7
afforded an alcoholic product 9 (40%, 77% based on 7 con-
sumed), 6 (trace), and unreacted 7 (48%) after work-up on a
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Scheme |

I_B chZzZhhr
4, R = COOH 10,R=H
6, R = CHDH
ch,nh?2
14 7, R =
8, R =

silica gel column. Similar hydrolysis of 8 at 140° for 40 hr
gave 65% of 9 (83% based on s consumed), a trace amount
of 6, and 28% of unreacted s. Compound 9, mp 122-124°,
had a formula CioH120 on the basis of analysis and a mass
spectral molecular ion peak at m/e 148. In the NMR spec-
trum, all protons appeared as a complex multiplet at 8
2.8-1.3, in which the signal at 8 2.30 (ca. 1 H) was assign-
able to OH by its disappearance on shaking with D20, and
the absence of the signal due to -CH20- suggested a ring-
expanded structure for 9. The spectrum was well dissolved
on addition of a shift reagent, tris(dipivalomethanato)eur-
opium(l1) [Eu(dpm)3], The shift gradient Ge was calcu-
lated by the spectral change with various amounts of
Eu(dpm)s and each signal was assigned with the aid of
spin-spin decoupling experiments as shown in Figure 1
The two-proton multiplet at 8 8.82-8.2 was assigned to H:
and He because of their largest G values (17.3 and 15.0).
The double doublet at 8 7.98 was assigned to H4x because it
had a large G value (15.7) and was decoupled to a doublet

Figure 1. NMR spectra of 9 in CDCI3 (60 MHZz).

CH,0Ac

AXOIPy
ACIOPy

hydrolysis

'CHR
OPNB
ODNB

(3 = 7.4 Hz), and to a doublet (J = 9.3 Hz) on irradiations
of the doublet at 8 6.28 and of the signal at 8 3.6, respective-
ly. On irradiation of the signal at 8 7.98, the doublet at 5
6.28 due to H4n collapsed to a singlet, indicating that J4ns X
is 9.3 Hz.1o The signal at 8 3.6 assigned to Hs was over-
lapped on the AB quartet due to Hgaand HSs, but the de-
coupling experiments indicated J4~s to be 7.4 Hz. The di-
hedral angle for Hanjs on a Dreiding stereomodel is nearly
90°, which is in accord with J4ns = 0 as observed. The
other signals were also assigned as in Figure : by consid-
ering G values and signal pattern. Hence, 9 was identified
as pentacyclo[5.3.0.03'.02'n .0s»]decan-3-o0l [or (trivial)
2,5,7,9-tetradehydroprotoadamantan-3-ol], a cyclopropyl-
carbinyl-cyclobutyl rearrangement product. The G values
were correlated with the measured distance r between the
oxygen and the hydrogen on a Dreiding stereomodel by the
so-called 1/r2 method.o11 A good correlation was obtained
as shown in Figure 2, supporting the above assignment.
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Table |

Spectral and Analytical Data of 4-Substituted
Pentacyclo[4.3.0.024.038.057]nonane Derivatives

Compd'l lt, cm-1 (KBr) NMR chemical shift, 6 (CDC13> 60 MHz)4 Formula0
2 2250, 1300, 2.72 (m, 4 H, H>823, 2.36 (bt,J = 6.0 Hz, 1 H, CjoHgN
775, 740“ H9, 2.17 (cm, 2 H, H8t7), 1.88 (bs, 2 H, H99.)
4 2660-2400, 10.48 (s, 1 H, COOH),42.75 (m, 4 H, HIf8, 27), C,dH,m2
1670, 1300, 2.50 (bt, 3 = 6.0 Hz, 1 H, HH, 2.10 (cm, 2 H,
790, 770, H6t7), 1.86 (bs, 2 H, H9i9,)
755
5 1720, 1300, 3.58 (s, 3 H, OMe), 2.53 (m, 4 H, HI>823), CjjH120 2
1275, 1210, 2.50 (bt, J = 6.0 Hz, 1 H, HH, 2.08 (cm,
786, 760 2 H, H8i7), 1.86 (bs, 2 H, H9i9)
6 3360, 1300, 3.58 (d,j = 3.6 Hz, 2 H, CH20 )/ 3.12 (t, J = CiOHi20
765, 745“ 3.6 Hz, 1 H, OH),4 2.55 (bs, 2 H, H)i8),
2.25-1.60 (cm, 5 H, H2f3i5f6>7), 1.82°
(m, ~2 H, H®9)°
7 1705, 1520, 8.25 (s, 4 H, C&H4), 4.50 (s, 2 H, CHD), clthl:no4
1345, 1300, 2.65 (bs, 2 H, H§, 2.11 (cm, 5 H,
1275, 1103, H2,3.5.6,7). 1-86 (bs, 2 H, Hm .)
780, 755
8 1715, 1615, 8.87 (s, 3 H, C&H3, 4.45 (s, 2 H, CHX), Ci7THi4N 20 e
1530, 1340, 2.57 (bs, 2 H, Hm), 2.3-1.45 (cm, 7 H,
1279, 1158, 1*2,3,5,6,7,9,9)
717
10 3360, 3280, 2.85 (s, 2 H, CHN), 2.60 (bs, 2 H, H>9), c 10n 13n
1620, 1300, 2.02 (bs, 2 H, H2i3), 1.90 (cm, 5H, "
765, 745 H5f8,7,99.), *-84 (2, 2 H, NH24
11 3360, 3280, 7.28 (m, 5 H, C&HH, 7.03 (t, J = 4.5 Hz, 1 H, c, 1B 2
1640, 1600, CHjNHCO)/ 5.32 (bs, 1 H, CONHC6H6),4 3.45
1300, 765 (d, J = 4.5 Hz, 2 H, CHjNH)/ 2.59 (m, 2 H,
H1,9, 1.99 (cm, 5 H, H2i3j5j8i7), 1.82
(bs, 2 H, H39)
12 1735, 1372, 4,13 (s, 2 H, CHD), 2.58 (bs, 2 H, HM), Ci2H 140 2
1300, 1240, 2.05 (bs, 8 H, 0=C M e, H2i3>5i8f7), 1.82
1025, 770“ (bs, 2 H, H9i9.)
17 2140, 1690, 2.75 (bs, 4 H, H1i8i2>3), 2.50 (m, 1 H, HH, C10H9N30
1370, 1248, 2.13 (cm, 2 H, HE6'7), 1.87 (bs, 2 H,
1190, 734“ h99)
18 2250, 1342, 2.67 (bs, 2 H, H1i8), 2.25 (m, 2 H, H29), C,,HINO
1290, 759“ 2.06 (cm, 3 H, H56t7), 1.71 (bs, 2 H, H9i9.)
19 3320, 3038, 5.37 (bs, 2 H, 2 NH),4 2.68 (bs, 4 H, 2 HI9, Ci9H 20N 20
1635, 1562, 2.23 (bs, 4 H, 2 H23, 2.10 (m, 6 H,
1295, 1260, 2 H5657), 1.75 (s, 4 H, 2 Hot9,)
759, 704
20 3310, 1646, 7.34 (m, 5 H, CeHH, 5.80 (m, 2 H, 2 NH),4 C 16**16N 20
1593, 1550, 2.60 (bs, 2 H, HIt8), 2.23 (m, 2 H, H2)),
760, 690 2.05 (cm, 3 H, h587), 1.70 (bs, 2 H, H99.)r
21 3390, 1690, 5.21 (bS, 1H, NH),4 4.41 (q, J =75 Hz 2H, C12H15ND2
1520, 1264, OCH2, 2.65 (bs, 2 H, H8, 2.21 (m, 2 H,
1258, 1072, H2 3, 2.05 (m, 3 H, H56 7, 1.71 (s,
784, 772 2 H, H9i9.), 1.25 (t, / = 7.5 Hz, 3 H, Me)
22 3340, 3050, 7.20 (bs,'s H, Ce&H5, 5.55 (bs, 1 H, NH),4 c 16h 15n 02
1705, 1590, 2.66 (bs, 2 H, H>8, 2.30 (m, 2 H, H23),
1293, 1243, 2.07 (m, 3 H, H5'Si7), 1.71 (bs, 2 H,
764, 682 H9.9<)

“ As neat film. 6 For hydrogen numbering, see Scheme I; bs = broad s, bt = broad t, cm = complex m. e Satisfactory analytical data for
C, H, N (£0.3%) were provided for these compounds. Ed. d Disappeared on shaking with D20. eIn CCI4." The signal became a singlet on
shaking with D20. g In 30% (v/v) pyridine-CDCI3. hRegistry no. are, respectively, 53940-92-4, 42132-22-9, 42132-21-8, 53940-93-5, 53940-
94-6, 53940-95-7, 53940-96-8, 53940-97-9, 53940-98-0, 53940-99-1, 53941-00-7, 53941-05-2, 53941-01-8, 53941-02-9, 53957-19-0.

On deamination with isoamyl nitrite in acetic acid-ben-
zene 10 afforded acetates 12 and 13 in 7:13 ratio (58%
yield). The structures of 12 and 13 were determined as the
acetates of 6 and 9 respectively, on the basis of analysis,
spectral data, and the same GLC retention times with sam-
ples prepared by acetylation of 6 and 9 (Scheme 1).

In the above solvolysis and deamination of 7, s, and 10,
the formation of the ring-expansion product in higher ratio
but no formation of cyclopropylcarbinyl-homoallylic rear-
rangement products or of secondary rearrangement prod-
ucts might be useful for synthesis of such strained cyclobu-
tane derivatives combined with cage structure. However,
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Scheme 11
KOHHOCHaCHOH
reflux
“COR NHCOR
16, R = Cl 19, R = NH
17, R = N3
20, R = NHCe&H5
21, R = OEt
22, R = OC&H5
23 23e 24
1
XVP
—
Scheme 111
2-nortricyclylcarbinylamine (14) as one of some related 3400 cm-: indicated 23e to be an alcohol, and the NMR

systems is known to afford only unrearranged acetate as
the major product on deamination.iz For the present sys-
tem the prohibition of further rearrangement of an inter-
mediate cation 15 could be rationalized in terms of a nonbi-
sected geometry of the cyclopropylcarbinyl cation moi-
ety.13,14

Primary cyclopropylamine has recently been shown to
rearrange with base, similar to the well-known cyclopropa-
nol rearrangement.is For example, I-methyl-2,2-diphenyl-
cyclopropylamine gives 4,4-diphenyl-2-butanone on treat-
ment with aqueous sodium bicarbonate at room tempera-
ture.is The present pentacyclic system was converted to
appropriate cyclopropylamine derivatives 19-22 and their
base-catalyzed rearrangement was examined (Scheme I1).

Carboxylic acid 4 was converted to the corresponding
carbonyl azide 17 via acid chloride 16, which on heating in
refluxing benzene afforded isocyanate 18 as an oil in 89%
overall yield from 4. 18 gave the corresponding urea and
urethane derivatives 19-22 on treatment with water, ani-
line, ethanol, and phenol, respectively. The structures of
these derivatives were confirmed by analytical and spectral
data (Table I). In the nmr spectra, 19-22 revealed charac-
teristic signals due to the pentacyclo[4.3.0.0z4.03 8.05,7]no-
nane moiety in 2:2:3:2 ratio at $2.68-1.70.

Treatment of bisurea 19 with sodium bicarbonate in 20%
aqueous ethanol at 80° for 3 days resulted only in recovery
of 19. However, on refluxing with potassium hydroxide in
ethylene glycol 19 afforded crystalline products in 73%
yield, which on GLC analysis revealed three peaks (23x,
23e, and 24) in 10:89:1 ratio. The major product 23e was
isolated after repeated sublimations, mp 141-143°, and had
a formula CoHi120 on the basis of analysis and mass spec-
tral molecular ion peak at m/e 136. Ir (KBr) absorption at

(CDClIs, 100 MHz) spectrum after addition of Eu(dpm)s
[Eu(dpm)s/23e = 0.12] had signals at 5 12.9 (broad s, 1 H,
OH), 7.60 (d, 3 = 6.0 Hz, 1 H, H3), 4.05 (d, J = 12.0 Hz, 1
H, H5), 3.44 (m, 1 H, H4), 3.05 (m, 3 H, H2, H6, Hg), and
2.25-1.70 (m, 5 H, other protons). From these spectral data
23e was characterized as endo-tetracyclo[4.3.0.02,9.04,8}
nonan-3-ol. Conclusive evidence for the structure as-
signed was obtained by oxidation (Sarett) of 23e to the
known tetracyclo[4.3.0.029.04 s5]nonan-3-one  (24), mp
89.5-9.5° (lit.ie mp 90.5-92°), which was identified with an
authentic sample by ir and NMR special comparison.i7
The minor product 24 in the above base-catalyzed reaction
was identified as this ketone also by the same GLC reten-
tion times. The second major product 23x, was identified
as an exo isomer of 23e because comparison of the NMR
spectrum of the mixture with that of 23e indicated that
23x had a characteristic Hs signal at $4.15 as unsymmetri-
cal triplet (J =* 1.5 Hz),17.18 and oxidation (Sarett) gave the
ketone 24 on GLC analysis. Under the same conditions
20-22 afforded also 23x and 23e in ~1:9 ratio accompanied
with a trace amount of 24 (Scheme 111).

The formation of 23x and 23e can be rationalized by con-
sidering an initial cyclopropylamine rearrangement to give
24, followed by its Meerwein-Ponndorf-Verley reduction.io

These results are of interest in view of the applicability
of base-catalyzed cyclopropylamine rearrangement to urea
and urethane derivatives also.

Experimental Section20

Photolysis of 8-Cyanodeltacyclene (1). A solution of 12 (4.0 g,
28 mmol) in ether (1.0 1) was irradiated through a quartz jacket
with a 300-W high-pressure mercury lamp under nitrogen at ~5°
for 49 hr. After removal of the solvent, an oily residue (4.8 g) was
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purified on a silic gel column eluting with n-hexane-CH2CI2 to af-
ford 4-cyanopentacyclo[4.3.0.024038057]nonane (2) as the first
fraction (3.53 g, 88%), mp 48-49°.

The second fraction gave 3 (20 mg, 1%): mp 187-190°; NMR
(CDCla, 60 MHz) b2.50 (m, 4 H), 2.12 (m, 4 H), 1.72 (broad s, 4 H),
1.35 (m, 4 H), and 1.05 (m, 2 H).

Anal. Calcd for C20Hi8N2 C, 83.88; H, 6.34; N, 9.78. Found: C,
83.82; H, 6.43; N, 9.76.

Similar irradiation of 1 in n-hexane gave 2 and 3 in yields of 13
and 35%, respectively. Irradiation of 1in acetone gave 2 (39%) and
an acetone adduct as an oil (20%), nl9n 1.5296.

Anal. Calcd for C13H15NO: C, 77.58; H, 7.51; N, 6.96. Found: C,
77.45; H, 7.57; N, 7.26.

Pentacyclo[4.3.0.024.0380s'7lnonane-4-carboxylic Acid (4).
A mixture of 2 (3.31 g, 23.2 mmol), potassium hydroxide (25.5 g),
water (85 ml), and ethanol (7 ml) was refluxed under nitrogen for
18 hr. Neutralization of the cooled mixture with 10% hydrochloric
acid afforded 4 as colorless crystals (3.39 g, 90%): mp 169-170°;
mass spectrum m/e 162 (M+) and 117 (M —CO2H).

Methyl Ester 5 from 4. Treatment of 4 with a ca. threefold ex-
cess amount of diazomethane in ether gave the corresponding
methyl ester 5 quantitatively after removal of the solvent and ex-
cess diazomethane as an oil which on standing crystallized, mp
55-56°.

Pentacyclo[4.3.0.024.038057Jnonane-4-methyl Alcohol (6). A
mixture of 5 (360 mg, 2.04 mmol) and lithium aluminum hydride
(400 mg, 10.5 mmol) in dry ether (30 ml) was stirred for 15 hr.
After decomposition of the excess reagent by addition of water, the
mixture was extracted with ether (5 X 30 ml) and dried (Na2SO,().
Removal of the solvent gave carbinol 6 as an oil (270 mg, 89%),
n22D 1.5223.

p-Nitrobenzoate (7) of 6. To an ice-cooled and stirred mixture
of p-nitrobenzoyl chloride (560 mg, 3.26 mmol) in pyridine (3.5 ml)
was added a solution of 6 (400 mg, 2.70 mmol) in pyridine (3.5 ml).
After stirring was continued for 2 hr at room temperature, the
mixture was poured onto ice-water (50 ml) to afford faintly yel-
lowish crystals which were filtered and recrystallized from aqueous
ethanol to give analytically pure 7 (565 mg, 70%), mp 69-70°.

3,5-Dinitrobenzoate (8) of 6. To an ice-cooled and stirred mix-
ture of 3,5-dinitrobenzoyl chloride (1.169 g, 5.07 mmol) in pyridine
(5 ml) was added a solution of 6 (0.750 g, 5.07 mmol) in pyridine (3
ml). After stirring was continued for 3 hr at room temperature, the
mixture was poured onto ice-water (50 ml). Resulting precipitates
were collected and recrystallized from ethanol to give 8 as needles
(1.38 g, 79%), mp 97-98°.

Hydrolysis of 7 and 8. A mixture of 7 (250 mg, 0.875 mmol) and
2,6-lutidine (360 mg, 3.36 mmol) in 70% dioxane-water (v/v) (20
ml) was heated in a sealed tube under nitrogen for 24 hr at 170°.
The cooled mixture was diluted with water (50 ml) and extracted
with ether (4 X 50 ml). The combined extracts were washed with
10% hydrochloric acid (3 X 50 ml), saturated aqueous sodium bi-
carbonate (3 X 50 ml), and water (50 ml) successively and dried
(Na2s04). After removal of the solvent, the residue was purified on
a silica gel column eluting with chloroform. The first fraction gave
unreacted 7 (120 mg, 48% recovery) and the second fraction afford-
ed pentacyclo[5.3.0.036.0210059]decan-3-ol (9) as crystals which
were sublimed to afford an analytical sample (52 mg, 40%), mp
122-124°.

GLC analysis of the crude product indicated that a trace
amount of unrearranged alcohol 6 was also produced.

A similar hydrolysis of 8 at 140° for 40 hr and work-up as above
afforded 9 (65%), 6 (trace), and unreacted 8 (28%).

Lithium Aluminum Hydride Reduction of 2. A mixture of 2
(0.80 g, 5.6 mmol) and lithium aluminum hydride (0.42 g, 11 mmol)
in dry ether (30 ml) was stirred at room temperature for 1 day.
After decomposition of the excess reagent by addition of water, the
mixture was extracted with ether (6 X 30 ml). The combined ex-
tracts were dried (Na2SC+) and the solvent was removed to give
crude product which was purified by sublimation (100°, 23 mm) to
afford pentacyclo[4.3.0.(F'4.038057Jnonane-4-methylamine (10)
as colorless crystals (0.67 g, 82%), mp 86- 88°.

Stirring of a mixture of 10 (40 mg, 0.27 mmol) and phenyl isocy-
anate (40 mg, 0.33 mmol) in benzene (5 ml) for 0.5 hr at room tem-
perature afforded colorless precipitates which were collected and
recrystallized from ethanol to give phenylurea derivative 11 (60
mg, 67%), mp 181-183°.

Acetylation of 6. A mixture of 6 (50 mg, 0.34 mmol) and acetic
anhydride (48 mg, 0.47 mmol) in dry pyridine (0.25 ml) was stirred
at room temperature for 15 hr. After addition of water (10 ml) the
mixture was extracted with chloroform (2 X 10 ml) and the com-
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bined extracts were washed with water (5 ml) and dried (Na2SC=).
Removal of the solvent gave an oily residue which was purified on
a silica gel column (CHCI3) to give 4-pentacyclo[4.3.0.024.-
038.05'7Inonylcarbinyl acetate (12) as a viscous oil (50 mg, 78%),
n20D 1.5022.

Deamination of 10. A mixture of 10 (1.0 g, 6.8 mmol), acetic
acid (0.40 g, mmol), and isoamyl nitrite (0.81 g, 6.1 mmol) in ben-
zene (13 ml) was refluxed for 4 hr. After removal of the solvent the
residue was chromatographed on a silica gel column eluting with
benzene to give an acetate mixture (0.73 g, 58%) which on GLC
analysis revealed two peaks in 13:7 ratio. The mixture was purified
by preparative GLC (30% silicone SE-30 on 45/60 mesh Chromo-
sorb W at 165°). The minor product, however, decomposed under
the GLC conditions employed but it was characterized as the un-
rearranged acetate 12 based upon the same retention times as an
authentic sample. The major product was isolated as a viscous oil
which was identified as the rearranged acetate 13: ir (neat) 1735,
1250, and 1016 cm-1; nmr (CDCI3, 60 MHz) b 2.93 (m, 1 H), 2.67
(m, 1 H), 2.38 (m, 1 H), 2.24 (m, 1 H), 2.01 (s, 3 H), 2.13-1.9 (m, 5
H), 1.75 (d, J = 9.0 Hz, 1 H), and 1.59 (d, J = 9.0 Hz, 1 H).

Anal. Calcd for Ci2H140 2 C, 75.76; H, 7.42. Found: C, 75.92; H,
7.26.

Acetylation of 9. A mixture of 9 (11.0 mg, 0.0743 mmol) and
acetic anhydride (20.4 mg, 0.200 mmol) in pyridine (0.3 ml) was
heated at 75° for 5 hr. The cooled mixture was diluted with chloro-
form (10 ml), washed with water (2 X 10 ml), and dried (Na2S04).
Removal of the solvent gave crude acetate, which was purified on a
silica gel column (CHCI3) to give acetate 13 as a viscous oil (13.0
mg, 93%), n20D 1.5028, which was identical with the sample from
deamination by ir and GLC comparisons.

Pentacyclo[4.3.0.024.038.057]nonane-4-carbonyl Azide (17).
A mixture of 4 (973 mg, 6.00 mmol) and thionyl chloride (5.0 ml,
8.35 g, 70.0 mmol) in n-pentane (50 ml) was stirred for 87 hr at
room temperature. Removal of the solvent and excess reagent
under reduced pressure gave crude acid chloride, to which dry ben-
zene (5 ml) was added and the solvent was removed under reduced
pressure repeatedly to give acid chloride 16 as an oil (1.08 g, 100%),
ir (neat) 1770 cm-1.

To an ice-cooled and stirred solution of 16 (0.54 g, 3.0 mmol) in
dry acetone (10 ml) was added sodium azide (0.60 g, 9.2 mmol) in
water (3 ml) and the mixture was stirred for 4 hr at room tempera-
ture. Diluted mixture with water (80 ml) was extracted with ether
(3 X 50 ml). The combined extracts were washed with saturated
sodium bicarbonate solution (3 X 30 ml) and dried (Na2S04), and
removal of the solvent under reduced pressure afforded 17 as an oil
(0.50 g, 89%).

Pentacyclo[4.3.0.024038.057]nonan-4-isocyanate (18). A so-
lution of 17 (1.00 g, 5.35 mmol) in dry benzene (25 ml) was added
dropwise to refluxing dry benzene (65 ml) in 40 min and the re-
fluxing was continued for 3 hr. The solvent was removed under re-
duced pressure (25 mm) to afford 18 as an oil (0.850 g, 100%) which
was practically pure. An analytical sample was obtained after dry
distillation (80°, 0.2 mm), n,9D 1.5240.

AT,JV'-Bis-4-pentacyclo[4.3.0.024.038.057]nonylurea (19). A
mixture of 18 (971 mg, 6.10 mmol) in 50% aqueous tetrahydrofuran
(35 ml) was stirred for 1 day at room temperature. Concentration
of the mixture to ~20 ml afforded colorless precipitates (645 mg)
which were collected and recrystallized from methylene chloride to
give 19 (530 mg, 59%), mp 259-260° dec.

JV-Phenyl-1V'-4-pentacyclo[4.3.0.024038057]nonylurea (20).
A mixture of 18 (40 mg, 0.25 mmol) and aniline (24 mg, 0.26 mmol)
in dry benzene (3 ml) was stirred for 0.5 hr at room temperature.
The resulting precipitates were filtered and washed with benzene
to give 20 as colorless crystals which were analytically pure (60 mg,
95%), mp 261-262°.

Ethyl IV-4-Pentacyclo[4.3.0.02'4.03,8.05 7Jnonylcarbamate
(21) . A mixture of 18 (330 mg, 2.08 mmol) and pyridine (0.1 ml) in
ethanol (10 ml) was refluxed for 17 hr. Concentration of the mix-
ture gave crude product which was recrystallized from ethanol to
give 21 as colorless crystals (285 mg, 67%), mp 79-81°.

Phenyl jV-4-Pentacyclo[4.3.0.024.0s8.057]nonylcarhamate
(22) . A mixture of 18 (460 mg, 2.89 mmol), phenol (315 mg, 3.35
mmol), and potassium hydroxide (10 mg) in benzene (9 ml) was
stirred for 15 hr at room temperature. Removal of the solvent gave
crude product which was recrystallized from n-hexane to give 22 as
colorless crystals (270 mg, 37%), mp 132-134°.

Base-Catalyzed Rearrangement of 19. A mixture of 19 (274
mg, 0.971 mmol) and potassium hydroxide (21 g) in ethylene glycol
(50 ml) was refluxed for 15 hr under nitrogen. A colorless solid was
sublimed at the refluxing condenser, which was taken up in ether.
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The reaction mixture was diluted with ice-water (200 ml) and ex-
tracted with ether (5 X 50 ml). The combined extracts and sub-
limed portion were washed with water (30 ml) and dried (Na2S04).
Removal of the solvent afforded a colorless solid (185 mg, 73%) of a
10:89:1 mixture of 23x, 23e, and 24 (GLC analysis). Three sublima-
tions of the mixture (100°, 25 mm) gave pure endo-tetracy-
clo[4.3.0.029.048lnonan-3-o0l (23e) as a colorless solid (79 mg,
30%): mp 141-143° (lit.2l mp 143.5-145.5°); mass spectrum m/e
136 (M+); NMR (CDCI3, 100 MHz) b4.55 (d, J = 6.0 Hz, 1 H, H3),
1.95 (s, ~1 H, OH, disappeared on shaking with D20), and 2.7-0.8
(m, 10 H, other protons).

Anal. Galcd for CgH"™O: C, 79.37; H, 8.88. Found: C, 79.27; H,
8.98.

In the nmr spectrum of the mixture, an unsymmetrical triplet
signal was observed at b4.15 (H3o0f 23x) in addition to others over-
lapped with the signals due to 23e. The integral ratio of the signals
at b4.55 (H30f 23e) and 4.15 (H3o0f 23x) was 9:1.

Oxidation of 23e to Tetracyclo[4.3.0.029.048nonan-3-one
(24). To an ice-cooled and stirred mixture of chromic anhydride
(200 mg, 2.00 mmol) in pyridine (4 ml) was added 23e (136 mg,
1.00 mmol) and the mixture was stirred for 2 days at room temper-
ature. The diluted mixture with water (60 ml) was extracted with
ether (3 X 20 ml) and the combined extracts were washed with
water (10 ml) and dried (Na2S04). Removal of the solvent gave
crude product (80 mg) which was purified by preparative TLC (sil-
ica gel, CHCI3) to afford 24 as colorless crystals (45 mg, 34%), mp
89.5-90.5° (lit.16 mp 90.5-92°). 24 gave a 2,4-dinitrophenylhydra-
zone, mp 196-198° (lit.16mp 210-211°).

Oxidation of the mixture of 23x and 23e gave also 24 (GLC anal-
ysis).

Base-Catalyzed Rearrangement of 20-22. A mixture of 20 (or
21, or 22) (5 mg) and potassium hydroxide (0.5 g) in ethylene gly-
col (3 ml) was refluxed for 15 hr under nitrogen. The mixture was
diluted with water (10 ml) and extracted with ether (3 X 10 ml).
The combined extracts were dried (Na2S04), concentrated to ~2
ml, and analyzed on GLC.
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53973-54-9; 16,53941-04-1; 23e, 53941-07-4.

References and Notes

(1) For some examples related to adamantane and noradamantane, see (a)
A. C. Udding, J. Strating, and H. Wynberg, Tetrahedron Lett., 1345
(1968); (b) H. W. Geluk and T. J. De Boer, Tetrahedron, 28, 3351
(1972); (c) J. E. Baldwin and W. D. Foglesong, J. Am. Chem. Soc., 90,
4303 (1968); (d) R. M. Coates and J. L. Kirpatrick, ibid., 92, 4883
(1970); P. v. R. Schleyer and R. E. Leone, ibid., 90, 4164 (1968); (e) B.
R. Ree and J. C. Martin, ibid., 92, 1660 (1970); V. Buss, R. Gleiter, and
P. v. R Schleyer, ibid., 93, 3927 (1971); (f) K. J. Shea and P. S. Skell,

Sasaki, Eguchi, Hibi, and Hiroaki

ibid., 95, 6728 (1973); (g) J. E. Baldwin and M. W. Grayston, ibid., 96,

1629 (1974).

T. Sasaki, S. Eguchi, M. Sugimoto, and F. Hibi, 3. Org. Chem., 37, 2317

(1972). The yield of 1 in the homo-Diels-Alder reaction of norborna-

diene with cyanoacetylene was improved up to 52% from 31% by

using a catalytic amount of polymerization inhibitor such as hydroqui-
none.

Photolysis of 1 in n-hexane afforded 2 and 3 in yields of 13 and 35%,

while photolysis in acetone gave 2 and an acetone adduct in yields of 39

and 20%, respectively.

(4) (a) C. F. Huebner, E Donoghue, L. Dorfman, E. Wenkert, W. E. Streth,

and S. W. Donely, Chem. Commun., 419 (1966); (b) P. K. Freeman and

D. M. Balls, J. Org. Chem., 32, 2354 (1967); (c) E. Wiskot and P. v. R.

Schleyer, Angew. Chem., Int. Ed. Engl., 6, 694 (1967); (d) H. Prinzbach

and D. Hunkier, ibid., 6, 247 (1967); see also ref 1d.

For the characteristic long-range coupling between H5 and Hg, see ref

1d.

P. K. Freeman, D. M. Balls, and J. N. Blazevich, J. Am. Chem. Soc., 92,

2051 (1970).

For example, cf. R. L. Shriner, R. C. Fuson, and D. Y. Curtin, "The Sys-

tematic Identification of Organic Compounds”, 5th ed, Wiley, New York,

N.Y., 1965; see also ref 1c.

Compounds 5, 6, and 12 have been synthesized recently by heavy

metal ion (e.g., Ag+) catalyzed rearrangement of 4-substituted homocu-

bane derivatives but detailed characterization seems not to be reported:

L. A. Paquette and J. S. Ward, Tetrahedron Lett., 4909 (1972); L. A. Pa-

quette, Acc. Chem. Res., 4, 280 (1971).

For a recent review on the lanthanide shift reagent, see A. F. Cockerill,

G. L. O. Davies, R. C. Harden, and D. M. Rackham, Chem. Rev., 73,

553 (1973).

(10) For geminal coupling constants of methylene group in cyclobutane de-
rivatives, see R. Cahill, R. C. Cookson, and T. A. Crabb, Tetrahedron,
25, 4724 (1969).

(11) This is an approximate method but many successful applications have
been reported, especially for rigid system such as adamantanol; A. F.
Cockerill and D. M. Rackham, Tetrahedron Lett., 5153 (1970).

(12) H. Hartand R. A. Martin, J. Am. Chem. Soc., 82, 6362 (1960).

(13) For recent extensive reviews on cyclopropylcarbinyl cation, see (a) H.
G. Richey, Jr., in "Carbonium lons”, Vol. lll, G. A. Olah and P. v. R
Schleyer, Ed., Interscience, New York, N.Y., 1972, pp 1201-1294; (b)
K. B. Wiberg, B. A. Hess, Jr., and A. J. Ashe, Ill, in ref 13a, pp 1295-
1345.

(14) For a cyclopropylcarbinyl cation system having an unfavorable perpen-
dicular confor mation, see ref 13b, pp 1300-1305, and ref le.

(15) H. M. Waiborsky and P. E. Ronman, J. Org. Chem.. 38, 4213 (1973),
and references cited therein.

(16) A. Nickon, H. Kwasnick, T. Swartz, R. O. Williams, and J. B. DiGiorgio,
J. Am. Chem. Soc., 87, 1615 (1965).

(17) Professor A. Nickon has kindly sent us the spectral data of 24 as well
as the epimeric alcohols 23x and 23e.

(18) The dihedral angles between H3 and H4, and H3 and H2 were ca. 80 and
70°, respectively, on a Dreiding stereomodel, suggesting that the cou-
pling constants between these protons are very small.

(19) Cf. H. O. House, "Modern Synthetic Reactions”, 2nd ed, W. A. Benja-
min, Menlo Park, Calif., 1972, p 154.

(20) Microanalyses were performed with a Perkin-Elmer 240 elemental ana-
lyzer. Melting points were determined with a Yanagimoto micromelting
point apparatus (hot-stage type) and are uncorrected. Ir spectra were
obtained with a Jasco IRA-1 spectrophotometer. Nmr spectra were
taken with a Jeol-C-60HL or a Jeol-JNM-MH-100 spectrometer using
Me4Si as internal standard, and mass spectra with a Jeol-01SG spec-
trometers at 75 eV. Glc analyses were performed with a Neva gas
chromatograph, Model 1400, and preparative glc with a Varian Aero-
graph Model 700 (silicone SE-30 column).

(21) Private communication from Professor A. Nickon; see ref 17.

@

-

3

<

G

-

G

=

(7

=

@8

-

(©

-



2-(Perfluoroalkyl)methylcyclopropane-l,I-dicarboxylates

J. Org. Chem., Vol. 40, No. 7, 1975 851

Cyclization during the Dehydrohalogenation of Perfluoroalkyl-Substituted
lodoalkylmalonates. Thermal Rearrangement of the Derived
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3-Perfluoroalkyl-2-iodopropylmalonic esters (la-e) cyclized during reaction with bases in aqueous and non-
aqueous systems to give 2-(perfluoroalkyl)methylcyclopropane-l,I-dicarboxylic acids (Ga-e) and diesters (5a-e)
in excellent yield. The higher homolog 4-perfluoroalkyl-3-iodobutylmalonate cyclized only in part, but was also
dehydrohalogenated to RFCH=CHCH2CH2CH(COOR)2, R = Et, H. The cyclopropane diesters 5b and 5c rear-
ranged thermally at 225-240° by a sigmatropic, 1,5-hydrogen shift to RFCH=CHCH2CH(COOETt)2 (3b, 3c). The
cyclopropanedicarboxylic acids 6b and 6¢c decarboxylated and rearranged at 175-200° to a mixture of RFCH =
CHCH2CH2COOH (13) and cis- and trans-2-(perfluoroalkyl)methylcyclopropanecarboxylic acids (15). At re-
duced CO2 pressure rearrangement was almost completely suppressed in favor of decarboxylation to 15. cis-15,
but not trans-15, slowly isomerized at a higher temperature to 13. No reaction occurred under conditions which
gave 13 from 6. A concerted rearrangement and decarboxylation of 6 is probable, facilitated by both opening of

the strained ring and release of CO2

The purpose of this research was to explore the behavior
of perfluoroalkyl-substituted iodoalkylmalonic acids and
esters, readily obtained by free-radical addition of iodoper-
fluoroalkanes (Rfl) to alkenylmalonie acids and esters.1
These addition reactions were efficiently catalyzed by 2,2'-
azobis-2-(methylpropionitrile) (ABN) initiator at 70°.

ABN
Rfl + CH=CH(CH2nCH(COOEt)2 - >
RFCH2CHI(CH2nNCH(COOEt)2
RF , m convn yield

la (CF3xXF 1 87% 88%

Ib-e cf3(cf2, 1 85 95
n= 1-7
If CF3(CF23 2 85 95

Ig cf3(cfld5 2 89 95

Certain perfluoroalkyl-substituted iodoalkenylmalonic
esters were also prepared by addition of R¥l to 2-propynyl-
malonic ester. This was an inefficient reaction, however,

ABN
RFI + HC=CCHZ2CH(COOEt)2 — »
Zn/H+
RFCH==CICH2CH(COOEt)2 - Yo
R¥f convn, yield
2b CF3CFZXF2 39% 85%
2c¢ CF3(CF23 23 95
OH

RFCH=CHCHXH(COOE)2 — -
RF yield

3b CF3CFXF2 86%
3c CF3(CF23 86
RFCH=CHCH 2CH(COOH)?2

RT yield

4b CF3CFXF2 95%
4c CF3(CF23 96

and suffered from wastage of the initiator by the acetylenic
ester. Reduction of adducts 2b and 2c by zinc and acid in
anhydrous ethanol, followed by hydrolysis,2gave a group of
related unsaturated esters (3b, 3c) and acids (4b, 4c) which
were useful in comparing structures and properties. These
syntheses were similar to those previously reported.34
Reactions of diethyl perfluoroalkyl-2- or -3-iodoalkylmalo-
nates la-g were found to give unexpected and varied re-

sults. Additionally, thermal behavior of the novel cyclic
products proved to be of unusual interest.

Results

Dehydrohalogenation of 3-perfluoroalkyl-2-iodopropyl-
malonic esters la-e gave entirely cyclization to 2-(perfluo-
roalkyl)methylcyclopropanedicarboxylic acids and esters,
as reported in a preliminary fashion.5 Reaction of la-e
with ethoxide ion in anhydrous ethanol or by sodium hy-
dride in benzene suspension took place via the carbanion
(Chart 1), and internal displacement of iodide ion gave cy-
clization to the cyclopropane-1,1-dicarboxylates 5a-e. No
olefinic product was formed by E2 elimination, as was
shown by comparison with authentic compounds 3b and
3c.

Chart |

Cyclization of
Diethyl 3-Perfluoroalkyl-2-iodopropylmalonates

Rr€EHZHICHZH(COOEL)2

la-e COOEt
H H
RFV ,/H CQOEt NaGH Kl -H cooh
COOEt aqueous COOH

5b, 88%, NaOEt-EtOH 6a-e, 95-100%

5c, 85%, NaH-benzene

Subsequent hydrolysis of 5b in aqueous ethanol using so-
dium hydroxide as base gave crystalline 2-(perfluoropro-
pyl)methylcyclopropane-I,I-dicarboxylic acid (6b) in 89%
yield. In aqueous ethanol at 40-80° cyclization of iodopro-
pyl esters la-e (all R¥ groups) with excess hydroxide went
rapidly and exothermically; hydrolysis of the ester groups
occurred inter alia and a quantitative yield of the corre-
sponding RF-substituted cyclopropane-1,1-dicarboxylic
acids 6a-e was obtained in each case. Reaction conditions
and some physical constants of the acids are briefly record-
ed in Table I

Reaction undoubtedly occurred by the sequence shown
in Chart 1, since reaction of the iodopropyl ester Ic with a
deficiency of base in aqueous ethanol gave some diethyl 2-
(perfluorobutyl)methylcyclopropane-l,I-dicarboxylate
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Table |
Preparation of 2-(Perfluoroalkyl)methylcyclopropane-l,I-dicarboxylic Acids (6a-e)

lodopropyl ester

f mol NaOH, mol
la CcfI2cF 0.030 0.12
Ib cF3cF)2 0.030 0.15
Ic cF3cF2)3 0.0183 0.0652
Id cf3(cF25 0.0200 0.0700
le cf3(cF7 0.0100 0.0400

° Monohydrate, mp 94-95°, from benzene solution. 6 Monohydrate.

Time, hr Temp, °C Acid Mp, °C
5 80 6a 128-129
7 80 6b 81-82°
5 40 6¢ 95
5 50 6d 1276
4 50 6e 1326

Table 11
NMR Spectral Data for Isomeric 2-(Perfluoropropyl)methylcyclopropane-l,I-dicarboxylic Acids (6a and 6b)

Proton 6 Multiplicity J, Hz (0.2 H)
Ha 1.8 Doublet of doublets Jab = 3.5-6
Hb 2.02 Doublet of doublets JBC = 9.0%,8.76

He 2.49 Multiplet® Jac = 7.5%-6

hd, he’ 2.75" Multiplet of doublet” *)c —"ec = 7.7°, 7.5bd
hd, he* 2.96 Multiplet of doublet6 JH-= 21.5%,19.5p4d

° NMR spectrum of 6a. bNMR spectrum of 6b. cActually a quintet owing to essentially equal values of coupling constants. dJDE could

not be determined owing to similar chemical shifts for HDand He.

(5c¢), albeit in reduced yield. In subsequent studies it is
hoped to determine whether it is possible to trap the carb-
anion in anhydrous systems before cyclization occurs, by
reaction with another alkyl halide, for example.

Spectral Data. The Rp-substituted cyclopropane-1,1-
dicarboxylic acids and esters were characterized by ir and
nmr spectra. The dicarboxylic acids 6a-e showed a carbon-
yl stretching band at 1735 cm-1 and a very strong band at
1640 cm-1, not affected by method of analysis. This was
unusual, as other 1,1-dicarboxylic acids such as 4b or
Rf(CH2)3CH(COOH)2 had a single stretching band at 1705
cm-1.3The diesters 5a-e had a carbonyl band at 1735 cm-1
and CH bands at 1400 and 1325 cm-1 (cyclopropyl ring).6 A
band at 1350 cm-1 appeared in both Ib and 5b and is prob-
ably associated with RpCH2 deformation. It appears that
bands at 1410,1070, 990, and 940 cm-1 are characteristic of
these substituted cyclopropanes and are absent in the
straight-chain compounds.

NMR spectra of 6a-e (acetone-ck) at 60 HMz gave a
cluster of lines for cyclopropyl ring protons (Ha, Hb, He) at
b 1.5-2.5, RpCH2 protons (Hp, He) at 5 2.9, and carboxyl
group protons as a single line at b 10.75, having correct
areas for each type of proton. NMR spectra of isomeric 2-
(perfluoropropyl) methylcyclopropane-1,1-dicarboxylic
acids 6a and 6b were also run at 100.1 MHz in pyridine so-
lution, as these structures afforded an opportunity to ob-
serve the effect of two closely related Rf groups in a well-
defined structure (Table I1).7

5a-e, R=Et
6a-e, R=H

The RfCH2 protons (Hp, He) of 6a appeared as a multi-
plet of a doublet, owing to coupling of the single F with ad-
jacent nonequivalent CH2 protons (Jhf = 21.5 Hz, JDE =
Jec = 7.7 Hz). Further analysis, using 19F resonance and

decoupling showed the c F3 groups to be nonequivalent and
coupled to each other and to the cF group. Each cF3 reso-
nance appeared as five lines, having JcfXfcf3 = 8 + 0.3
and JcfXF = 6.5 £ 0.3 Hz. The cF resonance consisted of a
multiplet of at least 16 lines, which were reduced to an ap-
proximate triplet having Jhf = 21.5 Hz by double 19 reso-
nance. The triplet nature of the cF resonance was only evi-
dent after decoupling from the crF3 signals. The RfCH2
protons of 6b gave a multiplet of a triplet as expected for
two adjacent F atoms (Jhf = 19-5 Hz). The proton reso-
nance for He turned out to be a quintet from nearly equal
coupling constants of four adjacent hydrogens.

Diesters 5b and 5c gave two overlapping quartets at 8
4.18 for two methylenes of the ethyl ester groups, as the
two CH2proton sets were evidently nonequivalent. By con-
trast, the unsaturated isomers 3a and 3c gave a single quar-
tet at 8 4.2; they also showed typical olefinic proton reso-
nances at 8 5.2-6.8 (very useful later for identification) and
a multiplet near 5 3.0 for the methine proton.

Cyclization of Higher Homologs. Dehydrohalogena-
tion of RFCH2CHICH2CH2CH(COOEt)2 (lg) by sodium
hydride at 60-70° gave 96% of an ester mixture (Chart I1).
Gas chromatography (GLC) of a sample removed before
distillation showed 54.7% of cyclobutyl ester 7, 5.0% of cis
ester, and 31.4% of trans ester 8. Pure 7 had no olefinic res-
onance in its pmr spectrum; cyclobutyl protons were seen
at 6 1.8-2.7 and two quartets of the nonequivalent methy-
lenes of the ester groups at 84.2 and 4.25. The cis and trans
olefinic ester 8 showed the methine proton at 83.2 as a trip-
let (J = 6 Hz). Reaction of Ig with sodium hydroxide in
aqueous ethanol at 50° gave solid acid mixture 9-10 in
guantitative yield. Recrystallization afforded pure trans 9
in a recovery of 70%, and a residue of cis- and trans 9 with
10. Quantitative estimation was difficult because of the
thermally sensitive nature of the malonic acid 9. Similarly,
reaction of If gave the isomeric unsaturated malonic acid
(cis- and trans 11) as the chief product with a little of the
cyclobutyl compound 12, as shown by comparison of NMR
spectra.

1,5-Hydrogen Shift Rearrangement of 2-(Perfluo-
roalkyl) Methylcyclopropanedicarboxylates. Isomer-
ization of 5c to diethyl 3-perfluorobutyl-2-propenylmalon-
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Chart 11
Cyclization vs. Elimination in Dehydrohalogenation of
4-Perfluoroalkyl-3-iodobutylmalonic Ester

Sodium Hydride in Benzene

COOEt
/\ -
RfCHZHICHZH(COOEL), Rf \
COOEt
1g,CF/CF26 7. 55%

B2

R¥C H=CH CHZTHXH(COOEW),

cis-8,5% trans-8,31%
Aqueous Alkali
COOH
Ig ~
COOH
E2 10, ~20%

RFRCH=CHCHZH2CH(COOH)2
cis-9, ~ 10% trans-9,70%

ate (3c) occurred very slowly at 200° but more rapidly at
225-242° (Chart I11). Reaction was followed by GLC, using
as standard reference compound the diester 3c previously
prepared (see introduction). The course of isomerization is
summarized in Table Ill, and was accompanied by the for-
mation of two side products in small yield.

Chart 111
Rearrangement of Perfluoroalkyl
Methylcyclopropanedicarboxylates

5¢c, R = Et

3c, R = Et, 85% conversion
4c, R = H, unstable

The unsaturated dicarboxylic acid 4c, obtained by the
1,5-hydrogen shift pathway (or synthesized by an indepen-
dent route), was unstable and immediately decarboxylated.
The malonic acid 4c thus could not be isolated from this
reaction. The conditions were too severe. The product ac-
tually isolated was RFCH=CHCH2CH2COOH (13), which
does not cyclize to a cyclopropane derivative. Experimental
evidence was obtained as follows. The malonic acids 4b and
4c were prepared via addition of perfluoroalkyl iodides to
an alkynylmalonate and subsequent steps, as previously
shown. The crystalline malonic acid 4b or 4c, with the dou-
ble bond adjacent to the R¥ group, when heated to just over
125° decarboxylated, giving the perfluoroalkyl-4-pentenoic
acid 13. This is the same acid as found in the thermal rear-
rangement of 6b or 6c. 13b had been previously prepared
by dehydrohalogenation as indicated, and its structure de-
termined.4
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Table 111
Isomerization of Diethyl 2-(Perfluorobutyl)-
methylcyclopropane-l,I-dicarboxylate (5c) to Diethyl
3-Perfluorobutyl-2-propenylmalonate (3c)

Time, hr  Total,hr  Temp, °C 5¢, % 3¢, % Others, %
3 3 200 90.3 2.8 1.5,3.5
5 8 225 75.4 20.4 13,25
4 12 242 57.7 42.4 4.6,2.5
12 24 242 14.0 85.2 6.0

heat
r fch= =CHCH2CH(COOH)2

4b, 4c
RfCH=CHCH2CH2COOH
13b, Rf = CF3CFXF2
c, Rf = CFCFXFXF2
RFCH2CHICHXH2XCOOH + OH------- » 13b
CF3CF2XF2

Thermal behavior of the cyclopropanedicarboxylic acids
6b and 6¢c was actually much more complex than that of
the corresponding diesters 5b and 5c. It was found that two
simultaneous reactions occurred when the diacids were
heated and their relative rates depended on reaction condi-
tions. Also the diacids were very much more labile than the
diesters. At 200° in 1 hr in an open flask decomposition of
6c was complete and the evolution of C02 (quantitative)
had ceased. Subsequent analysis of the product mixture re-
vealed that both 1,5-hydrogen shift and simple decarboxyl-
ation to cis- and trans-2-(perfluoroalkyl)methylcyclopro-
panecarboxylic acid (15) had occurred (Chart 1V). The
ratio of 13c to 15 was 3:7. When 6¢ was heated in a sealed
tube at 196° for 3 hr the relative amounts of 13c and cis-
and trans-15 was 3:2. If C02 was continuously swept out
under reduced pressure in a distilling apparatus, thermal
rearrangement was almost completely suppressed. At
165-173° and 15-25 mm pressure the ratio of 13c to 15 was
3:97. Distillation afforded 3.4% of 13c, 63.8% of trans-15,
and 32.8% of cis-15 in 95% yield. Even at 202° (65 mm) the
product comprised nearly pure cis- and trans-15. trans-15
crystallized from the mixture and was characterized by
spectral and other means.

Chart IV
Rearrangement and Decarboxylation of 2-
(Perfluoroalkyl)methylcyclopropane-l,I-dicarboxylic
Acids

r fCH=CHCHZXHZ00H

13c, 28.4%
R'x / COOH R~
R,
COOH 0.
cis-15,18.9% inms-15. 49.6% q
14¢, 2%

The small amount of lactone 14 formed under certain
conditions was indicated by a strong band at 1780 cm-1 in
ir spectra, and a separate peak in GLC analysis. Lactoniza-
tion had previously been observed in reactions of related
substances.3
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At a considerably higher temperature the eis-2-(perfluo-
roalkyl)methylcyclopropanecarboxylic acid (cis-15) slowly
isomerized to 13. A mixture of cis and trans or pure trans
isomer of 15 was unchanged by heating at 196° for 3 hr or
longer, but at 226° cis-15 gave 7% of 13c in 20 hr, while the
amount of trans-15 present remained unchanged. In order
to quantify these reactions the acid mixtures (13c, cis- and
irons-15) were converted to ethyl esters (16c and cis- and
trans-17) by way of the acid chlorides. Conversions were
guantitative and GLC analysis correlated well with area ra-
tios of olefinic protons for 13c:15 or 16¢:17. Nearly pure
irons-17 was isolated by fractional distillation and served
to identify GLC peaks.

cis-15 (32.8%)
trans-\5, (63.8%)
13c (3.4%)

13c + (ds-15 + irans-15)

> R,CH= CHCHZH,C(OEt (16c) +

2. EtOH
10.4%

cis-17, 24.2%

COOEt
trans-V, 64.5%

Discussion

Dehydrohalogenation of perfluoroalkyl-2- or -3-iodoalk-
ylmalonic esters (la-g, Charts | and 1) may be contrasted
with analogous reactions of oj-halogenoalkymalonic esters
[X(CH2NCH(COOELt)2, X = Cl or Br, n = 2, 3, 4, or 5]
which gave as sole product the cycloalkane-1,1-dicarboxylic
ester. Intramolecular nucleophilic substitution of the inter-
mediate carbanion in the rate-determining step was dem-
onstrated.810 Formation of three-membered rings was very
much faster than that of four-, five-, or six-membered
rings. When X = Br relative rates were 3:5:4:6 ring =
80,000:800:2.5:1.8 For the perfluoroalkyl-substituted esters
the acidifying effect of an Rf¥ group should increase the
rate of base attack on the RFCH2protons of la-g at the ex-
pense of internal displacement (kc) by the carbanion of the
CHI group.11,12 Steric hindrance for the approach of the
carbanion to a secondary CHI would be greater than to a
terminal CH2l. These considerations help to explain the
lack of specificity for base attack on the Rp-substituted io-
dobutylmalonates, If and Ig. For the 3-perfluoroalkyl-2-
iodopropylmalonates la-e, the unfavorable enthalpy of ac-
tivation for three-membered ring formation may be partly
offset by a higher entropy term, since closing the ring be-
comes more difficult as the ends become farther sepa-
rated.1314

Knipe and Stirling further suggested that resonance in-
teraction of the cyclopropane ring (as a conjugated unsatu-
rated system) and a substituent serves to lower the enthal-
py of activation.8 There is good evidence for stabilization
by cyclopropane, but not for higher homologs.10 Thermal
isomerization of RpCH2-cyclopropane-l,I-dicarboxylates
belongs to the class of Cope rearrangements.15 A six-mem-
bered transition state, drawn in the form of a chair (Chart
I11), is postulated. This type of reaction has been called an
“enolene rearrangement” since the intermediate possesses
an enol form, and the process generates an alkene.16 It has
formal similarity to other suprafacial sigmatropic 1,5-hy-
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drogen shift processes.17 Previous studies employing ethyl
cis- and irons-I-methyl-2-methylcyclopropanecarboxy-
latel8 and cis- and irans-l-acetyl-2-methylcyclopropanel6
have shown that hydrogen transfers from the same side but
not from the opposite side of the ring.19 Conversion of cis-
15 to 13c is another example and failure of trans-15 to
rearrange fits into this picture nicely.

Thermal rearrangement of diesters 5a-e constitutes a
potentially useful synthesis of Rp-substituted malonic es-
ters 3 or the acids 4, as free-radical addition of perfluo-
roalkyl iodides to the alkynylmalonates was an inefficient
process.

The most surprising results of this study were (a) the re-
markable dependence of thermal rearrangement-simple
decarboxylation of diacids 6 on the conditions of reaction;
and (b) the facility with which decomposition of the diacids
6 occurred compared with the diesters 5. Decarboxylation
of 6¢ to cis- and trans-15 was favored over Cope rearrange-
ment to 13c by reduced CO02 pressure. This appears to in-
volve an intermediate 18 leading to the final product 15,
and a competitive pathway leading to another intermediate
19 and final products, C02and 13 (Chart V).20

Decarboxylation is known to proceed by means of a cy-
clic intermediate which achieves the highly strained struc-
ture 18 at the expense of release of energy in C02 forma-
tion.21,22 The 2:1 preference for trans-15 over cis-15 (Chart
1V) is then explained by proton transfer back to the ring in
such a way as to minimize steric repulsion between the
bulky and electronegative RFCH2and COOH groups.

Chart V
Cope Rearrangement vs. Decarboxylation of 2-
(Perfluoroalkyl)methylcyclopropane-l,1-dicarboxylic
Acids

The intermediate form 19 depicted in Chart V should be
compared with the Cope intermediate shown in Chart IlI.
It can be seen that simultaneously with enolene formation,
transfer of a proton of the second carboxyl group to an ene
carbon of 19 will permit the departure of the C02 molecule
and generate directly the enol form of 13. In this way the
[1,5]-hydrogen shift and decarboxylation to 13 may become
concerted. Indeed, relief of ring strain in opening the cyclo-
propane would assist the decarboxylation step as well.2L
These suggestions appear to offer a consistent explanation
for the unusual results of this study. Further work will be
necessary to determine thermodynamic values, rate factors,
and the influence of structural variations on the course of
this rearrangement.
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Table IV
Preparation of Diethyl 3-Perfluoroalkyl-2-iodoalkylmalonates (la-g)a
AUymyl malonate lodoalkyl ester
ABN, Reaction
f Rpl, mol mol x 10 3  Compd Mol time,hr  Compd Convn,%  Yield, % Bp, C (mm) n25D
(cf32cf 0.100 1.00 20 0.075 20 la 87 88 97 (0.30) 1.4200
c £3(c £2)2 0.100 1.00 20 0.075 19 Ib 81 94 104 (0.30) 1.4210
cf3(c 23 0.179 3.00 20 0.150 17 Ic 85 96 100 (0.10) 1.4122
cf3(c 23 0.0413 0.610 21 0.0325 17 If 85 93 111 (0.2.0) 1.4168
c f3(c £2)5 0.0500 1.00 20 0.050 20 Id 89 95 124 (0.50) 1.3994
cf3(c f2)5 0.0500 1.00 21 0.050 20 Ig 89 95 137 (0.60) 1.4040
cf3(c F27 0.0250 0.500 20 0.0250 18 I'e 87 94 142 (0.60) 1.3905

1Satisfactory analytical data (+0.4% for C, H, F, or ) were reported for all new compounds listed in the table.

Experimental Section

Source of Materials and Physical Measurements. Diethyl 2-
propenylmalonate (20), bp 115° (19 mm), n25D 1.4307 [lit.23 bp
116-124° (20 mm)], diethyl 3-butenylmalonate (21), 36% yield
from 4-chloro-l-butene or 59% yield from 4-bromo-l-butene, bp
132° (23 mm), n25n 1.4315 [lit.24 bp 116-121° (12 mm)], and di-
ethyl 2-propynylmalonate (22), bp 117° (9 mm), n25D 1.4356 [lit.26
bp 109.5° (13 mm), re20D 1.4384], were prepared by the literature
method.26 2-lodoperfluoropropane was a gift from E. I. du Pont de
Nemours and Co. The perfluoroalkyl iodides, CF3(CF2),l (n = 3,
5, 7), were a gift from Ciba-Geigy Corp., through the courtesy of
Dr. E. K. Kleiner. The physical constants were those previously
given.2 2,2-Azobis-2-(methylpropionitrile) (ABN) was obtained
from Eastman Kodak Co.

Melting points were observed using a Thomas-Hoover Unimelt
apparatus and are uncorrected. Infrared spectra were recorded on
a Perkin-Elmer Model 337 spectrophotometer. NMR spectra were
observed using a Varian T-60 spectrophotometer and as indicated,
at 100.1 MHz.7 Gas chromatographic analyses were done using a
Sargent-Welch thermal conductivity instrument and under condi-
tions which are listed where appropriate.

Preparation of Diethyl 3-Perfluoroalkyl-2-iodopropvl-
malonates and Diethyl 4-Perfluoroalkyl-3-iodobutylmalon-
ates. Table IV summarizes the free-radical addition of perfluo-
roalkyl iodides to 20 and 21. Analytical data for all new compounds
are presented in Table V.27 NMR and ir spectral data were consis-
tent in each case. A typical procedure follows Table IV.

Diethyl 3-Perfluorooctyl-2-iodopropylmalonate (le). A
heavy-wall glass tube was charged with 1-iodoperfluorooctane
(13.65 g, 0.0250 mol), 20 (5.00 g, 0.0250 mol), and ABN (0.0821 g,
5.00 mmol), cooled to —78°, evacuated and filled three times with
nitrogen, and sealed. The tube was immersed in an oil bath at 70°
for 18 hr, opened, and rinsed out with pentane through a sintered
glass filter. The clear, colorless liquid was distilled in a short-path
still without a column, heating with an oil bath up to 170°: le, bp
142° (0.65 mm), n26D 1.3900, 16.3 g (87%); ir f—o 1735 cm 1
NMR b3.75 (t, J = 6 Hz, CH2CH(COOELt)2), 4.18 (m, overlapped
peaks of CHI and COOCH2CH?3). Residual oil (0.60 g), trap liquid
(0.47 g), and a few drops of forerun were also obtained. Analyses
are in Table V.

Preparation of Diethyl 3-Perfluoroalkyl-2-iodo-2-propyn-
ylmalonates. A. 2b from 1-lodoperfluoropropane and Diethyl
2-Propynylmalonate (22). 22 (15.85 g, 0.0800 mol), 1-iodoperflu-
ororopane (29.6 g, 0.100 mol), and ABN (0.164 g, 1.00 mmol)
under identical conditions with those given above gave recovered
Rl (19.4 g, 65%), 22 (9.0 g, 57%), and diethyl 2-iodo-4,4,5,5,6,6,6-
heptafluoro-2-hexenylmalonate (2b), bp 122° (2.4 mm), n25D
1.4282, 12.7 g, and residual oil, 1.0 g. Redistillation of combined
cuts in a 2-ft platinum spinning band column afforded pure 2b,
14.4 g (39.2% conversion, 85% yield): ir fon 3080 (w), vc=0 1750,
vo-c 1640, bands at 1040, 975, 960, 940, 920, 860, 750, and 540
cm-1 (these results indicated that both cis and trans isomers were
present);4 NMR b 3.30 (2 protons, d, J = 7 Hz, CH2CH), 3.8C (1
proton, t, J = 7 Hz, CH2CH), 6.60 (1 proton, t, Jne - 14 Hz,
CF2CH=Cl).

B. From 1-lodoperfluorobutane and 22.22 (19.8 g, 0.100 mol),
1-iodoperfluorobutane (27.6 g, 0.0800 mol), and ABN (0.164 g, 1.00
mmol) gave diethyl 2-iodo-4,4,5,5,6,6,7,7,7-nonafluoro-2-heptenyl-
malonate (2c¢), bp 98° (0.32 mm), re24D 1.4210, 10.3 g, 23% conver-
sion and 95% yield based on recovered starting materials.

Zinc Reduction of Diethyl 2-lodo-4,4,5,5,6,6,6-heptafluoro-

2-hexenylmalonate (2b) to Diethyl 4,4,5,5,6,6,6-Heptafluoro-
2-hexenylmalonate (3b). 2b (10.0 g, 0.0202 mol), ethanol (50 ml),
and zinc (6.5 g, 0.10 g-atom, 30 mesh) was stirred while anhydrous
hydrogen chloride was passed in at 75° until hydrogen gas evolu-
tion began. After 0.5 and 4 hr reaction times, zinc (6.5 g) was
added. HC1 gas was fed in momentarily as needed, to maintain gas
evolution during the reaction. After 6.5 hr the liquid was poured
into 100 ml of water and extracted three times with 20 ml of CCl4.
The organic layer was rinsed with water, dried over MgS04, and
distilled in a 24-in. platinum spinning band column. Diethyl
4,4,5,5,6,6,6-heptafluoro-2-hexenylmalonate (3b) had bp 120° (8.0
mm); n25D 1.3805; 6.4 g (86%); ir (neat, KBr) t>c=0 1750, vc=c
1675, Sch 1470, 1450, 1375, 1350; and bands at 970, 940 (w), 860,
and 750cm-1; NMR b 1.25 (6 protons, t,J = 7 Hz, OCH2CH3), 2.85
(2 protons, m, CH2CH), 3.3-3.9 (1 proton, m, CH(COOC2H5)2), 4.2
(4 protons, q, J = 7 Hz, OCH2CH3J), 5.0-6.8 (2 protons, m, cis and
trans CH=CH.

Diethyl 4,4,5,5,6,6,7,7,7-Nonafhioro-2-heptenylmalonate
(3c). In similar fashion diethyl 2-iodo-4,4,5,5,6,6,7,7,7-nonafluoro-
2-heptenylmalonate (2c, 7.3 g, 0.013 mol) gave cis- and trans-3c,
bp 116° (3.0 mm), n2bD 1.3747, 4.4 g (70%).

Hydrolysis of 3b to CF3CF2CF2CH=CHCH2CH(COOH)2
(4b) and Decarboxylation of 4b to CF3CF2CF2CH-=
CHCH2CH2COOH (13b). 3b (4.6 g, 0.0125 mol) was added to a
solution of NaOH (1.1 g, 0.050 mol) in water (2.5 ml) and ethanol
(23 ml), kept at 70° for 5 hr, diluted to 100 ml with water, and aci-
dified with 6N HC1 (20 ml). 4b was extracted into dichlorometh-
ane (three times, 15 ml), dried over MgSCU, and evaporated (2.7 g,
95%) to partly crystalline cis- and trans-4b: ir rc=o 1725, vc—
1675 (w), 5ch 1410, 1350, yc—¢ 910 (s) and 940-930 cm-1. The
mixture when recrystallized from CCl4 and then HCCI3 gave pure
ir<ms-4b, mp (sinter 75°) 79-80°, evolved C02 at 122-130°. The
residual oil was heated to ca. 150° for 10 hr and 13b distilled, bp
68° (0.25 mm), n2SD 1.3630, 1.4 g, identical with the sample pre-
viously prepared.4

2-(Perfluoroalkyl)methylcyclopropane-l,I-dicarboxylie
Acids (6a-e). Typical Procedure. NaOH (6.0 g, 0.15 mol) in
water (7 ml) and ethanol (63 ml) was added while stirring to Ib
(14.8 g, 0.0299 mol) in ethanol (60 ml) and kept at 60-80° for 7 hr,
diluted to 200 ml with water, and acidified with hydrochloric acid.
Solid acid 6b, dried at ambient temperature, was obtained as the
monohydrate (9.4 g, 96% of theory), mp (sinter 89°) 91-92°, re-
crystallized from benzene, mp 94-95°. 6b monohydrate lost water
of hydration when stored over P205for several weeks, or dried in a
vacuum oven at 60° overnight; the melting point dropped to 81-
82°. Samples of 6b monohydrate and of 6b were titrated in 50%
aqueous ethanol with 0.02514 N sodium hydroxide solution, using
a pH meter. A pH-volume plot for 6b monohydrate gave mid-
points of breaks in the curve at pH 5.6 and 10.6, with equivalent
weights of 343 and 164. Anhydrous 6b gave midpoints at pH 5.3
and 10.1, with equivalent weights of 318 and 155. Ir (KBr disk)
pcooh 3560, rc=0 1730, 1640, beh 1410, 1360, pCf 1290, 1270, 1225;
bands at 1170, 1165,1125,1105,1070,1060, 995, 945, 805, 780, 775,
695, and 530 cm-1. For NMR spectral data see Table Il. Prepara-
tions of related compounds are listed in Table I.

Sodium Ethoxide Induced Cyclization. Diethyl 2-
(2,2,3,3,4,4,4-Heptafluorobutyl)-l,I-cyclopropanedicarboxyl-
ate (5b). Ib (10.0 g, 0.0200 mol) was added dropwise to a solution
of sodium (0.4702 g, 0.0204 mol) in anhydrous ethanol [distilled
from Mg(OCH?3)2Z] at 56-62° during 20 min, with stirring by a mag-
net bar. The clear yellow solution was kept at 62° for 16 hr, 55 ml
of 6.0 N HC1 and 50 ml of water were added, and the orange oil
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Table VI
Fractionation of 7, 8 Mixture

Fraction Bp, C(mm) Wt,g 6.5 8.2
i 95(0.30) 0.79 5.0% 3.1%
11 93-97 1.93 4.3 5.8

(0.25)
in 97(0.20) 0.74 2.4 1.4
v 82(0.15) 1.04 1.1 0.63
Original sample 6.4

Identity of substance
a GLC analysis using as -ft SE-30 silicone oil column at 160°.

was extracted with ether (3 X 15 ml) and benzene (15 ml), using
salt to aid in separating layers. The organic extract was rinsed with
dilute sodium sulfite solution and dried over MgSC>:. Distillation
without a column gave 5b, bp 79° (0.75 mm), n25D 1.3840, 6.5 g
(s8%), and an oil residue (0.2 g). Redistillation in a 2-ft platinum
spinning band column gave 5b, 99% pure by GLC analysis (SE-30
silicone oil column, up to 150°), bp 113° (8.0 mm), n25D 1.3802,
having unchanged ir spectrum. 5b reacted slowly with bromine in
carbon tetrachloride solution or with dilute aqueous KMno 4 solu-
tion in acetone. Ir kech 2995, 2950, 2920, 2880, vc= o 1730, (ch 1470,
1445, 1400, 1370, 1350, kcf 1300-1200; bands at 1140, 1120, 1100,
1070,1060,1028, 995, 965, 940, 860, 830, 755, 735, 710, 640, and 530
cm-1. Bands at 995, 965, 940, and 755 cm-1 were common to both
5b and 6b. NMR (50% in CCls) 5 1.33 (¢ protons, t, 3 = 7 Hz,
(OCH:CH3)2, 1.49-2.18, [5 protons, m, CH2CH (ring) and
CF2CHZ2), 4.18 [4 protons, g, 3 = 7 Hz, (OCH2CH3)Z- Hydrolysis of
2.00 g (5.40 mmol) of 5b in 6.0 ml of 80% ethanol containing 0.65 g
(0.016 mol) of sodium hydroxide at 80° for 7.5 hr gave 6b as the
monohydrate, 1.50 g (89%), mp (sinter 90°) 91-93°.

Sodium Hydride Induced Cyclization of 1c to Diethyl
2- (2,2,3,3,4,4,5,5,5-Nonafluoropentyl)-1,I-cyclopropanedicar-
boxylate (5c). Ic (5.00 g, 9.16 mmol) in dry benzene (10 ml) under
nitrogen atmosphere was added during 10 min to sodium hydride
(0.40 g, 9.46 mmol, 57% dispersion in mineral oil) in benzene (10
ml) stirred by a magnet bar at 24°. The evolution of hydrogen was
followed by displacing water from a vertical tube. At 62° reaction
began and evolution of gas continued at 79-81° for 3 hr until quan-
titative. The tan slurry was kept at 26° for 18 hr and filtered
through a fritted disk. Sodium iodide (1.34 g, 94%) was collected.
Distillation through a 10-cm packed column was attended by much
foaming at first. 5¢ distilled without a column, bp 133° (17 mm),
nZBD 1.3762, 3.3 g (85%), leaving 1.0 g of hold-up and residue. GLC
analysis gave 98.35% area under one peak, and the ir was identical
with that of 5c.

Sodium Hydroxide Induced Cyclization of Ic to 5c. Ic (10.0
g, 0.0183 mol) was added to a solution of NaOH (0.732 g, 0.0183
mol) in water (75 ml), stirred and heated at 70° for 3 hr, without
evident reaction. Ethanol (25 ml) was added and after 20 min the
solution was neutral to litmus. Neutral product (5c¢) was extracted
into benzene leaving 6¢ (as salt) in the aqueous layer. 5¢, bp 103°
(4.0 mm), n25D 1.3766, 4.40 g (58%), was recovered by distillation.
GLC analysis gave 99% area at 7.4 min, using a s -ft SE-30 silicone
oil column, temperature programmed from 135 to 200° at 15°/min.

Sodium Hydride Induced Dehydrohalogenation of Diethyl
3- lodo-4-(perfluorohexyl)butylmalonate (lg). Ester Ig (8.316
g, 0.0126 mol), sodium hydride (0.5326 g, 57% in mineral oil, 0.0126
mol), and benzene 20 ml) were stirred by a magnet bar under ni-
trogen atmosphere. Gas evolution at 60-70° was followed by dis-
placing water from a flask; when heated to reflux for s hr the slur
ry became noticeably tan in color. Ethanol (9 ml) gave a clear alka-
line solution. Water (50 ml) and s N HC1 (10 ml) were added, and
the solution was extracted three times with benzene (10 ml) and
with ether and dried over magnesium sulfate. Glpc analysis
showed that olefinic and cyclobutyl compounds were present
(Table VI). Product mixture was first distilled, bp 110-113° (0.50
mm) , 6.4 g, n25D 1.3750 (96%), and then fractionated in a spinning
band column (Table VI). Spectral data for 7: ir vc=0 1730, a band
at 1042 but not at 970 cm-1; NMR 6 1.3 (¢ protons, t, 3 = 7 Hz),
1.8-2.7 (broad multiplet, s protons), 3.4 (1 proton, m), 4.2 and 4.25
(4 protons, overlapping g, 3 = 7 Hz, nonequivalent ester groups); ir
for cis- and trans-s ~]?ch=ch 1670 and a band at 970 cm-1; NMR

Retention time, min*2

9.2 15.2 20.8 23.0
89.1% 0.60% 1.2%
68.5

4.5 16.4 72.3 3.0

0.94 4.26 78.2 14.9
54.7 31.4 4.95

ezs-8 7 trans-8

6 13 (s protons, t, 3 = 7 Hz), 2.2 (4 protons, broad multiplet,
CH2CH:CH), 3.2 (1 proton, t, 3 = s Hz), 41 (4 protons, q,3 = 7
Hz, ethyl ester), 5.0-6.8 (2 protons, broad multiplet of olefinic pro-
tons).

D)ehydrohalogenation of Diethyl 3-lodo-4-(perfluoro-
butyl)butylmalonate (If) by Sodium Hydroxide in 90% Etha-
nol. Ester If (5.6 g, 0.010 mol) and a solution of sodium hydroxide
(2.0 g, 0.050 mol) in 25 ml of 90% aqueous ethanol was stirred at
65-72° for 7 hr, 15 ml of 6 N HC1 and 50 ml of water were added,
and the solution was extracted with ether (three times, 25 ml) and
benzene (25 ml). The organic layer was rinsed with bisulfite solu-
tion, dried over magnesium sulfate, and evaporated to an oil, 3.3 g,
88 % yield; ir and NMR indicated a mixture of olefinic and cyclo-
butylcarboxylic acids. Recrystallization twice from dichlorometh-
ane (50 ml) afforded pure trans-11: 1.30 g, mp 82-83° (gas evolu-
tion at 126°); ir (KBr disk) vcoonh 3300-2800, rc=a 1710, vc—¢
1670, 5ch 1460, 1420, 1360,1300; KCf 1250-1200, 1170,1130; bands
at 1072,1008, 970, 920, 880, 812, 775, 740, 700, and 675 cm*“ 1, NMR
(acetone-dg) 0 2.4 (4 protons, CH.CH2CH), 3.44 (1 proton, t,J3 = 7
Hz, CH.CH(COOH)2), 5.90 (1 proton, m, ca. 4 lines, 3 = 14 Hz,
CF.CH=CH), 6.55 @ proton, complex multiplet,
CF2.CH—CHCH?2), 11.0 [2 protons, s, (COOH)Z. The large cou-
pling constant for olefinic protons is consistent with a trans config-
uration for this substance.

Dehydrohalogenation of Ig by Sodium Hydroxide in 90%
Ethanol Solution. Similar treatment of Ig (6.60 g, 0.0100 mol)
gave 5.00 g (100%) of 9, 10 acid mixture, mp 60-75°. NMR and ir
spectra showed that olefinic and cyclobutyl compounds were pres-
ent in proportion of 9:10 = 0.80, from integrated areas of nmr spec-
tra. A 1.00 g sample recrystallized from CCls (20 ml) gave trans-9,
0.631 g, mp 81.5-87°, a second crop, mp 71-72°, 0.0488 g, and an
oil residue, 0.167 g. An NMR spectrum of trans-9 was identical
with that of trans-11.

Decarboxylation and Rearrangement of 2-(Perfluoroal-
kyl)methylcyclopropane-l,I-dicarboxylic Acids. A. cis- and
trans-2-Perfluorobutyl)methylcyclopropanecarboxylic Acid
(15c). 6¢ (10.00 g, 0.02761 mol, mp 95-96°) was stirred by a mag-
net bar and heated in a 25-ml round-bottom flask, immersed in an
oil bath at 169-176°; under reduced pressure C02 was evolved and
cis- and trans- 15c distilled, bp 122-111° (24-15 mm), 7.48 g, dur-
ing 1 hr. Crystalline solid residue (1.13 g) remained (93% total re-
covery). Ir of both materials was identical and showed » - o 1700,
¢ch 1470, 1440, 1350,; bands at 1130, 1075, 1050, 1025, 1000-995,
965-955, 915, 885, 840, 770, 740, 710, 690, 670, 550, and 530 cm-1
Bands at 1075, 1030, 950, 770, 710, and 675 cm-1 were not present
in 6¢, and a strong band at 1640 cm-: in 6¢ was also absent. Bands
at 1675 and 975 cm-1 in 13c were absent. [However, conversion of
the product to ethyl esters showed that cis- 17¢ (32.78%), trans- 17c
(63.83%), and 16¢ (3.39%) (average of four analyses) were present.]
Pure trans- 15¢ was obtained from CCl. solution, mp 69-71°. Simi-
larly, 6¢ (7.00 g, 0.0220 mol) when heated at 202° under reduced
pressure evolved C0. and gave cis- and trans-15c, bp 166° (65
mm), 6.02 g, as a crystalline solid (13c absent by ir and NMR anal-
ysis).

B. At Atmospheric Pressure. 6¢ (6.00 g, 0.0165 mol) in the
same flask connected to a gas bubbler system was heated to 188°
(194° bath temperature) without evolution of C02 at 198° (202°
bath) gas was evolved during : hr and stopped. The solid which re-
mained (5.29 g) contained no 6¢, but cis-and trans- 15c (about
70-80%) and 13c (about 20-30%) were present, according to NMR
area ratios and ir spectra. The product mixture (4.768 g) was con-
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verted to ethyl esters (5.24 g) and analyzed by GLC before and
after distillation; cis-15c (20.96%), trans-15c (50.6%), and 13c
(28.43%) were present.

C. In Closed Vessel. 6¢ (0.3076 g, 0.849 mmol) was heated at
196° for 3 hr in a tightly capped “Reactivial” and the products
were analyzed by NMR and ir; none of 6¢c remained but a mixture
of approximately 60% of 13c, 40% of cis- and trans- 15c, and a
small amount of 14c (band at 1780 cm-1) was present.

D. Decarboxylation of 6b to cis- and irans-2-(Perfluo-
ropropyl)methylcyclopropanecarboxylic Acid (15b) and 5-
Perfluoropropyl-4-pentenoic Acid (13b). 6b (5.00 g, 0.0152 mol,
mp 91-92°, monohydrate) was heated at 152° for 2 hr in a 10-ml
flask, fitted with a bubbler tube, without apparent reaction or
change in ir spectrum of the melt. At 200° evolution of CO2 oc-
curred during 1 hr. Distillation gave cis- and trans-15b, 13b, and
14b, bp 124° (21 mm), 2.8 g, and a residue (0.70 g). The distillate
was neutralized with 15.0 ml of 5% sodium bicarbonate solution
and extracted with dichloromethane; evaporation gave 0.6 g of y-
lactone (14b, ir band at 1780 cm-1). The aqueous layer was acidi-
fied with 6 N HC1 and an oil separated (1.8 g); ir and NMR showed
it to consist of 13b (about 60%) and cis- and trans- 15b (about
40%).

E. NMR Spectra of cis- and trans-15c. The spectrum resem-
bled that of 6¢ in the region of 50.8-3.0, but the COOH proton was
at &11.22, with the area of one proton. The ir spectrum gave vc=0
1700 cm-1 (only) and had bands at 1135, 1050, 965, 890, and 710
cm-1 not in 6b.

Thermal Rearrangement of eis-2-(Perfluorobutyl)methyl-
cyclopropanecarboxylic Acid (cis-15c) to 5-Perfluorobutyl-
4-pentenoic Acid (13c). A mixture (1.9683 g, 0.1867 mmol) con-
taining relative amounts of cis- 15¢, trans- 15c, and 13c of 33.78:
63.83:3.39 (by GLC analysis of ethyl esters) was placed in a heavy-
walled glass tube, evacuated and filled three times with nitrogen at
—78°, and sealed. After heating in a stirred oil bath at 226° for 4
hr, a sample showed no change in NMR spectrum; after 14 hr
about 12% of 13c was present from integrated area of olefinic pro-
tons, and after 21 hr the area was unchanged. The remaining mate-
rial (1.10 g) was converted to ethyl esters and analyzed by GLC
(FFAP column, 105°) which showed relative amounts of cis- 15c,
trans- 15c, and 13c of 20.39:69.93:9.55 (average of four analyses).
Analysis on another column (QF-1 silicone oil) with temperature
programming to 180° showed about 1- 2% of higher boiling sub-
stances also. There appeared to be a 12% decrease in cis- 15¢ and
an increase of about 6% in trans- 15¢c and 13c. An attempt to ana-
lyze the mixture of the three acids by means of the trimethylsilyl
derivatives gave volatile product which could be separated into
only two well-resolved peaks on four different columns.

B. Nonisomerization of cis- and trans-15c at 198°. A mixture

of cis- and trans- 15c¢ (2.50 g, 0.786 mmol) in a small reactor under
positive nitrogen pressure was heated by an oil bath at 198°, re-
moving samples for NMR and ir analysis after 5, 8.5, and 21 hr
reaction times. There was no detectable change in the spectra of
the samples.

Preparation of Ethyl cis- and trans-2-(Perfluorobutyl)-
methylcyclopropanecarboxylates (17c) and Ethyl 5-Perfluo-
robutyl-4-pentenoate (16c). A mixture containing cis-15c, trans-
15¢, and 13c formed by. heating 6¢ at 200° and atmospheric pres-
sure (4.768 g, 0.01499 mol) and thionyl chloride (5 ml) was heated
at 60-80° for 1 hr in a flask connected to a trap; gas evolution
ceased and the mixture was evacuated at the water pump to 20
mm. The mixture of acid chlorides showed ir bands for COC1 at
1785 and for RFCH=CH at 1670 cm-1. Ethanol (5.0 ml) was added
and the mixture was heated for 2 hr at 60-80° and then allowed to
distil up to 105° pot temperature. The residual oil [5.24 g (100%),
ir weak band for lactone at 1790 and a strong band for ester at
1730 cm-1] was fractionated in a 16-in. spinning band column. The
three fractions were analyzed by GLC on an 8-ft FFAP column at
105° and on a 6-ft QF-1 silicone oil column, temperature pro-
grammed from 135 to 180° after 5 min. Fraction I, bp 79° (9 mm),
1.34 g (39.21% cis- 17c, 29.47% trans- 17c and 31.32% 16c) gave the
correct elemental analysis and its ir and NMR spectra were record-
ed. Fraction II, bp 79° (9 mm), 62° (2.0 mm), 1.30 g, also contained
these three substances, but fraction Ill, bp 66° (0.35-0.12 mm),
0.53 g, contained 80% of cis- and trans- 17c and 16c, and also 20%
of four higher boiling substances, which were also present in the
hold-up and residue. The original undistilled mixture contained
19.1% of cis- 17¢, 48.6% of trans- 17c, 24.4% of 16c, and 1.5, 2.2, and
2.7% of three higher boiling substances. One of these was probably
the lactone 14c but the small quantity precluded firm identifica-
tion.
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Another mixture containing cis- and trans-15c and a little of
13c, obtained by heating 6¢c under reduced pressure at 176° (2.00
g, 0.629 mmol), was similarly converted to ethyl esters (2.04 g,
95%). No lactone was detected in the product (ir) and distillation
in a microstill gave cis- and trans-17c, bp 82° (13 mm), n2D
1.3582, 1.64 g. GLC analysis (FFAP column, 105°) of the mixture
before and after distillation was identical (+0.5%) and showed cis-
17c, 32.78%, trans- 17c, 63.83%, and 16c, 3.39% (average of four).
The sample gave the correct elemental analysis.

Thermal Rearrangement of Diethyl 2-(2,2,3,3,4,4,4-
Heptafluorobutyl)cyclopropane-l,I-dicarboxylate (5b) to
CF3(CF23CH=CHCH2CH(COOELt)2 (3c). 5b (2.09 g, 0.00500
mol) was placed in a heavy-wall glass tube, cooled to 0°, evacuated
and filled with nitrogen three times, and sealed. After periods of
time indicated in Table 111, the tube was opened and a sample re-
moved for GLC analysis on two different columns, using a known
mixture of 5b and 3c for comparison. A 6-ft SE-30 silicone oil col-
umn, 10% on Chromosorb W at 150°, and a 6-ft QF-1 silicone oil
column, 10% on Chromosorb W at 150°, were used. The NMR and
ir spectra also showed that the substances listed were formed.

Registry No.—la, 54019-87-3; |b, 2094-35-1; Ic, 54019-88-4;
Id, 54019-89-5; le, 54019-90-8; If, 54019-91-9; lg, 54019-92-0; cis-
2b, 54062-06-5; trans-2b, 54019-93-1; 2c, 54019-94-2; cis-3b,
54019-95-3; trans-3b, 54019-96-4; cis-3c, 54019-97-5; trans-3c,
54019- 98-6; cis-4b, 54019-99-7; trans-4b, 54020-00-7; 4c, 54020-
01-8; 5b, 27311-61-1; 5¢, 54020-02-9; 6a, 54020-03-0; 6b, 27311-60-
0; 6¢c, 54020-04-1; 6d, 54020-05-2; 6e, 54020-06-3; 7, 54020-07-4;
cis-8, 54020-10-9; trans-8, 54020-11-0; cis-9, 54020-12-1; trans-9,
54020- 13-2; trans-11, 54020-09-6; 13b, 54020-14-3; 13c, 54020-15-
4; 14b, 54020-16-5; 14c, 54020-17-6; cis- 15b, 54020-18-7; trans-
15b, 54020-19-8; cis- 15¢, 54020-20-1; trans- 15c¢, 54020-21-2; 16c,
54020-08-5; cis-17c, 54020-22-3; trans-17c, 54020-23-4; 20, 2049-
80-1; 21, 31696-00-1; 22, 17920-23-9; l-iodoperfluoropropane, 754-
34-7; 1-iodoperfluorobutane, 423-39-2; 1-iodoperfluorohexane,
355-43-1; 1-iodoperfluorooctane, 507-63-1; 2-iodoperfluoropro-
pane, 677-69-0.

Supplementary Material Available. Table V and infrared and
NMR spectra of the substances Id, 3c, 4c, 5c, 6b, 6¢, 7, 14c, and
15c will appear following these pages in the microfilm edition of
this volume of the journal. Photocopies of the supplementary ma-
terial from this paper only or microfiche (105 X 148 mm, 24X re-
duction, negatives) containing all of the supplementary material
for the papers in this issue may be obtained from the Journals De-
partment, American Chemical Society, 1155 16th St., N.W., Wash-
igton, D.C. 20036. Remit check or money order for $4.50 for photo-
copy or $2.50 for microfiche, referring to code number JOC-75-
851.
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Thermal Rearrangement of Trimethylsilyl Enol Ethers of Cyclopropyl
Methyl Ketones. A Cyclopentanone Annélation Procedurel
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Pyrolysis of the conjugated enol trimethylsilyl ethers derived from methyl cyclopropyl ketone and methyl bicy-
clofn. 1.0]Jalkan-I-yl ketones (n = 3, 4, 5) at 450° yielded, after acidic hydrolysis of the resulting cyclopentene enol
silanes, cyclopentanone (73%), bicyelo[3.3.0]octan-2-one (21%), bicyclo[4.3.0]nonan-7-one (99%), and bicyclo-
[5.3.0] decan-8-one (85%). Rearrangement of the enol silyl ether of methyl e*o-bicyclo[4.1.0]heptan-7-yl ketone
furnished a 1:2 mixture of cis- and frans-bicyclo[4.3.0]nonan-8-one (52%) and the 7 -unsaturated ketone, 2-cy-
clohexenylacetorie (28%). The major products obtained from the enol silyl derivatives of methyl exo-bicyclo-
[3.1.0] hexan-6-yl and methyl exo-bicyclo[5.1.0]octan-8-yl ketones were the corresponding 7,-unsaturated ke-
tones. This enol silane vinylcyclopropane-cyclopentene rearrangment pathway results in the regioselective anne-
lation of a cyclopentanone ring onto an a/i-unsaturated ketone or an olefin. This overall process furnishes 1-hy-

droindanone and 1-hydroazulenone in good yields.

The occurrence of five-membered rings in an increasing
number of natural products of biological importance has
stimulated the development of a variety of new cyclopen-
tane ring synthesis methods. These recent approaches in-
clude intramolecular ring closure of acyclic precursors,2
formal [3 + 2]3 and [4 + 1]4 cycloaddition reactions, and
ring contraction5 and expansion6 of cyclic substrates. In
considering the various general routes to cyclopentanoid
ring construction, it appeared to us that the well-estab-
lished thermal vinylcyclopropane-cyclopentene rearrange-
ment7 could serve as the basis of a five-membered ring syn-
thesis method in which the newly constructed ring con-
tained a masked ketone functionality. In a general sense,
rearrangement of conjugated cyclopropyl enol ethers of
part structure 1 would yield cyclopentene enol derivatives
2. Unmasking of the latent ketone functionality by acidic
hydrolysis would then complete the sequence to give the
cyclopentanone ring skeleton (eq 1). In particular, thermal

(6] R
H
3a, n—5 4a, n=5 5 R,=H2Rs=0
b, n=6 b, n=6 6,R,=O/R,=H,
c, n=7 c,nN=7

rearrangement of the enol derivatives derived from cyclo-
propyl methyl ketones 3 and 4 would furnish cyclopenta-
none 5 and 6 regioselectively. Since the cyclopropyl ketone
substrates are readily prepared from olefin or «/3-unsatu-
rated ketone precursors, the overall transformation consti-
tutes a net cycloaddition of a one- or a three-carbon atom

unit to an existing skeleton to give an annelated cyclopen-
tanone. We have undertaken an examination of the ther-
mal behavior of a series of cyclopropyl enol trimethylsilyl
ethers (1, R = SiMes) and the results of this study are de-
tailed below. During the course of our investigation two cy-
clopentanone ring synthesis methods based on the thermal
vinylcyclopropane-cyclopentene rearrangement (eq 24s and
36) were reported.

Results

The specific vinylcyclopropane substrates examined in
this study, the parent trimethylsilyl enol ether 7, and the
two bicyclo[n. 1.0]alkane series 8 and 9, were prepared from
the corresponding cyclopropyl methyl ketones under equil-

OSiMe,
7 _
8a, n= 9a, n=5
n==6 b, n=6
¢, n=7 c,n=7
H H 0
n-2
H r
10a, n=5 lia, n=5 12a n=
b, n=6 b,a=6 b, n=
c, n—7 c,n=7 c, n=
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Table |
Thermal Rearrangement of Cyclopropyl
Trimethylsilyl Enol Ethers*

Substrate Products (% yield)~

7 Cyclopentanone (73)

8a 10a (8), 1la (3), 13a (71)c

8b 10b (17), lib (35), 13b (28)

8c 10c + 11c (5)/ 13c (80)

14 16a (64), 15a + 16b (7),115b (7)
9a 12a (21)«

9b 15 (99)

ac 12¢ (85)

“ See text for reaction conditions. *Yields determined by VPC
using an internal standard and corrected for recovered starting
material. ¢ An unidentified product (ca. 10%) was also formed.
dBoth isomers present but not separated cleanly. «Extensive
decomposition was observed.

ibrating conditions (MegSiCl, Et"N, DMF)8 or, more con-
veniently, by kinetic enolate generation (lithium diisopro-
pylamide, THF) followed by quenching with trimethylsilyl
chloride.8 Both methods results in regioselective forma-
tion9 of the conjugated vinylcyclopropane enol silanes 7, 8,
and 9. The exo ketones 3 were prepared from the appropri-
ate cycloalkene by the following sequence: copper sulfate
catalyzed addition of ethyl diazoacetate, hydrolysis and
separation of the exo carboxylic acid by crystallization, and
then treatment with methyllithium.10 The bridgehead sub-
stituted ketones 4 were obtained by dimethyloxosulfonium
methylide addition to the corresponding a,/3-unsaturated
ketones.11 Attempted thermal rearrangement of enol silane
7 by passing a pentane solution through a conditioned6 hot
tube packed with glass helices at ca. 520° gave, after hy-
drolysis, substantial amounts of recovered cyclopropyl
methyl ketone as well as the desired rearrangement prod-
uct, cyclopentanone. Satisfactory conversion to products
was obtained, however, when the vinylcylopropyl enol si-
lanes (7, 8, and 9) were heated in base-washed, sealed am-
poules for 0.5-3 hr at 360-450°. The crude rearrangement
products were quenched with methanolic hydrochloric acid
and the resulting ketones were identified by comparison of
VPC retention times with those of authentic samples. Ma-
terial balances of ca. 80-95% were obtained when the rear-
rangements were done in benzene solution containing some
triethylamine; pyrolysis of neat samples gave similar prod-
uct distribution with ca. 50% recovery of material. Table I
summarizes the ketone products obtained in these rear-
rangements.

As shown in Table I, one methylvinylcyclopropyl enol
silane 14 was examined. Ether 14 was prepared from the

133, n—5 14a, R = Me; 1C—H
b n—6 b R.=H, =Me
c,nN=7

H

H RF
158, R[= Me; R, = H
b, R, = H, R2= Me

168, R, = Me; R2= H
b R =H R2= Me
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corresponding cyclopropyl ethyl ketone by kinetic enolate
quenching (vide supra) to give a nonseparable mixture (67:
33) of geometric isomers. Unambiguous structure assign-
ment to the major and minor components was not possible
owing to the similar chemical shifts for the vinyl hydrogen
of each isomer.8 The data presented in Table I correspond
to ca. 30% conversion of 14 into rearrangement products,
although essentially the same product composition was ob-
tained for 50% conversion. Authentic samples of the four
possible products, hexahydroindan-2-ones 15 and 16, were
prepared from the cis and trans ketones 10b and lib. Ki-
netic alkylation of the cis ketone 10b by sequential treat-
ment with lithium diisopropylamide and then methyl io-
dide furnished a single monomethyl product in 80% yield.
This material was assigned structure 15a on the basis of al-
kylation from the less hindered, convex face of 10b. Epim-
erization of 15a with methanolic sodium methoxide gave an
equilibrium mixture in which 15a was the major product
(ratio 15a:15b = 4.4:1). The analogous kinetic alkylation of
the trans isomer lib also gave a single monomethyl deriva-
tive in 70% yield. Tentative structure assignment of this ki-
netic product as 16b was based on a consideration of the
stereoelectronic requirements for alkylation. In order to
maintain maximum orbital overlap during bond formation,
alkylation will occur from the quasi-axial direction (/3 face
of lib) to yield the less stable isomer 16b.12 Confirmation
of this assignment was obtained by base-catalyzed epimeri-
zation of the kinetic product 16b to yield the more stable
epimer 16a (ratio 16a:16b = 11:1). Appropriate control ex-
periments showed that the epimers of ketones 15 and 16
did not equilibrate under the methanolic hydrochloric acid
conditions used to hydrolyze the cyclopentene enol ether
products.

An attempt to prepare the 8-methylhexahydroindanone
17 by this general sequence was thwarted at an early stage
in that attempted distillation of ketone 18 resulted in for-
mation of the exocyclic methylene derivative 19. Formation

17 18 19

of 19 from 18 is readily explained by a thermal ho-
mo[l,5]hydrogen shift involving the cisoid carbonyl and
methyl groups (an enolene rearrangement13).

Discussion

Examination of the data in Table | indicates that the
formation of cyclopentanone products via the scheme out-
lined in eq 1 depends critically on the structure of the
starting vinylcyclopropyl enol silane, 8 and 9. Rearrange-
ment of the angular-substituted enol derivatives 9b and 9c
proceeds in good yield to give 1-hydroindanone (12b) and
1-hydroazulenone (12c). In contrast, the exo enol silane de-
rivatives 8 yield two distinct types of products, the expect-
ed 3,4-disubstituted cyclopentanones 5 and monocyclic,
7,.-unsaturated ketones 13. The formation of unsaturated
ketones 13 is readily rationalized by postulating an initial
isomerization14 of the exo starting material 8 into the endo
isomer 20, followed by a facile homol[l,5]hydrogen shift13to

OSiMe,
OSiMe3

3(CH2H

20 21



860 3. org. chem., Voi. 40, No. 7, 1975

give ketone ].3 after hydrolysis of the intermediate enol sil-
ane 21. The major products observed from both the bicy-
clo[3.3.0]octan-3-one precursor 8a and the hydroazulenone
precursor 8C, ketones 13d and 13C, respectively, result from
this competing thermgl process. In the case of the six-mem -
bered ring substrate he majqr products were the annu-
lated hydroindanones 10tb and |10 together with a smaller
amount of ].3 . In the bridgehead-substituted series J the
analogous exo-endo isomerization would result in the high-
ly strained trans-fused bicyclo[n. |.Ojskeleton. Accordingly
the vinylcyclopropane-cyclopentene rearrangement is the
only thermal process observed in this series.

It is interesting to note that both the cis and trans hy-
droindgnones ]. gand T|B are formed in appreciable yield
from and that the cis:trans ratio (— :) remains con-
stant over the range of low to high conversion of startin
material to products. Mechanistically the formation of ].OB
and ﬁB is consistent with either, a diradical processi5or a
concerted pathway16 (wW2a, ,2S— ].6: N2§ a2a —H). A poten-
tial way to distinguish between these possibilities would be
to examine the rearrangement of the unhindered, maximal-
ly labeled16 trans vinylcyclopropyl enol silane ].43. At least
three distinct pathways need to be considered for the rear-
rangement of ].4a the orbital symmetry allowed process
which would yjeld. the cis ketone 19d (,2a ,29 and the
trans ketone i/éa [bés ﬂ?aj, a completely random stepwise
(diradical) process which would give a mixture of the four
possible hexahydroindanones 1§and 16, and a diradical
process involving an intermediate analogous to 22 in which

the conformationally restricted17 allyl radical adopts an
equatorial position on the cyclohexane ring. If closure of 22
to a five-membered ring occurs before geometric isomeriza-
tion of the allylic radical, a consideration of molecular
models suggests that the preferred modes _of closure of 22
would lead stereoselectively to ketones i5a and 108, ie.,
the products expected for the concerted reaction. Experi-
mentally the rearrangement was carried out on the cis-
trans mixture 14 Since the rearrangement of the trans iso-
mer of a cis-trans mixture is known to occur with greater
facility,18 the product distribution shown in Table | corre-
sponds to ca. 30% conversion of starting material to prod-
ucts and should reflect the thermal behavior of the trans
isomer 143. In practice, the major product observed in the
rearrangement of ].i, trans ketone ﬁ).6a, supports either the
first or third mechanistic possibility. These data, however,
do not provide a basis for making an unambiguous distinc-
tion between these two pathways for the rearrangement of
unhindered transoid vinylcyclopropanes.19 It should be
noted that preferential ring closure of diradicai 22 to give
the trans-fused product ].83. might be expected based on
analogy to cationic olefin ring closures.20

The reaction conditions necessary to rearrange the oxy-
gen-substituted vinylcyclopropanes 1 to 2 are comparable
to those for simple vinylcyclopropane substrates and con-
siderably more severe than the conditions necessary to
rearrange the heteroatom-substituted derivatives shown in
eq 24a and 3.6 In both of the latter cases the heteroatom is
located on a carbon atom directly involved in the bond-
making, bond-breaking process, and it may provide assis-
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tance in the rearrangement. For substrates of structure 1,
the oxygen atom is located at an sp2-hybridized carbon
atom in both the reactant and the product and it will have
only a minimal effect on the net transformation.

In summary, the cyclopentanone annelation sequence
shown in eq 1 provides a reasonable synthetic route to 2,3-
disubstituted cyclopentanones such as 12% and ].2C Fur-
thermore, the initial rearrangement products derived from
enol silanes of general structure 9, the cyclopentene enol
derivatives 2%, can serve as regioselective precursors2l to
the more substituted enolate anion of ketones 12.

Experimental Section

General. Melting points were determined on a Mel-Temp appa-
ratus and are uncorrected. Infrared spectra were obtained on a
Perkin-Elmer Model 237B grating infrared spectrometer in carbon
tetrachloride solution unless otherwise stated. NMR spectra were
measured on a Varian Associates A-60 or a Perkin-Elmer R-12
spectrometer in carbon tetrachloride solution and chemical shifts
are reported in parts per million downfield (S from internal
MedSi. Gas chromatography analyses were performed on a Varian
Aerograph 1200 using a 3% SE-30 on Varaport 30 column (10 ft X
‘iie in.). Combustion analyses were done by Chemalytics, Inc.,
Tempe, Ariz.

Cyclopropyl Ketones. Cyclopropyl methyl ketone2 and 1-ac-
etylbicyclo[4.1.0]heptane (4b)11were obtained as indicated.

6- Acetylbicyclo[3.1.0]hexane (3a). Using the general proce-

dure of Jorgenson,10 bicyclo[3.1.0]hexane-6-carboxylic acid23 fur-
nished a 92% yield of 3a: bp 66-68° (7 mm) [lit.24 bp 60-63° (10
mm)]; ir (CC14) 1700 cm' 1 (C=0); NMR (CC14) S 2.10 (s, 3,
CHsC=0) and 0.9-2.0 ppm (m, 9).

7- Acetylbicyclo[4.1.0]heptane (3b). Using the general proce-

dure of Jorgenson,10 bicyclo[4.1.0]heptane-7-carboxylic acid2 fur-
nished a 98% yield of 3b: bp 39-40° (0.25 mm) [lit.24 bp 83-86° (10
mm)]; ir (CC14) 1695 cm“1 (C=0); NMR (CCl4) &2.10 (s, 3,
CH3C =0), and 1.0- 2.0 ppm (m, 11).

8- Acetylbicyclo[5.1.0]octane (3c). Using the general proce-

dure of Jorgenson,10 bicyclo[5.1.0]octane-8-carboxylic acid26 fur-
nished a 90% yield of 3c: bp 80-83° (2 mm); ir (CCU) 1695 cm-1
(C=0); NMR (CCL,) 52.10 (s, 3, CH3C =0), and 0.8-2.3 ppm (m,
13).

Anal. Calcd for CiOHi60: C, 78.89; H, 10.59. Found: C, 78.93; H,
10.56.

Ethyl Bicyclo[4.1.0]heptan-7-yl Ketone. Using the general
procedure of Jorgenson,0 bicyclo[4.1.0]heptane-7-carboxylic
acid was treated with ethyllithium to furnish a 60% yield of prod-
uct: bp 121-123° (29 mm); ir (CC14) 1670 cm-1 (C=0); NMR
(CC14) S0.98 (t, 3, CHJ), 1.0-2.2 (m, 11) and 2.48 ppm (q, 2).

Anal. Calcd for CiOH160: C, 78.89; H, 10.59. Found: C, 79.23; H,
10.35.

I-Methyl-7-acetylbicyclo[4.1.0]heptane (18). Using the gen-
eral procedure of Jorgenson,l0 I-methylbicyclo[4.1.0]heptane-7-
carboxylic acid27 furnished a 100% yield of 18: bp 50-54° (0.07
mm); ir (CC14) 1690 cm-1 (C=0); NMR (CC14) 5 2.14 (s, 3,
CH3C=0), 1.1-2.1 (m, 9), and 1.10 ppm (s, 3, CH3).

Anal. Calcd for CiOHi60: C, 78.89; H, 10.59. Found: C, 79.12; H,
10.61.

Distillation of 18 at 1.3 mm, bp 90-95°, yielded two new prod-
ucts that showed carhonyl absorptions at 1715 cm-1. The NMR
spectrum of this mixture indicated the presence of both two vinyl
hydrogens (5 4.44 and 4.60 ppm) and a singlet vinyl methyl group
(6 1.43). Redistillation, bp 58-60° (2.0 mm), gave a single sub-
stance tentatively assigned as I-(I-methyleyclohexen-2-yl)propan-
2-one on the basis of spectral data: ir (CCLi) 1715 cm-1; NMR
(CC14) &1.0-2.3 (m, 10), 1.43 (s, 3), and 2.08 (s, 3). The initial rear-
rangement product is assigned structure 19 on the basis of the
vinyl hydrogen absorptions.

1-Acetylbieyclo[3.1.0]hexane (4a). Using the general proce-
dure of Corey,11 aeetylcyclopentene28 furnished a 84% yield of 4a:
bp 95-96° (34 mm); ir (CC14) 1690 cm" 1(C=0); NMR (CC14) 00.8
(m, 1, cyclopropyl H), 1.2-2.0 (m, 7), and 1.99 ppm (s, 3,
CH3C=0).

Anal. Calcd for C8H120: C, 77.36; H, 9.76. Found: C, 77.31; H,
9.73.

1-Acetylbicyclo[5.1.0]Joctane (4c). Using the procedure of
Corey,11 acetylcycloheptene2 furnished a 90% yield of 4c: bp 49-
53° (0.6 mm); ir (CCLt) 1680 cm-1(C~k'NMR (CCH¥) 50.7 (m, 1,
cyclopropyl H), 1.1-2.2 (m, 10), and 1.96 ppm (s, 3, CH3C =0).
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Anal. Calcd for CiOH160: C, 78.89; H, 10.59. Found: C, 78.77; H,
10.41.

Preparation of Enol Silanes. Method A. To a solution of chlo-
rotrimethylsilane (0.045 mol) and triethylamine (0.07 mol) in di-
methylformamide (20 ml) in a nitrogen atmosphere was added 0.03
mol of cyclopropyl alkyl ketone. The solution was heated under re-
flux for 20 hr, allowed to cool to room temperature, and then dilut-
ed with pentane (150 ml). The organic phase was separated,
washed with cold 50% saturated sodium bicarbonate solution (150
ml), and dried (MgSCh), the pentane was removed in vacuo, and
the residue was distilled to give product enol silane.

Method B. A tetrahydrofuran solution of lithium diisopro-
pylamide (0.015 mol) was prepared by adding diisopropylamine to
n-butyllithium at —78°. The solution was stirred for 1 hr after the
addition. The cyclopropyl alkyl ketone (0.013 mol) was then added
dropwise by syringe to the amide solution and the resulting mix-
ture was stirred for 3 hr. The resulting enolate was quenched with
excess chlorotrimethylsilane (0.04 mol) and the mixture was
stirred for 1 hr. The excess chloromethylsilane was removed in
vacuo and the residue was extracted with pentane. The pentane
was removed in vacuo and the residue was distilled to give product
enol silane.

1-Trimethylsiloxy-I-cyclopropylethylene (7) was prepared
by method A to give 65% of enol silane 7: bp 74-76° (71 mm); ir
(CCU) 1650 cm- 1 (C=C); NMR (CCl4) b 0.17 (s, 9, SiCH3), 0.50
(m, 5, cyclopropyl H), 3.76 (d, 1,J = 1Hz), 4:07 (d, 1,J = 1Hz).

Anal. Calcd for CgHigOSi: C, 61.48; H, 10.24. Found: C, 61.36; H,
10.38.

I-Trimethylsiloxy-1-(bicyclo[3.1.0]hexan-6-yl)ethylene
(8a) was prepared by method A to give a '72% yield of enol silane
8a: bp 82-83° (8 mm); ir 1650 cm“1(C=C); NMR (CC14) b0.10 (s,
9, SiCH3J), 0.8-2.0 (m, 9), 3.78 (broad s, 1), and 3.86 ppm (broad s,
1).
Anal. Calcd for CnH200Si: C, 67.28; H, 10.27. Found: C, 67.07;
H, 10.22.

I-Trimethylsiloxy-I-(bicyclo[4.1.0]heptan-7-yl)ethylene
(8b) was prepared by method A to give a 67% yield of enol silane
8b: bp 42-43° (0.1 mm); ir (CCL,) 1645 cm' 1(C=C); NMR (CCL,)
50.15 (s, 9, SiCH3), 0.9-2.0 (m, 11), 3.84 (d, 1, J = 1 Hz), and 3.92
ppm (d, 1,J = 1 Hz).

Anal. Calcd for Ci2H220Si: C, 68.48; H, 10.55. Found: C, 68.78;
H, 10.84.

I-Trimethylsiloxy-I-(bieyclo[5.1.0]octan-8-yl)ethylene (8c)
was prepared by method B to give a 91% yield of enol silane 8c: bp
84-94° (0.8 mm); ir (CCI4) 1640 cm“1(C=C); NMR (CC14) b 0.15
(s, 9, SICHJ3), 0.7-2.3 (m, 13), 3.81 (broad s, 1), and 3.92 ppm
(broad s, 1).

Anal. Calcd for C13H240Si: C, 69.57; H, 10.77. Found: C, 69.56;
H, 11.07.

I-Trimethylsiloxy-I-(bicyclo[3.1.0]hexan-I-yl)ethylene
(9a) was prepared by method B to give a 78% yield of enol silane
9a: bp 42-44° (0.7 mm); ir (CCl4) 1650 cm-1 (C=C); NMR (CCl4)
b 0.17 (s, 9, SiCH3), 0.45 (m, 1, cyclopropyl H), 1.4-2.0 (m, 7), 3.9
(broad s, 1), and 4.02 ppm (broad s, 1).

Anal. Calcd for CnH200Si: C, 67.28; H, 10.26. Found: C, 66.96;
H, 10.47.

I-Trimethylsiloxy-1-(bicyclo[4.1.0]heptan-l-yl)ethylene
(9b) was prepared by method B to give 80% yield of enol silane 9b:
bp 75-85° (0.1 mm); ir (CCl4) 1640 cm-1 (C=C); NMR (CCl4) b
0.18 (s, 9, SiCHJ), 0.6 (m, 1, cyclopropyl H), 0.7-2.4 (m, 10), 3.9
(broad s, 1), and 4.3 ppm (broad s, 1).

Anal. Calcd for Ci2H220Si: C, 68.51; H, 10.47. Found: C, 68.50;
H, 10.36.

I-Trimethylsiloxy-I-(bicyclo[5.1.0]octan-I-yl)ethylene (9c)
was prepared by method B to give a 80% yield of enol silane 9c: bp
55-60° (0.3 mm); ir (CClI4) 1620 cm-1 (C=C); NMR (CC14) $0.17
(s, 9, SiCH3), 0.9-2.6 (m, 10), 4.0 (broad s, 1).

Anal. Calcd for C13H240Si: C, 69.57; H, 10.77. Found: C, 69.31;
H, 11.07.

I-Trimethylsiloxy-1-(bicyclo[4.1.0]heptan-7-yl)propylene
(14) was prepared by method A to give a 90% yield of enol silanes
14: bp 99-106° (6 mm); ir (CCL,) 1668 cm-1 (C=C); NMR (neat) §
0.10 (s, 3, SiCH3), 0.18 (s, 6, SiCH3), 0.7-2.5 (m, 11), 1.43 (d, 2.1, J
= 7 Hz), 1.61 (d, 0.9, J = 7 Hz), 444 (q, 0.7, J = 7 Hz), and 4.50
ppm (g, 0.3, 3 = 7 Hz). VPC analysis (3% SE-30, 130°) indicated a
67:33 mixture.

Anal. Calcd for Ci3H240Si: C, 69.58; H, 10.78. Found: C, 69.98;
H, 10.42.

Pyrolysis of Trimethylsilyl Enol Silanes. Method A. The ap-
propriate enol silane (45 mg) in benzene (50 #l) was placed in a
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base-washed ampoule and then degassed and sealed under high
vacuum. The tubes were heated in a furnace at 360° (2 or 3 hr) or
at 400° (0.5 or 1 hr) depending on the sample. After cooling the
tubes were opened and a solution of 0.04 N HC1 (50 pi) in metha-
nol was added to the pyrolysis products. This mixture was allowed
to stand for 2 hr. An internal standard, cyclohexanone (25 pi), was
added and mixture was analyzed on a Varian Aerograph Mo'del
1200 gas chromatograph using 3% SE-30 (10 ft X %6 in.) at 100 and
125°, by comparison of retention times of products with known
samples.

Method B. The appropriate enol silane (45 or 250 mg), an inter-
nal standard, decane (10 or 100 pi), and triethylamine (10 or 100
pi) in benzene (50 or 150 pi) were placed in a base-washed ampoule
and then degassed and sealed under high vacuum. Pyrolyses were
carried out as indicated in method A. The cooled samples were
treated with 4 ml of 0.04 N HC1 in THF for 10 min. Water (10 ml)
and pentane (10 ml) were added and the organic phase was ana-
lyzed as described above.

The enol silanes examined by method A were 7, 8a, 8b, 9a, and
14 and those by method B were 8c, 9b, and 9c. The products ob-
tained are given in Table | and these results represent data from
three or more individual runs. In general the final reaction
mixtures contained ca. 70% products and 30% recovered cyclopro-
pyl ketone. Material balances of 80-95% were obtained for method
B; for method A material balances were 50-70%.

Rearrangement products were prepared as indicated: 10a,30
10b,31 10c,R 118,30 lib,31 125,33 12c,34and 13a.22

cis-Hexahydroindan-l-one (12b). A solution of 1-indanone
(5.1 g, 0.04 mol) in ethanol (200 ml) containing 5% Rh/C (0.5 g)
was hydrogenated at room temperature for 24 hr at 1750 psi. After
filtering the solvent was evaporated in vacuo and the residue was
distilled to give 2.8 g (52%) of 1-hexahydroindanol, bp 52-55° (0.04
mm). This alcohol was oxidized by the method of Brown35to give a
90% yield of 12b, bp 41-44° (0.5 mm) [lit.36bp 82-87° (10 mm)].

I-(Cyclohexen-3-yl)propan-2-one (13b) was prepared from
3-bromocyclohexene37 and ethyl acetoacetate by the method of
Van Tamelen38 to give a 33% yield of 13b: bp 98-103° (26 mm);
semicarbazone mp 171-173° (lit.3® mp 170-171°); ir (CCl4) 1720
cm-1NMR (CC14) b0.9-2.1 (m, 7), 2.05 (s, 3), 2.42 (m, 2), and 5.54
ppm (m, 2).

I-(Cyclohepten-3-yl)propan-2-one (13c) was prepared as de-
scribed for 13b to give a 30% yield of 13c: bp 90-95° (18 mm); ir
(CCB) 1715 cm 'L, NMR (CC14) b 0.95-2.0 (m, 9), 2.00 (s, 3), 2.40
(m, 2), and 5.50 ppm (m, 2).

Anal. Calcd for CioHigO: C, 78.89; H, 10.59. Found: C, 78.84; H,
10.74.

syn-lI-Methyl-cis-hydroindan-2-one (15a). cis-Hydroindan-
2-one (10b, 0.93 g, 6.8 mmol) was added dropwise at 0° to a THF
solution (5 ml) of lithium diisopropylamide, prepared from
methyllithium (8.8 mmol) and diisopropylamine (1.0 g, 10 mmol).
After stirring for 1 hr at 0°, excess methyl iodide (6.9 g, 48 mmol)
was added and the mixture was allowed to warm to room tempera-
ture. Water was added and the mixture was extracted with ether.
The organic phase was dried (MgS04) and evaporated in vacuo
and the residue was distilled to give 0.88 g (88%) of 15a: bp 55-57°
(0.6 mm); ir (CC14) 1747 cm"1, NMR (CC14) b0.99 (d, 3,J = 7 Hz)
and 0.9-2.7 ppm (m, 13).

Anal. Calcd for CiOHi60: C, 78.89; H, 10.59. Found: C, 78.77, H,
10.62.

Epimerization of 15a. A sample of 15a (19 mg) was allowed to
stand in methanol (4 ml) containing a trace of sodium methoxide.
After 4 hr the NMR spectrum showed two methyl group doublets
at b 0.99 (15a) and 0.94 (15b); VPC analysis indicated a ratio of
15a: 15b of 4.4:1. This ratio was the same after 20 hr.

antJ-1-Methyl-trafis-hydroindan-2-one (16b). Using the pro-
cedure described above for 15a, trans-hydroindan-2-one (lib, 0.86
g, 6.2 mmol) gave in 95% yield a mixture of recovered lib (15%),
monoalkylated product 16b (80%), and 5% of an unidentified sub-
stance. Pure 16b was obtained by preparative VPC: ir (CCI4) 1740
cm-1; NMR (CC14) b0.92 (d, 3,J = 7 Hz) and 0.8-2.5 ppm (m, 13).

Anal. Calcd for CioHigO: C, 78.89; H, 10.59. Found: C, 78.82; H,
10.65.

Epimerization of 16b. A sample of 16b (20 mg) was treated as
described above for 15a. After 1 hr the NMR spectrum showed two
methyl doublets at b 0.92 (16b) and 1.00 ppm (16a); after 20 hr
VPC analysis indicated a ratio of (6a:16b of 11:1.

Control Experiments. Treatment of either 15a or 16b with
methanol-O-d containing HC1 gas for 16 hr did not result in any
detectable incorporation of deuterium as judged by NMR (doublet
methyl signals remained unchanged).
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Registry No.—3a, 10330-37-7; 3b, 10330-36-6; 3c, 53927-14-3;
4a, 29773-67-9; 4b, 2862-90-0; 4c, 53927-15-4; 7, 42161-96-6; 8a,
53927-16-5; 8b, 53927-17-6; 8c, 53927-18-7; 9a, 53927-19-8; 9b,
53927-20-1; 9c¢, 53927-21-2; 10b, 5689-04-3; 11b, 16484-17-6; 12b,
2826-65-5; 13b, 18955-93-6; 13b semicarbazone, 53927-22-3; 14a,
53927-23-4; 14b, 53927-24-5; 15a, 28436-04-6; 15b, 28436-03-5; 163,
53927-25-6; 16b, 53927-26-7; 18, 53927-27-8; 19, 53927-28-9; cyclo-
propyl methyl ketone, 765-43-5; ethyl bicyclo[4.1.0]heptan-7-yl
ketone, 53927-29-0; I-(I-methylcylclohexen-2-yl)propan-2-one,
53927-30-3; chlorotrimethylsilane, 75-77-4; 1-indanone, 83-33-0;
1-hexahydroindanol, 53927-31-4.
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A Study of the Enamino Ketone Variant of the Robinson Annelation
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The mechanism of the enamino ketone variant of the Robinson annelation has been clarified. Isomeric enamino
ketones 10 and 11 were prepared by méthylation of the cross- and fully conjugated enolate anions of cyclic enami-
no ketone 5, and both isomers gave the same mixture of dimethyl-3,4,8,8a-tetrahydro-1,6(2H,7H)-naphthalene-
diones on reaction with methyl vinyl ketone. The annelation products are derived from a common trione interme-
diate, 13. Efforts to alter the mechanistic course of the annelation reaction were unfruitful.

An important class of synthetic intermediates related to
the Wieland-Miescher ketonel (4, R = H) can be prepared
by Robinson annelations of 2-methylcyclohexane-1,3-dione
with unsaturated ketones like 2. In the procedure described
by Newman and Ramachandran2 a base-catalyzed Michael
reaction generates the triketone 3, which then undergoes
aldol cyclization on treatment with pyrrolidine in benzene.
A variant of this approach, developed by Coates and
Shaw,3 uses the monopyrrolidine enamine 5 derived from
the 1,3-diketone reactant and employs a heterogeneous
reaction medium incorporating a buffered acetic acid cata-
lyst (Scheme 1I).

Coates and Shaw found that reaction of 3-penten-2-one
(2, R = CH3) with 5 gave predominantly the trans diketone
4 (R = CH3) accompanied by small amounts of the cis iso-

mer. However, by using a more polar solvent such as di-
methylformamide or dimethyl sulfoxide, they were able to
obtain higher proportions of the cis isomer (e.g., 1:1).

Two distinct mechanisms for this modified annelation
procedure can be conceived (Scheme II).

An initial acid-catalyzed Michael addition should gener-
ate an intermediate (6), which could then be hydrolyzed to
3 followed by pyrrolidine-induced aldol cyclization (mecha-
nism A). Other mechanisms leading to intermediate 3 can
also be envisaged (e.g., hydrolysis of 5 to 1 followed by con-
ventional annelation, as in mechanism A'), but for the pur-
poses of this discussion they need not be distinguished
from mechanism A. Alternatively, the immonium interme-
diate 6 could undergo aldol-like cyclization to a nitrogen-
containing precursor (7) of diketone 4 (mechanism B), as
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Scheme |

Scheme Il

2 + 5 «<—*2 + 1

proposed by Stork et al.10 for the reaction of the pyrrol-
idine enamine of cyclohexanone with methyl vinyl ketone.
In mechanism A the product stereochemistry, when R =
CH3, is determined in the aldol cyclization step (i.e., by the
relative rates of reaction at each of the two cyclic carbonyl
groups). In mechanism B, however, the configuration of
product (4) is determined in the Michael addition step—
provided, of course, that the immonium function in 6 domi-
nates the carbonyl group in its reactivity. In either case a
solvent effect is needed to explain the results reported by
Coates and Shaw.

We have prepared a pair of isomeric methyl homologs of
5, which not only permit us to distinguish the mechanisms
described above, but also offer—in the event mechanism B
is operating—the possibility of unprecedented control in
synthesizing derivatives of the Wieland-Miescher ketone.

The ability to conduct controlled alkylations of enamino
ketone 5 requires selective formation of either the cross-
conjugated (8) or fully conjugated (9) conjugate bases of
the substrate. Since lithium isopropylcyclohexylamide
(Rathke’s base4) has been effective in preparing the kineti-
cally favored cross-conjugated bases of cyclohexenonesb5
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Scheme |11

and since Stork6 has used a similar method to generate the
conjugate bases of enol ether derivatives of 1, our initial ef-
forts were in this direction (Scheme I11).

If the amide base is maintained in excess during reaction
with 5, the cross-conjugated intermediate 8 is formed ex-
clusively, and on methylation gives the dimethyl enamino
ketone 10. Alternatively, the presence of a slight excess of 5
during the initial stage allows equilibration of bases 8 and
9, with the latter predominating. Methylation of 9 then
gives the isomeric product 11.

A similar 7-alkylation of an enamino ketone conjugate
base was recently reported by Yoshimoto et al.712 How-
ever, these workers used n-butyllithium as the initiating
base, and our efforts to repeat this aspect of their work
failed.

It is not easy to distinguish 10 and 11 by spectroscopic
means (see the data in the Experimental Section). Both 10
and 11 yielded the same dimethylcyclohexane-l,3-dione
(presumably 12) on hydrolysis. Reaction of 12 with pyrrol-
idine was expected to take place at the less hindered car-
bonyl group, and the product of this reaction was assigned
structure 10.

The use of isomers 10 and 11 to distinguish mechanism A
and B is straightforward. Reaction of 10 and 11 with meth-
yl vinyl ketone (2, R = H) by mechanism A should yield the
same mixture of Wieland-Miescher ketone derivatives 14
and 15, since the triketone 13 is acommon intermediate.

On the other hand, mechanism B predicts that 10 will be
selectively transformed to 15 and 11 to 14.

When these reactions were effected under the conditions
specified by Coates and Shaw, both 10 and 11 gave the
same 1:5 mixture of 14 and 15. In the case of the reaction of
methyl vinyl ketone with 11, a small amount of another
product, tentatively identified as the triketone 13 by ir and
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mass spectrometry, was also obtained. Assignment of struc-
tures 14 and 15 to these products was achieved by direct
comparison of these isomers with authentic samples pre-
pared by unambiguous syntheses.

Compound 14 was prepared by reaction of the dienol
ether 168with carbon tetrabromide in pyridine, followed by
hydrogenation of the resulting dibromomethylene deriva-
tive 17 using a 2% Pd/SrCo03 catalyst. This synthetic meth-
od is based on the work of Liisberg et al.9 in the prepara-
tion of 6-methyl-A4-3-keto steroids.

Methylation of 16, using lithium diisopropylamide and
methyl iodide, afforded 15 after hydrolysis of the interme-
diate methylated dienol ether.

The experiments described here clearly show that this
annelation proceeds by mechanism A under the reaction
conditions defined by Coates and Shaw. Nevertheless, it
would be very useful to develop conditions for effecting ah
equivalent annelation by mechanism B, since the regiose-
lective control provided by such a pathway is desirable.
However, efforts to effect an acid-catalyzed reaction of
enamino ketone 5 with methyl vinyl ketone, in a variety of
anhydrous solvents ranging in polarity from benzene to
hexamethylphosphoric triamide, were unsuccessful. Even
with elevated temperatures and prolonged reaction times,
very little reaction occurred, and the amount of Wieland-
Miescher ketone in the neutral products was always very
small.

Experimental Section

Preparation of 2,6-Dimethyl-3-(I-pyrrolidyl)-2-cyclo-
hexen-l-one (10). A. To a chilled (0°) solution of 0.31 ml (2.2
mmol) of diisopropylamine in 1 ml of dry tetrahydrofuran (THF)
under dry nitrogen was added 1.0 ml of a 2.15 M solution of n-
butyllithium in hexane. To the resulting solution of lithium diiso-
propylamide (LDIA) was added a solution of 358 mg (2.0 mmol) of
5 (prepared by the method of Coates and Shaw3 and recrystallized
from ether, mp 37-39°) in 1 ml of THF. This enolate solution was
stirred at 0° for 30 min, following which 0.15 ml (2.4 mmol) of
methyl iodide was added. The resulting mixture was warmed to
room temperature, stirred for 15 min, and then concentrated
under reduced pressure. An ethyl acetate solution of the residue
was washed with water and brine, dried (Na2S0 4), and evaporated
under reduced pressure to give 351 mg (91%) of 10 as a light brown
oil which crystallized when chilled. Several recrystallizations of 10
from ether gave colorless, deliquescent crystals: mp 27-35°; ir
(neat) 1540, 1605 cm“1 NMR (CDC13) 5 1.04 (d, J = 6.5 Hz, 3),
1.2-2.3 (m, 7), 1.86 (s, 3), 2.50 (br t, 2), 3.45 (m, 4); uv max (95%
EtOH) 317 nm (e 26,300)

Anal.11 Calcd for CI2H19NO: C, 74.57; H, 9.91; N, 7.25. Found: C,
74.66; H, 10.01; N, 7.29.

B. A compound having the same spectroscopic properties as 10
was produced by the reaction of pyrrolidine with dione 12. A solu-
tion of 65 mg of 12 (produced by hydrolysis of 97 mg of 10 or 11 in
5% HC1 at 100° for 15 min) in 3 ml of benzene and 0.075 ml of pyr-
rolidine was refluxed through a Dean-Stark trap for 75 min and
then concentrated under reduced pressure. An NMR spectrum of
the crude product was superimposable with that of 10 produced by
the methylation of 5.

Preparation of 2,4-Dimethyl-3-(I-pyrrolidyl)-2-cyclo-
hexen-l-one (11). To asolution of 4.6 mmol of LDIA in 2.5 ml of
THF under nitrogen at 0° was added a solution of 895 mg (5.0

Telschow and Reusch

mmol, 8.7% excess) of 5 and 2.5 ml of dry hexamethylphosphoric

triamide in 2.5 ml of THF. The resulting enolate solution was

stirred at room temperature for 21 hr and then at 40° for 3 hr.

After this solution was cooled to 0°, 0.35*ml (5.6 mmol) of methyl

iodide was added, and the mixture was allowed to return to room

temperature for 1.5 hr. Work-up as described for the preparation

of 10 gave 986 mg of yellow oil. Column chromatography (silica gel,

1:10 methanol-ether) of 748 mg of this oil gave 403 mg (63%) of 11.

Several recrystallizations from ether gave colorless, deliquescent
crystals: mp 27-35°; ir (neat) 1540, 1605 cm-1; NMR (CDCI3) 6
120 (d, J = 7 Hz, 3), 1.5-2.2 (m, 6), 1.91 (s, 3), 2.36 (br t, 2), 2.55
(m, 1), 3.56 (m, 4); uv max (95% EtOH) 323 nm (r 26,300).

Anal. Calcd for Ci2H19NO: C, 74.57; H, 9.91; N, 7.25. Found: C,
74.56; H, 9.95; N, 7.18.

Preparation of 6-Ethoxy-8a-methyl-3,7,8,8a-tetrahydro-
I(2H)-naphthalenone (16). The procedure of Boyce and White-
hurst8 was modified to give better yields. A solution consisting of
35 ml of benzene, 9 ml (54 mmol) of distilled triethyl orthoformate,
15 mg of p-toluenesulfonic acid, and 8.9 g (50 mmol) of Wieland-
Miescher ketone 4, R = H, was stirred under nitrogen at room
temperature for 4 hr. The reaction mixture was neutralized with
three drops of triethylamine, diluted with 35 ml of ether, and ex-
tracted successively with 15 ml of 10% NaHCO03, 20 ml of water,
and 20 ml of brine. After being dried over Na2S0 4, the solution
was evaporated in vacuo to give a yellow oil which could be used
without further purification.

Preparation of 4-Dibromomethylene-8a-methyl-3,4,8,8a-
tetrahydro-1,6(2H,7H)-naphthalenedione (17). A solution con-
taining 618 mg (3.0 mmol) of dienol ether 16, 2.00 g (6.0 mmol) of
carbon tetrabromide, 3 ml of pyridine, and 3 ml of dioxane was
maintained at room temperature under nitrogen for 24 hr and then
heated at 45° for 24 hr. The resulting dark solution was filtered,
concentrated under reduced pressure, acidified, and extracted with
ethyl acetate. The organic extract was washed successively with 6
N HC1, 10% NaHCO03, and brine before being dried over Na2S04.
Evaporation of the solvents in vacuo left 954 mg of a brown semi-
solid which was chromatographed (silica gel, ether) to yield 514 mg
(50%) of brown 17. Several recrystallizations from methylene chlo-
ride-ether gave white needles: mp 85-86°; ir (KBr) 1565, 1610,
1665, 1720 cm“ 1; NMR (CDCI3) b 1.36 (s, 3), 1.9-2.8 (m, 8), 6.25 (s,
1); uv max (95% EtOH) 260 nm (shoulder e 5700), 287 (7600),

Anal. Calcd for C1I2H12Br20 2: C, 41.41; H, 3.48. Found: C, 41.44;
H, 3.38.

Preparation of  4,8a-Dimethyl-3,4,8,8a-tetrahydro-I1,6-
(2H,7H)-naphthalenedione (14). To a suspension of 800 mg of
2% Pd/SrCO03 catalyst (saturated with hydrogen) in 6 ml of dry
THF was added a solution of 1.740 g (5.0 mmol) of 17 and 1.4 ml
(10 mmol) of triethylamine in 8 ml of THF. The mixture was
stirred vigorously and allowed to absorb 376 ml (15.0 mmol) of hy-
drogen at atmospheric pressure. After filtration, the catalyst was
washed well with THF and the filtrate was concentrated. An ether
solution of the residue was extracted with water and brine, dried
(Na2s04), and evaporated to give 987 mg of a yellow oil. Column
chromatography (silica gel, 30% ethyl acetate-hexane) gave 312 mg
(32%) of light yellow 14 as an epimeric mixture, from which the
more stable equatorial methyl epimer could be isolated after equil-
ibration of the product in a CCR solution of HC1. Recrystallization
from ether-petroleum ether gave white needles: mp 28-34°; ir
(KBr) 1605,1665, 1710cm"1; NMR (CCR) b 1.18 (d, J = 6.5 Hz, 3),
I. 39¢s, 3), 1.5-2.9 (m, 9), 5.60 (d, J = 2 Hz, 1).

Anal. Calcd for CI2Hi60 2 C, 74.97; H, 8.39. Found: C, 74.83; H,
8.31.

Preparation of 2,8a-Dimethyl-3,4,8,8a-tetrahydro-1,6-
(2if,7H)-naphthalenedione (15). To a solution of 0.50 mmol of
LDIA in 0.5 ml of THF under nitrogen at —78° was added a solu-
tion of 103 mg (0.50 mmol) of dienol ether 16 in 0.7 ml of THF.
The resulting solution was stirred at —78° for 20 min and then
treated with 0.035 ml (0.60 mmol) of methyl iodide. This solution
was stirred at —78° for 10 min and at room temperature for 30 min
and finally diluted with water and ether. The organic phase was
washed successively with 5% HC1, water, and brine, giving 103 mg
of methylated dienol ether after evaporation of the solvent in
vacuo. This crude product was hydrolyzed for 3 hr at room temper-
ature in a solution containing 1 ml of THF, 1 drop of 6 N HC1, and
several drops of water. Work-up as usual gave 83 mg (87%) of 15
which, after purification by GLC (10-ft 4% QF-1, 200°), was ob-
tained as a yellow oil: ir (neat) 1615, 1670, 1710 cm-1; NMR (CC14)
b1.02 (d,J = 6.5 Hz, 3), 1.41 (s, 3), 1.5-3.0 (m, 9) 5.61 (m, 1).

Anal. Calcd for Ci2H160 2 C, 74.97; H, 8.39. Found: C, 75.04; H,
8.40.
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Reaction of 10 with Methyl Vinyl Ketone. To a solution con-
sisting of 0.13 ml of water, 0.13 ml of acetic acid, and 62 mg of sodi-
um acetate was added 0.100 ml of methyl vinyl ketone and 215 mg
(1.11 mmol) of 10 in 1 ml of benzene. The mixture was refluxed
under nitrogen for 4 hr, cooled, diluted with benzene, and extract-
ed with 5% HC1. The organic phase was washed successively with
water, 10% NaHCO:), and brine, dried (Na2304), and evaporated in
vacuo to give 179 mg of a yellow oil. GLC analysis of (5-ft 4% QF-1,
175°) of this oil showed 14 and 15 in a ratio of about 1:5 by com-
parison of the retention times with those of authentic samples.

Reaction of 11with Methyl Vinyl Ketone. To the same aque-
ous acetic acid solution used above was added 0.070 ml of methyl
vinyl ketone and 193 mg (1.0 mmol) of 11 in 1 ml of benzene. The
mixture was refluxed for 4.5 hr and worked up as above to give 142
mg of a yellow oil. GLC analysis of this oil showed 14 and 15 in a
ratio of about 1:5, and a small amount of a third component which
was isolated by preparative GLC (10-ft 4% QF-1, 190°) and tenta-
tively identified as the trione 13 by its ir [(CCl4) 1695, 1720 cm-1]
and mass spectra (mol wt 210).
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Silver acetate reacts with 1-bromoadamantane in carbon tetrachloride to produce 3-chloro-l-adamantyl acetate
as the major product. Silver bromide acts on adamantane in CCl4 to give a low yield of 1-chloroadamantane. Bro-
mine, phosgene, bromotrichloromethane, and hydrogen chloride are significant by-products. Addition of silver ac-
etate to the silver bromide greatly increases the yield of chlorinated adamantanes. Similar treatment of 1-ada-
mantyl acetate with these same silver salts in CCl4gives mainly 3-chloro-l-adamantyl acetate. Silver bromide is
the primary initiator of these free-radical chlorinations but, unlike many radical processes, oxygen is a require-
ment for its propagation. Catalysis by silver acetate was traced to the intermediacy of bromine chloride which can
function as an efficient initiator for the carbon tetrachloride chlorination of adamantane.

In connection with concurrent studies in the field of ada-
mantane chemistry, we needed an authentic sample of 1-
adamantyl acetate. Although we were aware of its synthe-
sis2 from the alcohol by treatment with acetic anhydride,
production of the acetate from 1-bromoadamantane and
silver acetate in carbon tetrachloride appeared to be a fea-
sible alternative to that procedure.

It was observed, however, that after refluxing for 20 hr
and standing for 4 days, the principal product was 3-
chloro-1-adamantyl acetate (2) with the anticipated 1l-ada-
mantyl acetate (3) forming in considerably smaller
amounts (eq 1).

In addition to typical acetate absorptions at 1740 and
1240 cm-1 the infrared spectrum of chloroacetate 2 showed
a band at 840 cm-1 attributable to C-CI stretching. An nmr
spectrum displayed five peaks atr 7.63, 7.74, 7.93, 8.10, and

8.40 corresponding to 2, 2, 8, 3, and 2 protons, respectively.

Structure 2 was further confirmed by a spontaneous posi-
tive test toward alcoholic silver nitrate reagent.

Since 1-adamantyl acetate was identified as a product,
attention focused on silver acetate or the silver bromide by-
product as species which might be involved in the conver-
sion of acetate 3 to the chloroacetate 2.

A review of the literature did not reveal examples of the
direct halogenation of a hydrocarbon by silver acetate initi-
ation in cci4. In fact, the tendency for silver acetate to ho-
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Table |
Products from the Carbon Tetrachloride Chlorination of Adamantane
in the Presence of Silver Salt and Halogen Initiators

Initiator Conditions
AgBr6 24 hr, 77°;, 72 hr, 23°
AgBr,cAgOAc" 24 hr, 77°;, 72 hr, 23°
Br2 6 days, 23°
BrCl 23 hr addition
BrCI-AgOAc 26 hr, 23°
Br2+ hid

Benzoyl peroxide-1
Di-tert -butyl peroxide-1

% yields of adamantyl products'3

11 0 0 0
54 9 22 Trace
40 0 21 2
36 7 22 2
46 4 16 Trace
8 0.5 15 + 2-AdBr' (12%)
22 3.3
43 6

0Based on adamantane. bRegistry no., 7785-23-1. c Reference 7. d Registry no., 563-63-3.e Registry no., 935-56-8. t Registry no., 7346-41-0.
g Registry no., 16104-50-0. hRegistry no., 768-90-1.1Registry no., 7314-85-4. JReference lib.

molyze is quite low, since pyrolysis at 400° leads to a 93%
yield of acetic anhydride and silver oxide, with the homoly-
sis product, ethane, being detected in ayield of only 1% .3

Although the organic chemistry of silver bromide is more
obscure than that of the acetate, some examples in which
this compound functions as a reagent in a redox or free rad-
ical-like capacity can be found.4-6 A program of research
was instituted to study chlorination of adamantane in car-
bon tetrachloride in the presence of silver acetate and/or
silver bromide.

Results and Discussion

Results of reactions of adamantane with silver acetate or
silver bromide in carbon tetrachloride are summarized in
Chart I. Refluxing a CCl4 solution of 1-bromoadamantane
with silver acetate for 20 hr produces 1 -adamantyl acetate
as the sole product. Refluxing a carbon tetrachloride solu-
tion of adamantane with silver acetate for 20 hr followed by
3 days at room temperature gives only unchanged adaman-

Chart |
Reactions of Adamantane with Silver Acetate or
Silver Bromide in Carbon Tetrachloride
1 reflex 20 hr

AdH + AgOAc + CCl4 -------mmmmee- *- no reaction
2, 3days at
room temp
1. 24 hrreflex
AdH + AgBr + CCl4 -—--ceeemem * AdC| 2
2» 3 days at /11
room temp N\AA /of
11 days
AdH + AgBr + CCl4 - >
room temp
AdCl + BrCCI3 + HC1 + Br2 + CI2C =0 (3)
(31%)  (13%) (17%)
AdH + AgBr + CCl4 - X AdCI(10%) 4
140°
hv
AdH + AgBr + CCl4 P AdCI(8%) (5)
hr

AgBr + CCl4 -*» BrCCIlj + Br2
AdH + CCl1l4 —* no reaction

tane. Similar treatment of adamantane with silver bromide
does give rise to an 11% yield of 1-chloroadamantane (4).
An 11% yield of the chloride 4 was produced with 3 days of
standing at room temperature, and an additional 8 days
caused the yield of 1-chloroadamantane to increase to 31%.
In general it was found advantageous to allow time for
yields to accrue to values of about 30 in order that impor-
tant by-products such as bromotrichloromethane, bromine,
and hydrogen chloride be identified with greater reliability.
Attempts to increase the yields through high temperature
or photolysis of reaction mixtures were ineffective.

The reactions described here are routinely conducted
without precaution to exclude oxygen, but when such a
reaction is carried out under nitrogen atmosphere, chlorin-
ation products can be observed in yields of less than 1%,
while chloroform and bromine cannot be detected. Deliber-
ate exposure of such a reaction mixture to atmospheric
oxygen causes a gradual appearance of bromine and even-
tually the yields of all products attain their normal values.
Oxygenated adamantyl products, however, could not be de-
tected.

Products and yields of the carbon tetrachloride chlorina-
tion of adamantane are summarized in Table 1. While silver
bromide can initiate chlorination of adamantane, the pres-
ence of an equivalent quantity of silver acetate increaed the
yield of the chloroadamantanes to as much as 90%.

Like adamantane, 1-adamantyl acetate underwent chlo-
rination by treatment with silver bromide and silver ace-
tate in CCL- After 1 day of refluxing and another standing
at room temperature a 38% yield of chloroacetate 2 was
realized; after an additional 10 days, this figure rose to 62%
(eq 6).

The quality or age of silver bromide affected the yield of
the chloro compounds.7 Optimum results were achieved
with freshly prepared material, and consistent results were
obtained when the salt was generated in situ.

Product ratios and yields of by-products from the carbon
tetrachloride chlorination of adamantane in the presence of
various silver salt and halogen initiators are summarized in
Table I1.

Evidence for Free-Radical Chlorination by the Car-
bon Tetrachloride Solvent. Isolation of 2-chloroadaman-
tane, chloroform, and bromotrichloromethane suggests a
free-radical chlorination of the adamantyl nucleus by the
solvent. Adamantane reactions which proceed via ionic in-
termediates give substitution at the bridgehead positions
almost exclusively.8 Chloroform and bromotrichloro-
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Table 11

Product Ratios and Yields of By-Products Produced from the Carbon Tetrachloride Chlorination of
Adamantane in the Presence of Various Silver Salt and Halogen Initiators

1-Chloro-
adamantanef .
Absolute yields, %
Total yield
adamanty! 2~Chloro-

Initiator Conditions products, %  adamantane BiCCl/ CHCij6 CH3COOHe ClX = (
AgBr 10 days, 23° 31 7:6 13 0 17
AgBr-AgOAc 24 hr, 77° ; 4 days, 23° 72 5.2 66
AgBr-AgOAc4 24 hr, 77°; 7 days, 23° 85 5.4 7 33 78 9
AgBr-AgOAc 72 hr, 77° 95 9.4 10
Br2 6 days, 23° 95 - 00 8 0 0
BrCl 8 hr addition, 23° 81 5.4 30 0 0
BrClI 24 hr addition, 23° 92 5.1 10 0 0
BrCIl-AgOAc 8 hr addition, 23° 81 11.0 18 0 101 0

Based on GLC peak areas. 6Based on adamantane.c Based on silver acetate. d Same as above with an additional 3 days at 23°.

methane both can be regarded as trapped manifestations of
trichloromethyl radicals, produced when the adamantyl
radical abstracts chlorine from CCLt- For more complex
reasons chloroform does not always accompany free-radical
CCU chlorinations of adamantane, but in the thermal de-
composition of tert-butyladamantane percarboxylate, Ra-
zuvajev9310 did observe, in addition to extensive chlorina-
tion of the adamantyl system, production of substantial
guantities of chloroform. Owing to the low selectivity of the
1l-adamantyl radical, free-radical reactions of adamantane
which are initiated in CC14 often yield predominantly 1-
chloroadamantane, even in the presence of other highly re-
active halogenating agents such as bromine and NBS1
(also see Table I). Furthermore, in the course of our inves-
tigations I-:2-chloroadamantane ratios of 5-10 were ob-
tained from various experiments. Such values fall comfort-
ably within the range of what one would consider diag-
nostic of a free-radical process, especially when compared
with other known radically initiated CCI4 chlorinations of
adamantanella-c (Tables | and II).

Since brominel2 was produced in the chlorination reac-
tions, bromine-initiated carbon tetrachloride chlorination
of adamantane was investigated. Although the reaction re-

quired 6 days for completion there was, nevertheless, a
total dissipation of the bromine color. The results derived
from this reaction somewhat parallel the silver bromide ini-
tiated reaction (see Tables | and Il) in that scavenging of
the trichloromethyl radical by bromine preferentially leads
to the formation of bromotrichloromethane. In both reac-
tions chloroform could not be detected,13but by comparing
the yields of adamantyl products it appears unlikely that
the sole hydrogen abstractors in the silver bromide reaction
could have been bromine, since the I-:2-chloroadamantane
ratios differ so greatly for the two reactions.

Silver Acetate Catalysis. Chlorination of Adaman-
tane Initiated by Bromine Chloride and Acetyl Hypo-
bromite. For the silver bromide initiated chlorination reac-
tion of adamantane as catalyzed by silver acetate, we pro-
pose a mechanism which is depicted in Chart I1. We believe

Chart 11
Proposed Mechanism for the Silver Bromide Initiated
Chlorination of Adamantane in CCl4as Catalyzed by
Silver Acetate

o (0]
H -AgBr H 77
CHjCOAg + Br2 - * CH3COBr — »

23°
1/2Br2 + C02 + CH3
AH
CH3 + CCl4 — * CH3C1 + -CC13 — v CHCLj + Ad-

13r 2

Ad- + CCl14 — - AdCI + -CCl13 — > BrCCI3
O o

o

Il *3 Il
CH3COBr + HC1 — » CH3COH + BrcCl
BrCl + AdH — > Ad- + HC1 + 1/2Br2

that bromine, produced as a result of the silver bromide
chlorination process, is responsible for the catalytic activity
of silver acetate. Bromine reacts rapidly with silver acetate,
producing acetyl hypobromite.14 Acetyl hypobromite, in
the presence of HC1, would be expected to yield acetic acid
and the interhalogen molecule, bromine chloride. Forma-
tion of halogens from acyl hypohalites and hydrohalic
acids15 has been known for some time and more recently
Bunce and Tanner16 showed that molecular chlorine is gen-
erated from benzoyl hypochlorite and hydrogen chloride.
Thus, the bromine is converted to the highly efficient initi-
ator, bromine chloride. Speierl7 demonstrated that bro-
mine chloride, via hydrogen chloride formation, functions
as a potent reagent for the halogenation of various types of



868 J. Org. Chem.., Vol. 40, No. 7, 1975

aliphatic hydrocarbons. In this study bromine chloride ef-
fectively halogenated cyclohexane under conditions for
which bromine was unable to foster any such reaction.

In support of the above mechanism, we found that bro-
mine chloride reacted with adamantane in CCls to produce
good yields of chloroadamantanes in addition to bromotri-
chloromethane and hydrogen chloride (Tables I and I1).
Approximately 20 min is required for the adamantane solu-
tion to discolor a portion of bromine chloride as opposed to
the 6 days required for complete discoloration of bromine.
Also, the I-chloroadamantane:2-chloroadamantane ratio
derived from this reaction is the same as that derived from
the silver acetate-silver bromide chlorination (Table I1)
and shows that bromine chloride is possibly the major hy-
drogen-abstracting species in the latter case as well. The
interpretation of the I-:2-chloroadamantane ratio may be
somewhat clouded by the conversion of 4 to 1,3-dichlo-
roadamantane, but an inspection of Table Il reveals that
even as the total yield of the AgBr-AgOAc reaction was in-
creased by 13% this ratio increased by only 0.2%. Produc-
tion of disproportionately larger yields of 1,3-dichloroada-
mantane from the BrCl reaction may only reflect a larger
concentration of the reagent in that case.

Further evidence in support of the intermediacy of acetyl
hypobromite comes from the experimental verification of
acetic acid, which according to Chart Il is a necessary coun-
terpart to bromine chloride formation. Bunce and Tanneri6
reported a 60% yield for the chlorination of 2,3-dimethyl-
butane by benzoyl hypochlorite. By a product ratio deter-
mination these workers demonstrated that chlorine, pro-
duced from the action of hydrogen chloride on the hypo-
chlorite, was responsible for the hydrogen abstraction pro-
cesses and their sequence was further substantiated by the
identification of benzoic acid.

In the silver acetate-silver bromide initiated chlorina-
tion of adamantane, acetic acid is isolated in 80% vyields
when the reaction is run at ambient temperatures, but only
in 10% yield when the reaction is carried out at the CCl4 re-
flux temperature. Such a trend reflects the more rapid de-
composition of the acetyl hypohalite at the higher tempera-
ture and it is conceivable that decomposition may be of
sufficient rapidity so as to preclude attack by hydrogen
chloride.

The reactivity trend being described here for acetyl hy-
pobromite parallels that of benzoyl hypochlorite, which
gave in benzene a moderate yield of phenyl benzoate at 3°
but little at reflux.18

Since acetic acid and bromine chloride should be pro-
duced in equimolar quantities (Chart I1), lower acetic acid
yields reflect lower bromine chloride production and hence
at elevated temperatures the major part of the propagation
effort would have to be effected by the acetyl hypobromite
decomposition products and the trichloromethyl radicals.
Propagation by these less potent and thus more discrimi-
nating hydrogen abstractors,19 as expected, causes an in-
crease in the I-:2-chloroadamantane ratio (Table 11).

It was possible to identify methyl chloride, and though
the yields of this product were not rigorously quantified,
they increased notably at the higher reaction temperature.
It is also significant that, whereas chloroform could not be
identified in those reactions initiated merely by silver bro-
mide, it has been detected in the silver acetate catalyzed
chlorinations (Table Il). This data can be rationalized by
assuming that the bromine produced from the preliminary
silver bromide interactions is rapidly consumed by AgOAc
as soon as it is formed, and therefore is not available for
scavenging of trichloromethyl radicals.

The significantly higher I-:2-chloroadamantane ratio for
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the bromine chloride chlorination carried out in the pres-
ence of silver acetate (Table I1) indicates that in this case
the halogen is being converted to less potent hydrogen ab-
stractors before it attacks adamantane.

Experimental Section20

Silver Bromide. An aqueous solution of sodium bromide was
added with stirring and exclusion of light to an equivalent quanti-
ty of a silver nitrate solution. The resulting yellow precipitate was
permitted to digest for 0.5 hr, isolated by filtration, and then suc-
cessively washed with water, methanol, and acetone. Drying of the
product was accomplished at 0.03 nm and room temperature.

General Analytical Procedures. Reaction of Adamantane
with Silver Bromide and Silver Acetate in Carbon Tetrachlo-
ride. To a solution of adamantane (1.2 g, 9 mmol) in 31 ml of CCl4
was added a finely pulverized mixture of silver bromide (1.7 g, 9
mmol) and silver acetate (1.5 g, 9 mmol). The mixture was stirred
at reflux for 24 hr and then permitted to stand for an additional 5
days. At this point yields were determined on the supernatant lig-
uid directly. Volatile by-products were determined by the use of
guantitative external standards. Successive gas chromatographic
injections reproduced peak areas with a precision of +1%. Methyl
chloride, phosgene (9%), and chloroform (33%, elution order) were
determined at a column temperature of 23°; programming to 45°
was necessary in order to determine the yield of bromotrichloro-
methane (8%). Acetic acid (78%, column B20) was determined at
70° and its identity as well as chloroform’s was established by col-
lection and comparison of the spectra with those of the authentic
materials. The odor of phosgene was immediately apparent but its
identity could be more rigorously established by the presence of its
carbonyl absorption at 1828 cm-1 in the infrared spectrum of the
supernatant. Following bromotrichloromethane analysis the col-
umn was programmed to 120°, whereby analysis of the adamantyl
products was carried out over a programming range of 40° as a
product ratio. The yield of unchanged adamantane as deduced
from this ratio was in excellent agreement with the figure arrived
at from a quantitative external standard evaluation. Identification
of products was rigorously established, after isolation from the col-
umn, by comparison of the spectra with those of the authentic
sample. Yields were as follows (elution order): adamantane (15%),
1-chloroadamantane (40%), 2-chloroadamantane (7%), 1,3-dichlo-
roadamantane (15%), unidentified products (23%). Bromine was
confirmed according to ref 12 and hydrogen chloride was deter-
mined by extracting the carbon tetrachloride solution with water
(3 X 20 ml) and precipitating silver chloride by the addition of sil-
ver nitrate solution. This precipitate was pure white, turned pur-
ple on exposure to light, and was readily soluble in ice-cold 6 N
NH4OH. As a control and to show that the precipitate did not arise
from hydrogen bromide, silver bromide was precpitated from an
authentic HBr solution. This precipitate was distinctly yellow,
turned green on exposure to light, and was insoluble in 6 N
NH4OH. The presence of hydrogen chloride also was obvious by
the presence of a fuming acidic gas emanating from the reaction
flask. An infrared spectrum of the silver salt mixture revealed that
silver acetate was not present. If silver acetate and silver bromide
are refluxed in carbon tetrachloride without adamantane, the mix-
ture darkens considerably but silver acetate is not consumed.

3-Chloro-l-adamantyl Acetate (2). Method A. Reaction of
1-Bromoadamantane with Silver Acetate in Carbon Tetra-
chloride. A mixture of bromide 1 (1.0 g, 5 mmol), silver acetate
(1.1 g, 7 mmol), and carbon tetrachloride (25 ml) was stirred at re-
flux for 24 hr. After an additional 4 days of standing the yields of
adamantyl products were determined directly on the supernatant
liquid as described in the preceding section (in order of elution):
1-chloroadamantane (4%), 1-adamantyl acetate (36%), 3-chloro-I-
adamantyl acetate (2, 50%), unidentified products (10%). The yield
of acetic acid was 82% and*the other by-products such as CHCI3,
BrCClI3, Br2, and HC1 were qualitatively identified. Washing of the
CCl4 solution with aqueous sodium carbonate, drying (MgS04),
and removal of solvent afforded 1.0 g of a light yellow liquid from
which the adamantyl products were isolated by preparative gas
chromatography. Chloroacetate 2 initially elutes as an oil which
crystallizes upon standing. Its spectral properties have been de-
scribed in the introductory section.

Anal. Calcd for Ci2H17C102 C, 62.90; H, 7.49; Cl, 15.46. Found:
C, 62.91; H, 7.43; Cl, 15.55.

Method B. Reaction of 1-Adamantyl Acetate with Silver
Bromide and Silver Acetate in Carbon Tetrachloride. A mix-
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ture of 1-adamantyl acetate (3,1.5 g, 8 mmol), silver acetate (1.3 g,
8 mmol), and silver bromide (1.5 g, 8 mmol) in 25 ml of carbon tet-
rachloride was stirred at reflux for 30 hr and then allowed to stand
for an additional 10 days. At this point a 77% yield of acetic acid
was determined from the supernatant liquid directly. Phosgene,
methyl chloride, chloroform, and bromotrichloromethane were
identified qualitatively. The adamantyl products were isolated by
preparative gas chromatography in the following yields (elution
order): 1-chloroadamantane (5%), l-adamantyl acetate (22%), 3-
chloro-1-adamantyl acetate (2, 62%), unidentified products (11%).

Reaction of Adamantane with Silver Bromide in Carbon
Tetrachloride. Adamantane (1.0 g, 7 mmol) in 30 ml of carbon
tetrachloride was stirred at reflux in the presence of 2.0 g (11
mmol) of silver bromide for 24 hr. After standing for an additional
3 days an 11% yield of 1-chloroadamantane was computed. At this
point the gas chromatography peaks due to 2-chloroadamantane
and 1,3-dichloroadamantane were too small to be reliably evalu-
ated. It was, however, possible to identify brominel2 and after an
additional 7 days of standing it was possible to reliably compute
the yields of all products reported as follows: phosgene (17%), bro-
motrichloromethane (13%). A quantitative external standard
served to establish a 61% yield of unchanged adamantane while the
ratio of adamantyl products was I-chloroadamantane:2-chloroada-
mantane:l,3-dichloroadamantane, 76:10:19. Hydrogen chloride
and bromine were also identified.

Chlorination of Adamantane with Bromine in Carbon Tet-
rachloride. To a solution of adamantane (1.2 g, 9 mmol) in 42 ml
of carbon tetrachloride was added with stirring over a period of 27
hr a solution of bromine (0.8 g, 5 mmol) in 50 ml of carbon tetra-
chloride. After 6 days of stirring at room temperature the bromine
color dissipated completely and at this point gas chromatographic
analysis of the solution revealed the following yields: adamantane
(6%), 1l-chloroadamantane (40%), 1-bromoadamantane (2%), 1,3-
dichloroadamantane (21%), unidentified products (31%).

Chlorination of Adamantane with Bromine Chloride. A 10%
(w/v) solution of bromine chloride in carbon tetrachloride was pre-
pared by adding bromine (11.80 g, 7.4 mmol) to a solution of chlo-
rine (5.24 g, 7.4 mmol) in 90 ml of CCl4.21 With additional solvent
the volume of solution was brought up to 170 ml. A uv spectrum of
the solution displayed a single Arex at 374 nm.

A 14-ml aliquot of the bromine chloride solution (12 mmol of
BrCl) was diluted with additional CCl4 to give a total volume of 40
ml and this was added with stirring over a period of 8 hr to a solu-
tion of adamantane (1.6 g, 12 mmol) in 30 ml of carbon tetrachlo-
ride. It took approximately 20 min for the last traces of halogen
color to fully discharge. After an additional 20 hr of stirring the
product yields were determined on the solution directly: bromotri-
chloromethane (30%), adamantane (19%), 1-chloroadamantane
(25%), 2-chloroadamantane (5%), 1-bromcadamantane (5%), 1,3-
dichloroadamantane (19%), unidentified products (27%). The solu-
tion was twice extracted with water and 1.0 g of silver chloride was
precipitated by treating the washings with silver nitrate solution
.(60% yield of HC1). Hydrogen bromide could not be detected.

Chlorination of Adamantane with Bromine Chloride in the
Presence of Silver Acetate. The procedure here was carried out
in the exact manner as the one described above except that silver
acetate (2.0 g, 12 mmol) was initially suspended in the adamantane
solution before the addition of halogen was begun. After a 6-hr ad-
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dition and 20 hr of stirring the following yields were determined
from the supernatant liquid directly: adamantane (16%), 1-chlo-
roadamantane (46%), 2-chloroadamantane (4%), 1-bromoadaman-
tane (trace), 1,3-dichloroadamantane (16%), unidentified products
(18%), bromotrichloromethane (18%), acetic acid (101%).

Registry N0.—2,53906-99-3; 3,19066-22-9.
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Allowed and Forbidden Sigmatropic Pathways in the Stevens
Rearrangement of a Phenacylammonium Ylide
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The possibility that the Stevens rearrangement of benzyldimethylphenacylammonium ylide (3) could proceed
by a two-step allowed [1,4] and forbidden [1,3] sigmatropic pathway rather than the one-step [1,2] forbidden pro-
cess has been investigated. The proposed enamine enol ether intermediate (5) was synthesized and shown not to
rearrange to the Stevens product under typical Stevens rearrangement conditions. The conversion can be accom-
plished at elevated temperatures. No evidence for the involvement of the enamine enol ether intermediate in this
example of the Stevens rearrangement was found. Comparison of this phenacylammonium ylide with related al-
lylic and phenacylsulfonium ylides is considered.
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Experimental Section

Phenacyl Acetate (6). A mixture of 10 g of phenacyl bromide,
10 g of sodium acetate, and 20 ml of methanol was refluxed for 1
hr, then poured into 300 ml of ice water and extracted with chloro-
form. Drying and evaporation of the solvent gave a yellow oil
which was not purified further: NMR (CCl4) ¢ 2.1 (s, 3), 5.1 (s, 2),
7.2-7.8 (m, 5).

a-Bromophenacyl Acetate (7). The crude acetate 6 was dis-
solved in carbon disulfide and bromine was added dropwise with
stirring, under nitrogen, until the brown color persisted (ca. 3 ml).
Evaporation of the solvent under vacuum (without heating) gave a
brown oil: nmr (CCl4) 6 2.1 (s, 3), 7.3 (s, 1), 7.2-8.1 (m, 5).

Phenylglyoxal Dimethyl Acetal (8). The crude bromoacetate
7 was dissolved in 30 ml of methanol and the solution was refluxed
for 1 hr. Evaporation of the solvent under vacuum gave a viscous
liquid which was not further purified: NMR (neat) &3.3 (s, 6), 5.3
(s, 1), 7.2-8.1 (m 5).

2-Hydroxy-2-phenylethanal Dimethyl Acetal (9). The crude
acetal 8 was dissolved in 70 ml of absolute ethanol: then 3 g of so-
dium borohydride was carefully added. After stirring for 2 hr at
room temperature the solvent was evaporated under vacuum. The
hard, foamy residue was dissolved in water and extracted with
ether. Drying with MgS04 and evaporation gave a pale yellow oil
which was not further purified: NMR (CCl4) 525 (s, 1), 3.1 (s, 3),
33 (5,3),40(,J =6Hz 1),44(d,J = 6 Hz, 1), 7.1 (broad s).

2-Benzoxy-2-phenylethanal Dimethyl Acetal (10). The
crude hydroxy acetal 9 was dissolved in dry THF; then 2 g of sodi-
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um hydride was carefully added with stirring and cooling. Excess
benzyl chloride (20 g) was added, and the solution was refluxed for
3 hr and then left at room temperature overnight. Excess hydride
was destroyed by careful addition of methanol; then water was
added and the product was recovered by ether extraction. The
crude product (6 g) was purified by chromatography on grade Il
neutral alumina using petroleum ether (bp 60-70°) and then 10%
ethyl ether in petroleum ether to give 3.5 g of pure liquid product:
NMR (CCh) a3.15 (s, 3), 3.35 (s, 3), 4.24 (s, 2), 4.35 (AB, 2), 7.20 (s,
5), 7.25 (s, 5).

2-Benzoxy-2-phenyl-1V,1V-dimethylethenylamine (5). The
acetal ether (0.1 g) was dissolved in 9 ml of acetonitrile and 3 ml of
4 N HC1, heated to 60-65° for 20 min, then added to 10 ml of cold
water and rapidly extracted with chloroform. The colorless oil re-
covered was about 25% acetal ether 10 and 75% aldehyde ether 11:
NMR (CCLt) 6 4.55 (s, 2), 4.63 (d, J = 2 Hz, 1), 7.20 (s, 5), 7.25 (s,
5), 9.45 (d, J = 2 Hz, 1). Attempts to more effectively hydrolyze
the ketal gave undesirable side products. The crude aldehyde ether
was dissolved in 20 ml of benzene and 5 ml of dimethylamine was
added. After 15 min at room temperature, the solvent was evapo-
rated under vacuum without heating to give a light yellow oil:
NMR (CCL,)) S2.7 (s, 6), 4.6 (s, 2), 56 (s, 1), 6.9-7.4 (m, 10); meth-
iodide mp 159-160° (chloroform).

Anal. Calcd for CisH22NOI: C, 54.69; H, 5.61; N, 3.54. Found: C,
54.87; H, 5.60; N, 3.33.

Conversion of Enol Ether 5 to Rearrangement Product 4.
Freshly prepared enol ether (0.1 g, 4 X 10-4 mol) was dissolved in
0.5 ml of 1 N NaOCH3-CHsOH. The nmr spectrum taken at room
temperature showed no change. The NMR probe temperature was
raised to 70° and the change followed. After 2 hr essentially all of
the enol ether was converted to rearrangement product. The prod-
uct could be recovered as a light yellow solid: NMR (CCl4) $ 2.38
(s, 6),2.8-3.5(m, 2),4.2-4.5 (m, 1), 7.1-7.4 (m, 8), 7.8-8.0 (m, 2).

Registry No.—4, 30669-80-8; 5a, 53907-31-6; 5a methiodide,
53907-32-7; 6, 2243-35-8; 7, 53907-33-8; 8, 6956-56-5; 9, 21504-23-4;
10, 53907-36-1; 11, 38968-65-9.
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Electronic and Steric Effects in Nucleophilic Aromatic Substitution.
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Kinetics of reactions of X-substituted sodium phenolates with p-nitrohalogenobenzenes at 25° and 2,6-di-
methyl-4-nitrohalogenobenzenes at 50° in DMSO are reported. The electronic effects in the nucleophile, as re-
vealed by p values, are large and may depend on the leaving halogen. For these reasons the ratios ky/ka are not a
direct measure of the dependence of steric effects on the leaving halogen. Ortho substitution in phenolate shows
steric effects which depend on the size of the leaving halogen, the following order of steric effect being observed: F

<Cl<Br<1

Steric effects in nucleophilic aromatic substitutions ap-
pear to be an open question mainly as far as steric interac-
tion between the entering and the leaving groups is con-
cerned.

In reactions with 2,4-dinitrohalogenobenzenes, it was es-
tablished long agol2 that primary and secondary amines
reveal differences in rate correlated with interference by
alkyl groups branching from the nitrogen atom or adjacent
carbons. This behavior is displayed also by anionic nucleo-
philes such as mercaptides,3 alkoxides,4 and phenolates.5 In
all cases the observed steric retardation is also dependent
on the size of the leaving halogen.

Moreover, Pietra, studying substitutions on halogenoni-
trobenzenes by «-alkyl piperidines,6'7 primary, secondary,
or tertiary aliphatic amines in aprotic solvents,8 and alkox-
ides,9 attributed steric retardation to interactions between
the nucleophile and the benzene ring carbons and hydro-

gens in the transition state, rejecting previous ideas3’s of
steric interactions between entering and leaving groups.

These contrasting interpretations probably result be-
cause the data available do not provide good correlation of
expected effects with rates of reaction. Also they do not
take into account the electronic changes which are opera-
tive when the substituents of the nucleophile or the leaving
group of the substrate must be changed.

We have investigated the reactions of substituted phe-
noxides with p-nitrohalogenobenzenes and with 2,6-di-
methyl-4-nitrohalogenobenzenes in order to evaluate both
steric and electronic effects in a more meaningful way.

Results

The reaction rates were measured in dimethyl sulfoxide.
In order to minimize association phenomena low concen-
trations of phenolates (<10-2 M) were employed. Under
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Table 1
Experimental Rate Constants* for Reactions of

2,6-Dimethyl-4-nitrohalogenobenzenes with
X-Snbstituted Sodium Phenoxides inDM S O at 50°

M e
NO2—/ \— Hil
x 0 ° ~ m
~“Me
X

Hala H 0-CHB f-CH3 ¢Cl mC-3
F 0.49 0.20 1.45 0.12 0.63
cl 0.0021 0.00087 0.0082 0.00044
Br  0.0040 0.0011 0.012 0.00067

ak, mol 1 1 sec-1. " Registry no. are, respectively, 1736-85-2,

38560-96-2, 53906-84-6. c Registry no. are, respectively, 139-02-6,
4549-72-8, 1121-70-6, 1193-00-6, 3109-89-4.
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oaromatt]b dp aromailctl alog tﬂ/ Pves For t
Beason no Kinetic data for the Z6-dimethy 4n|tr0|odo
enzene are reported here.

Discussion
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er an the uge.of ratios to.evalu-
ate steric effects may be criticized on the basis of an impor-
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Tablell
Experimental Rate Constants‘ for Reaction of
p-Nitrophalogenobenzenes with X-Substituted Sodium
Phenoxides inDM S O at 25°

NO2—~ A — Hal ~ Na+

X
Hals H oCHB Ach3 26(CH32
F 0.52 0.18 1.9 0.13
cl 0.0020 0.00051 0.0060 0.00022
Br  0.0034 0.0091 0.00028
I 0.00095 0.0036 0.00015

°k, mol 1 1sec 1 e6Registry no. are, respectively, 350-46-9,
100-00-5, 586-78-7, 636-98-6.c Registry no., 16081-16-6.
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Table 111
Values of the Ratios ftp/feci in Nucleophilic Substitution Reaction between Aromatic Substrates and Nucleophiles

Sistrates and solvent Piperidire
Fluorodinitrobenzene and 6.86
chlorodinitrobenzene in
benzene
Fluorodinitrobenzene in 7240

DMSO; chloronitro-
benzene in benzene

Fluorodinitrobenzene and rc-Butylamine

chlorodinitrobenzene in 410
benzene
2-Halogenobenzothia- Methyl mercaptide

zoles in methanol 107

2-Halogenobenzothia - Methoxide
zoles in the respec- 1036
tive alcohols

Nucleophile
2 -Methylpiperidine 2,6-Dinethylpiperidine Ref
35.3 25.0 6
10,100 27,000 7
sec -Butylamine tert-Butylamine 8
568° 1050
Ethyl mercaptide Isopropyl tert -Butyl 3
137 mercaptide mercaptide
180 384
Ethoxide Isopropoxide tert-Butoxide 4
1161 2941 5333

aPietra calculated erroneously a value of 1800, but reported kv —0.023, kc\ = 4.05 x 10*5; hence kvjktx —se68.
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Table 1V
Mo
Hil R(r)
F -2.66(0.996) 7.2
Cl -3.19(0.999) 9.3
Br -3.17 (0.998) 11

ratio, calculated for each halogeno derivative, will be inde-
pendent of polar effects.

A comparison of kp_cresoate/k 0 Cleedal, values for each hal-
ogeno derivative shows now (Table 1V) a clear correlation
with the size of the leaving halogen; fep-cresoiate/o-cresoiate
increases in the order F < Cl < Br.

The differences seen in the above sequence are signifi-
cant in that they reflect the differences in size of the leav-
ing halogen mainly as far as chloro and fluoro are con-
cerned; therefore they strengthen the hypothesis of a steric
interaction between entering and leaving group (possibly
along with steric interactions between other nonbonded
atoms in the transition state).

Similar conclusions can be drawn in the case of reactions
of p-nitrohalogenobenzenes with 2,6-dimethyl phenolate.
The following steric retardations (53:82:87:91 for fluoro,
chloro, bromo, and iodo derivative, respectively) are ob-
tained if we regard the contribution from the polar acceler-
ating effect of the two methyls in ortho positions as twice
the effect of methyl in the para position. The above se-
quence is clearly correlated with expected increase of steric
requirement in the order F« Cl < Br < I.

Experimental Section

Materials. 2,6-Dimethyl-4-nitrohalogenobenzenes were pre-
pared from 2,6-dimethyl-4-nitroaniline (1) via diazonium salt as
described by Wepsteri4 for the bromo derivative.

Bartoli, Ciminale, and Todesco

oroborate was filtered and, after washing with cold methanol, was
mixed with NaF and thermally decomposed. The pure material
was separated by silica gel column chromatography and crystal-
lized from methanol, mp 55.5-56.5°. Anal. Calcd for C8BHgFNO02 C,
56.8; H, 4.8; N, 8.3; F, 11.2. Found: C, 56.9; H, 5.1; N, 8.2; F, 11.3.

All the 2,6-dimethyl-4-nitroalogenobenzenes prepared, and p-
nitrohalogenobenzenes (commercial products), were recrystallized
several times from methanol or ethanol.

Sodium phenolates were synthesized by the method reported by
Kornblum.15

The substitution products (aryl ether) were obtained in almost
quantitative yields by reactions performed under the same condi-
tions as kinetic runs and were characterized by usual analytical
methods.

DMSO was refluxed over calcium hydride and fractionally dis-
tilled under a N2 atmosphere.

Kinetics. AO the kinetic reactions were performed in DMSO
under a N2 atmosphere.

In the case of fluoro derivatives the kinetics were determined by
following the disappearance of the base. For this, a known excess
of HC1 added to each portion of the reaction mixture was titrime-
trically determined.

In the other cases the appearance of the halide ion was followed
via potentiometric titration by AgNOg. The organic substrate was
extracted with carbon tetrachloride or chloroform before titration.

The Kinetic coefficients were calculated from second-order plots
which exhibited a good linear correlation as far as 30%. At higher
percent, conversion rate constants were found to decrease into
agreement with those found by Berge and Ugelstad.16

Acknowledgment. This work was carried out with the
financial aid of CNR, Roma.

Registry No.—2,6-Dimethyl-4-nitroiodobenzene, 53906-85-7.
References and Notes

(1) O. L. Brady and F. R. Cropper, J. Chem. Soc., 507 (1950).

(2) G. S. Hammond and L. R. Parks, J. Am. Chem. Soc., 77, 340 (1955).

(3) G. Bartoli, L. Di Nunno, and P. E. Todesco, Tetrahedron Lett., 2369
1968).

4) (L Di 2\lunno, S. Florio, and P. E. Todesco Boll. Sci. Fac. Chim. Ind. Bolo-
gna, 27, 75 (1969).

(5) G. Bartoli, A. Latrofa, and P. E. Todesco, Boll. Sci. Fac. Chim. Ind. Bolo-
gna, 27, 79 (1969).

(6l F. Pietra and F. Del Cima, Tetrahedron Lett., 1925 (1966).

(7) F. Pietra and F. Del Cima, J. Org. Chem., 33, 1411 (1968).

(=X

) F. Pietra and D. Vitali, J. Chem. Soc. B, 1200 (1968).

. . o @
2.6- Dimethyl-4-nitrochlorobenzene, mp 102-104° (Anal. Calcd (9) F. Pietra, D. Vitall, F. Vitali, F. Del Cima, and G. Cardinali, J. Chem. Soc.

for Cs8HgCINO2 C, 51.8; H, 4.3; N, 7.5; Cl, 19.1. Found: C, 51.6; H,
4.4; N, 7.6; Cl, 18.9.) was obtained in the same way as the bromo
derivative.

2.6- Dimethyl-4-nitroiodobenzene was prepared by adding the

diazonium salt of | to a vigorously stirred solution of KI (1 mol of
K1 for each mole of | used) in H20. The precipitated product was
filtered and crystallized from ethanol, mp 132-133°. Anal. Calcd
for CBH8INOZ2 C, 34.7; H, 2.9; N, 5.1; I, 45.8. Found: C, 34.5; H, 2.9;
N, 4.9; 1, 45.5.

B, 1659 (1970).

(10) P. E. Todesco and P. Vivarelli, Gazz. Chim. Ital., 94, 435 (1964).

(11) M. Bosco, L. Forlani, and P. E. Todesco, Gazz. Chim. Ital., 97, 1954
(1967); M. Bosco, V. Calo', F. Ciminale, L. Forlani, L. Lopez, E. Nonnis,
and P. E. Todesco, ibid., 101, 685 (1971).

(12i L. Senatore, E. Ciuffarin, A. Fava, and G. Levita, J. Am. Chem. Soc.,
95, 2918(1973).

(13) R W. Taft, Jr., in M. S. Neumann, Ed., “ Steric Effects in Organic Chem-
istry”, Wiley, New York, N.Y., 1956, Chapter 13.

(14) P. Van Berk, J. O. M. Van Langen, P. E. Verkade, and B. M. Wepster,
Reel. Trav. Chim. Pays-Bas, 75, 1137 (1956).

26-  Dimethyl-4-nitrofluorobenzene was prepared by adding the (15) N, Kornblum and A. P. Lurie, J. Am. Chem. Soc., 81, 2705 (1959).

diazonium salt of I directly to a HBF4 solution. The diazonium flu-

(16) A. Berge and J. Ugelstad, Acta Chem. Scand., 19, 742 (1965).



Electrochemical Characterization of Salicylaldéhyde Anils

J. Org. Chem., Voi. 40, No. 7, 1975 875

Electrochemical Characterization of Salicylaldéhyde Anils.,

James E. Kuder,* Harry W. Gibson,15and Darlene Wychick

Xerox Corporation, Webster Research Center, Webster, New York 14580

Received November 18,1974

The polarographic half-wave potential in a series of 14 salicylaldéhyde anils is a linear function of ax~ (except
for the m- and p-NU2 compounds in which the nitro group is electroactive); analyses of potential as a function of
the currents indicate a one-electron process. The half-wave oxidation potential is directly proportional to ax+ (ex-
cept for m- and p-NMe2 compounds in which the dimethylamino group is electroactive). Cyclic voltammetry re-
veals that the reduction process is irreversible. Oxidative cyclic voltammetry demonstrates that with the excep-
tion of the nitro and dimethylamino compounds the initial irreversible one-electron oxidation product undergoes
chemical transformation to a tertiary product that forms a reversible one-electron couple; the average of the peak
potentials, i.e., the half-wave potential, of the couple is directly proportional to the normal Hammett substituent
constant, a. In addition to the anils, the half-wave reduction and oxidation potentials of the isoelectronic series
stilbene, benzaldehyde anil, and azobenzene were linearly correlated to the calculated energies of the lowest unoc-
cupied and highest occupied molecular orbitals, respectively. The effects of anil substituent and intramolecular

hydrogen bonding are rationalized on this basis.

The electrochemical behavior of Schiff baseslc has been
extensively studied by polarography in both aqueous and
nonaqgueous solutions. Under aqueous conditions reduction
has been shown2 to consist of a two-electron, two-proton
transfer which converts the C=N linkage to a CHNH
group. In keeping with this, the half-wave potential of the
first reduction wave shows a pronounced dependence on
pH.2 4 Such studies are complicated, however, by the hy-
drolysis of the azomethine compound into its constituent
amine and carbonyl compounds.2’3

While hydrolysis is not a problem when electrochemical
studies are carried out in nonaqueous solvents, the results
of such studies have shown the possibility of a number of
electrochemical mechanisms. Thus, the two reduction
waves seen in dimethylformamide (DMP) were attributed
by Scott and Jura5 to two one-electron transfers followed
by irreversible protonation of the dianion formed.

First wave: ArCH=NAr' + e 5=* Ar CH—NATr'

Second wave: ArCH—NAr' + e — » ArCH—NAr'
Chemical reaction: ArCH—NAr' + 2BH — »
ArCH2NHAr' + 2B

Remarkably, Bezuglyi and coworkersé concluded that
the first reduction wave in azomethine compounds in DMF
involves an irreversible two-electron transfer, although
both these and the former workers used diffusion current
constants and the Nernstian slope to reach their differing
conclusions.

The results of single sweep voltammetry studies,7 how-
ever, indicate that the reduction of anils in aprotic media
proceeds via reversible one-electron transfer followed by an
irreversible one-electron transfer and chemical reaction, in
agreement with Scott and Jura. Cyclic voltammetry was
used by Andrieux and Saveant8 to study the reduction of
several imines in both DMF and acetonitrile (AN). De-
pending on the solvent and the compound, it was possible
to observe either a two-electron wave leading to the satu-
rated amine or two one-electron waves associated with
dimerization. In either case the reduction is irreversible.

Studies by Fry and Reed9 on several imines in DMF in-
dicated that reduction of these compounds occurs by way
of an irreversible two-electron transfer. It was postulated
on the basis of polarography and cyclic voltammetry that
the overall two-electron reduction in fact consists of a one-
electron transfer followed by rapid proton transfer and a
second rapid electron transfer. It was further found that
the stereochemistry of the electrochemical reduction prod-

uct was the same as that obtained upon reduction with so-
dium-ethanol.

Shifts in the reduction potential caused by changes in
the Ar groups attached to either side of the C=N bond
have been discussed in terms of Huckel molecular orbital
theory for aromatic rings of different size.3'6 The effect of
substituents on the half-wave potential follows the Ham-
mett relationship, reduction being facilitated by electron-
withdrawing substituents.4’'10’11 The presence of an intra-
molecular hydrogen bond, as would be present in the con-
densation product of an ortho-hydroxy aldehyde with an
amine, was found to facilitate reduction by 0.2-0.3 V.12'13

The electrochemical oxidation of imines has been less
well studied. The results of linear sweep voltammetry stud-
iesi4 on a number of aromatic imines in AN indicated that
anodic oxidation occurs via two one-electron steps with the
loss of a proton accompanying the second charge transfer.

Ar—CH=N—Ar' — » e + Ar—CH=N—ATr'
Ar—CH=N—Ar'" — » H+ + e + Ar—C=N—Ar'

The use of anils in liquid crystal display devices has
given fresh impetus to studies of their electrochemical be-
havior, and a number of reports on just this aspect have re-
cently appeared.13-17

Our own interest in the electrochemistry of anils arises
from studies of substituent effects on molecular orbital
energies!8 and the relationship between solution and solid
state charge exchange.19'20 This report, then, is less con-
cerned with electrochemical pathways than with trends in
reduction and oxidation potentials caused by substitution
and deviations from the general trends. Polarography and
cyclic voltammetry were used to study the electrochemistry
in AN of 14 salicylaldehyde anils (1) bearing various sub-
stituents on the aniline ring. In addition, the effect of the
bridging group was also examined in the series stilbene (2),
benzaldehyde anil (3), and azobenzene (4).
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Figure 1 Half-wave reduction potentials of a series of salicylal-
déhyde anils (1) vs. nucleophilic substituent constant, a~.

Results and Discussion

Reduction at the Dropping Mercury Electrode
(DME) . The polarography of the salicylaldéhyde anils (1)
was performed at sample concentrations of 4 x 10"4 M,
since at higher concentrations the reduction waves are dis-
torted by maxima. Typically the polarograms consist of two
waves, the first at about —1.7 V vs. a saturated calomel
electrode (SCE) and the second at about 0.6 V more nega-
tive potential. The height of the second wave is typically
1-1.5 times that of the first. Beyond this observation, our
attention focused mainly on the first reduction process,
however.

The polarographic half-wave potentials, £ 1/2 (redn), for
the first reduction wave of the 14 salicylaldéhyde anils vary
from —1.81 V vs. SCE for the p-dimethylamino compound
to —1.09 V for the p-nitro compound. Zuman has shown2!t
that the effect of a substituent in a given series on the posi-
tion of the half-wave potential is given by a relationship
analogous to the Hammett equation.

AEi2 = -E/2,! ~ £1211 — P¥®

A plot of the reduction potentials for the present series
against the corresponding substituent constants22 a~ is
shown in Figure 1. With the exception of the m- and P-NO2
compounds, an excellent correlation (R = 0.967) of the
form AE12 = (0.20 £ 0.02)<r~ is obtained. It was found that
a better fit was obtained with a~, the value appropriate to
reactions in which electron density is released to the sub-
stituent, than with the ordinary a constant.

The shape of the polarographic reduction waves may be
described in terms of the so-called “log plot” 23 i.e., a plot
of E against log [¢/(¢ca —¢)] where i is the current at poten-
tial E and ¢a is the diffusion limited current. The slopes of
the log plots, with the exception of the two nitro com-
pounds, are in the range —0.045 to —0.056 V, close to the
value of —0.059 V expected for a one-electron process.23
The m- and p-nitro compounds have log plot slopes of
—0.040 and —0.029 V, respectively.

The polarograms of the two nitro compounds are charac-
terized by a well-defined wave at —1.1 V, followed by avery
broad, ill-defined wave which leads into a second well-de-
fined wave near —1.6 V. Evidently the reduction of the two
nitro compounds is quite complex and distinct from that
occurring with the other members of the series. Based on
the deviation of the half-wave potentials from the Ham-
mett plot and the essential identity of the first reduction
potentials for both compounds with that of nitrobenzene
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(—1.15 V vs. SCE in AN),24 it seems reasonable to consider
that in these examples the nitro group is the electroactive
moiety responsible for the observed reduction wave rather
than the azomethine group.

Oxidation at the Rotating Platinum Electrode
(RPE) . The oxidative behavior of the salicylaldehyde anils
(1) is characterized without exception by a single wave lo-
cated at about +1.2 V vs. SCE. Plots of E vs. log [(id ~ i)/i]
have slopes in the range —0.061 to —0.086 V, in satisfactory
agreement with that expected for a one-electron process.
The slope for the cyano compound (—0.108 V) is unexpect-
edly large, but its voltammetry is otherwise undis-
tinguished. Those of the p- and m-dimethylamino com-
pounds (—0.058 and -0.050 V, respectively) are lower than
for the series as a whole and, as will be seen, are reflective
of a difference in the mechanism of oxidation.

The half-wave oxidation potentials, £ 1/2 (oxidn), range
from +0.70 V for the p-dimethylamino compound to +1.32
V for the p-nitro compound. The trend in E 1/2 (oxidn) with
substituent may be expressed by the least-squares expres-
sion (R = 0.981) AE12 = (0.12 £ 0.01)u+. This is illustrated
in Figure 2, where it is seen that the two nitro compounds
fit the correlation, but the two dimethylamino compounds
are oxidized at less anodic potentials than would have been
expected. However, the similarity of the E 1/2 (oxidn) values
to that of A7,Ai-dimethylaniline in AN (+0.68 V vs. SCE)25
suggests that it is the amino nitrogen atom which is the
electroactive center rather than the azomethine group.

It may be noted that a better correlation of E 1/2 (oxidn)
values was obtained using a+, the value appropriate for
reactions requiring large electron demand from the substit-
uent, than that obtained using ordinary a constants. Fur-
thermore, the p value for oxidation is smaller than that for
reduction, in agreement with an observation made in asim-
ilar study of substituted azo compounds.19

Cyclic Voltammetry. A. Reduction. For all of the anils
investigated except the two nitro compounds the cyclic vol-
tammetry (CV) curves consist of a single cathodic peak; no
anodic peak is seen on reversal of the potential scan, there-
by demonstrating that the reduction is irreversible under
these conditions. The development of a yellow layer next to
the cathode was observed during each CV experiment and
was undoubtedly due to the irreversibly formed products.
The peak potentials become more negative on increasing
scan rate, with an average cathodic shift of 40 mV/tenfold
increase in scan rate, as expected26 for an irreversible
charge transfer process.

As indicated from the polarographic results, the two
nitro compounds do not fit the general pattern for reduc-
tion, and this difference is clearly seen in their CV behav-
ior. Thus, the CV curve of the m-NC>2 anil (Figure 3) is
characterized at high scan rates by a reduction peak at
—1.18 V which undergoes a cathodic shift of 19 mV per dec-
ade increase in scan rate. No additional peaks are seen on
scanning out to —.8 V. On reversal of the scan the corre-
sponding anodic peak is seen at —1.09 V, the separation in
peak potentials being in agreement with a reversible one-
electron transfer. However, on repetitive scan a new ca-
thodic peak at —1.27 V appears together with its corre-
sponding anodic peak at -1.17 V. The sequence of events is
thus

1, X = »=N02 s"* A —* B C
-e -e

That is, we have two reversible electrochemical steps sepa-
rated by an irreversible chemical step. The time required
for a detectable amount of species B to be formed from re-
duced species A is 0.5-1.0 sec.
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Figure 2. Oxidation half-wave potentials of a series of salicylaldéhyde anils (1) vs. electrophilic substituent constant, <+.

POTENTIAL, V vs SCE

Figure 3. Cyclic voltammogram of salicylaldéhyde m-nitroanil (1,
X = m-NU2) at 200 mV sec-1.

The CV behavior of the P-NO2 compound is illustrated
in Figure 4. Here again the initial reduction (Epc = —.12
V) is followed by the irreversible formation of a new elec-
troactive species but at rate much greater than observed
for the m-N02 compound. The events observed in Figure 5
may be represented by the following sequence.

1, X = P-NO2—"m D —» E 5=5 F 5=* G (1)
N A ' -e A e A

a b e

The initial reduction (eq 1, step a) is not reversible on the
time scale employed for these experiments and a detectable
amount of species E is found to be present as soon as 0.1
sec after initial reduction of 1, X = P-NO2. The product of
the irreversible chemical reaction is found to undergo two
reversible one-electron transfers characterized by peak po-
tentials (on the second scan) of Epc = —1.31 V and Epa =
—1.23 V for the first (eq 1, step b) and Epc = —1.64 V and
Epa= -1.51 V for the second step (eq 1, step c).

Figure 4. Cyclic voltammogram of salicylaldéhyde p-nitroanil (1,
X = P-NOz2). Sweep rate 500 mV sec-1.

Figure 5. Cyclic voltammogram of salicylaldéhyde anil (1, X = H).
Sweep rate 200 mV sec-1.

B. Oxidation. The oxidative behavior of the anils, with

the exception of the two nitro compounds and the two di-
methylamino compounds, is typified by the CV curve
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Table I
Reduction and Oxidation Hal f-Wave Potentials in the
Isoelectronic Series Stilbene, Benzaldehyde Anil,
Azobenzene Together with Hiickel Frontier
Orbital Energies

Eey Brergy
Conpd #112 (redna  Ej/2 (oxidn) a of LLMDb of HOMOa

2 -2.32 +1.45 -0.544 +0.544

3 -1.96 +1.58 -0.447 +0.642

4 -1.38 +1.72 -0.301 +0.701
aAN solution. Potentials vs. SCE. 6 Energies in fi units. The fol-
lowing parameters were used: hfi = 0.5, hex = 0.9 for the bond con-
necting the phenyl ring to the bridging group, all other hx = 0,

kx\ =1.0.
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Experimental Section

Chemicals. Elemental analyses are by Spang Microanalytical
Laboratory, Ann Arbor, Mich. Melting points are corrected, trans-
Stilbene, zone refined from Aldrich, was used without further puri-
fication. Azobenzene (Eastman) was recrystallized from hexane
before use. Benzaldehyde anil (mp 52°, lit.31 mp 53°) was prepared
by the condensation of benzaldehyde and aniline and recrystal-
lized from low-boiling petroleum ether. The salicylaldéhyde anils
were synthesized by condensation of equimolar amounts of salicy-
laldéhyde and substituted anilines in refluxing absolute ethanol
for 2 hr. The crude products, which precipitated in 57-100% yields
on cooling or after concentration of the solutions, were brought to
analytical purity by several (at least three) recrystallizations from
ethanol or ethanol-benzene. p-N(CH32 mp 135.0-136.0° (re-
ported32 137°). Anal. Calcd for CxHi6N20: C, 74.97; H, 6.71, N,
11.66. Found: C, 75.17; H, 6.99; N, 11.80. m-N(CH32 mp 69-72°
(reported33 72°). p-OCH3 mp 82.0-83.5° (reported34 83-84°). m-
OCH3 mp 59.0-60.1° (reported 60°,2 61-6203). p-CH3 mp
90.0- 91.5° (reported 94°,32 97° 3). m-CH3 bp 161 (1.2 mm), mp
39.0-
p-Br: mp 108.5-109.7° (reported34 110-111°). m-Cl: mp 94.0-96.5°
(reported34 89.0-90.0°). m-COOC2H5: mp 70.Q-71.00. Anal. Calcd
for CieH15N 03 C, 71.36; H, 5.61; N, 5.20. Found: C, 71.16; H, 5.68;
N, 5.16. p-COOC2H5: mp 85.0-86.5° (reported3s 83°). p-CN: mp
122.5-124.0°. Anal. Calcd for Ci4HioN20O: C, 75.66; H, 4.54; N,
12.61. Found: C, 75.53; H, 4.57; N, 12.54. m-N02 mp 127.0-128.0°
(reported34 128°). p-N 02 mp 158.5-159.0° (reported34 153°). The
solvent for the electrochemical measurements was acetonitrile
(Burdick & Jackson, distilled in glass) dried over 4-A molecular
sieves and percolated through a 55-cm column of grade | neutral
alumina into a volumetric flask containing sufficient tetraethylam-
monium perchlorate (Southwestern Analytical Chemicals, dried
for 16 hr under vacuum) to produce a 0.1 M solution of supporting
electrolyte.

Electrochemistry. All measurements were made using the
Princeton Applied Research Model 170 Electrochemistry System
in the three-electrode mode. The working electrode for reduction
was a DME using a 1-sec drop timer. For oxidations a Beckman
RPE was used, while for cyclic voltammetry a stationary platinum
disk electrode (Beckman) served for both reduction and oxidation
studies. An isolated platinum wire was used as the auxiliary elec-
trode, and potentials are referred to a SCE. All runs were made
after a 15-min purge with purified nitrogen and within 30 min of
preparing the solutions.

40.5° (reported34 42°). H: mp 49.2-50.4° (reported34 49-50°).
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i e R E A
thors exp gsﬁt an Iscussion with Proressor P. Zuman
also proved helpiul

Registry No.—1 [X = p-N(CH32, 959-74-0; 1 [X = m-
N(CH32, 788-19-2; 1 (X = p-OCH3), 889-08-7; 1 (X = m-OCH3),
889-29-2; 1 (X = p-CHJ), 782-76-3; 1 (X = m-CH3J), 952-81-8; 1 (X
= H), 779-84-0; 1 (X = p-Br), 886-34-0; 1 (X = m-Cl), 886-32-8; 1
(X = m-COOC2H5), 54120-01-3; 1 (X = p-COOC2H5), 3246-76-2; 1
(X = p-CN), 33721-67-4; 1 (X = m-N02), 959-68-2; 1 (X = p-
N02), 788-25-0; 2, 103-30-0; 3, 538-51-2; 4, 103-33-3; benzaldehyde,
100-52-7; aniline, 62-53-3.
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Diphenyl sulfoacetate (la), sulfoacetic acid dlanlllde |b and carbophenoxymethanesulfonanilide (Ic) react

with salicylaldehydes under the conditions of the Knoeadj

rins (2). Phenyl iV-phenylcarhamylmethanesulfonate

agel reaction to form products characterized as couma-
y phenyl benzoylmethanesulfonate (le), and phenyl p-

nitrophenylmethanesulfonate (If) condense with salicylaldehydes to form sultones (4) by mechanisms involving

nucleophilic transesterification at a sulfopl'le
lysis reactions of If and the conversion of

termediates.
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Table 1
Cyclization Reactions ofCompounds la-fwith Salicylaldéhydes

1
Salicylaldéhyde Substituent
Registry no. Substituent, X Compd Y
90-02-8 H la CO02Ph
89-55-4 5-Br la CO02Ph
321-14-2 5-ClI la CO02Ph
85-38-1 3-N02 la C02Ph
96-97-9 5-N02 la CO02Ph
95-01-2 4-OH la CO02Ph
148-53-8 3-OCH3 la CO02Ph
708-06-5 2-Hydroxy-1-
naphthaldehyde8 la CO02Ph
H Ib CONHPHh
H Ic CO02Ph
H Id CONHPHh
3-N02 Id CONHPh
H le COPh
5-Br le COPh
5-N02 le COPh
2-Hydroxy-1-
naphthaldehyde8 le COPh
H if P-o2nc6h4
5-Br h [>-0Zncbh4
5-ClI « [>-02nc6h4
5-N02 if p-02NC6H4

2 4
Condi -

z tions a Product Formula** Yield, % Mp, °Cc
OPh B 2a  Ci5Hi0D5s 77 138-139
OPh Bd 2b  CillH3r0s 100 182-183
OPh B 2c  cBhkio5s 98  174-175
OPh B 2d  CIBHNOtS 40 138-139
OPh B 2 cBhthoTs 93 201-202
OPh C 2f  CisHjoOgS 58  173-174
OPh B 29  Ci6Hi20gs 91  185-186
OPh B 2h  Ci9HID 55 93  186-187
NHPh A 2i C15HNNO04S 42 200-200.5
NHPh A 2i CyaH u N 018 48 200-200.5
OPh B 4a  cBhllnok 35  173-174
OPh A 4b  CljHjoNjOjS 57  212-214
OPh A 4 CI5H1004S 65  142-143
OPh D 4d  Ci5H9Bro4s 58  159-160
OPh Af  4e  cBhthobs 30  139-140
OPh Af af Ci9H12 45 69  208-209
OPh A 49 cUnhoSs 54  220-221
OPh D 4h  CHHS8BrNO5S 82  238-239
OPh D 4i c¥h&inobs 50  220-221
OPh D 4 CHUHEN20tS 60  213-214

“ See Experimental Section. 6 Satisfactory analytical data (+0.3% for C, H, N) were reported for all new compounds listed in the table.
cDetermined (uncorrected) on a Fisher-Johns apparatus. d Conditions C gave 67% yield. eA. Russell and L. B. Lockhart, “Organic Syn-
theses”, Collect. Vol. Ill, Wiley, New York, N.Y., 1955, p 463.1Room temperature.

Table 11
Reactions ofDiphenyl Malonate with Salicylaldéhydes

XHO A~nNU X)IPh
+ CHACO2Ph2 —* X— [ + HOPh
"OH
Salicylaldéhyde Substituent, X Compd Formula*2 Vleld‘% Mp,°C& Registry no.
H 3a Cl6HI1004 51 158—159c 53992-24-8
5-Br 3b CleH op ro4 91* 233-234 53992-25-9
5-C1 3c c l6Hx i0 4 80 228-229 53992-26-0
3-N02 3d CieHINOg 21 235-236 53992-27-1
5-N02 3e CigHgNOg 67 250-251 53992-28-2
3-OCHg 3g clhin5 76 148-149 53992-29-3
2-Hydroxy-1-
naphthaldehydee 3h C2dH120 4 69 193-194 53992-30-6

0 Satisfactory analytical data (+0.3% for C, H) were reported for all new compounds listed in the table. bDetermined (uncorrected) on a
Fisher-Johns apparatus. ¢ Mp 156° reported by P. M. Bhargava and S. H. Zaheer, J. Chem. Soc., 311 (1952). d See ref 6. e See footnote e,

Table I.

corresponding anilides (5 and 6) and with water to form
with corresponding sulfonic acids, isolated as their pyridine
salts (7 and 8) (see Table IIl). It seems quite likely that
these reactions occur by way of a sulfene intermediate (9)
generated in the basic medium by the elimination of phe-
nol, followed by the addition of aniline or water to the sul-
fene.182

It is tempting to rationalize the cyclization of Id, le, and
Ifwith salicylaldéhydes to form sultones in terms of a reac-
tion mechanism involving a sulfene intermediate. If a sul-

fene is involved, structure 10, which would result from a
simple Knoevenagel reaction of salicylaldéhyde with 1fand
which, like phenyl benzenesulfonate, is incapable of form-
ing a sulfene, cannot be an intermediate in the cyclization
reaction. In support of this conclusion, it was found that
under the conditions (piperidine in refluxing benzene or
hot pyridine) used for the reactions of If with salicylal-
déhydes to form sultones (4g-j), If, like la, does not react
with benzaldehyde or p-nitrobenzaldehyde.8 When heated
under the same conditions (hot pyridine) with a 3-molar
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Table 111
Products of the Anilinolysis and Hydrolysis of leand If

Conpd Structured Yield,% Mp,V Registry no.
5 PhCOCHZS02NHPHh 74 109-110 7117-22-8
6 0 2NCGHACH2SO02NHPh 83 125-126  53992-31-7
7 PhCOCH2S020H:Py 56 109-110 53992-32-8
8 O0NCGIACHZSO0DH:Py 80 157-161 53992-34-0

“ Satisfactory analytical data (+0.2% for C, H, N) were reported
for all new compounds listed in the table, with the exception of 7
(£0.4% for C). 6 Determined (uncorrected) on a Fisher-Johns ap-
paratus.

0 NCEHACHZS0DPh

If
Py I -HOPh

o2ncdidch= so?

9

L

HNPh Hb | Py

0 NCGH4CHZS 0 NHPh 0 NCEHACHZS 0DH :Py

6 e

excess of p-chlorophenol, 1fis converted by transesterifica-
tion to the corresponding p-chlorophenyl ester in approxi-
mately 35% yield (by NMR analysis of the resulting ester
mixture), a reaction which is analogous to the anilinolysis
and hydrolysis of If described above.

These results provide compelling support for structure
11, rather than 10, as the initially formed intermediate in

CH=C— Ca44N02p

SO0DPh
OH
10 1

the cyclization of If with salicylaldéhyde to form the sul-
tone 4g and for the possibility that in the overall cycliza-
tion reactions of 1d, le, and Ifwith salicylaldéhydes, tran-
sesterification, via a sulfene, precedes the Knoevenagel
elimination of water.

In the general formation of sultones (4) under the rather
mild conditions of the reactions that we have described, the
facile replacement of a phenoxide ion at a sulfonyl group is
remarkable in view of the well-known inertness of other
phenyl sulfonate esters, such as phenyl methanesulfonate
and phenyl benzenesulfonate, toward nucleophilic agents
under considerably more strenuous conditions.18 The pres-
ent work suggests that reactions of this type may eventual-
ly have greater synthetic utility than is now generally rec-
ognized.

Experimental Section

Reactions of 1 and Diphenyl Malonate with Salicylal-
déhydes. The phenyl ester or anilide represented by structure 1 or
diphenyl malonate and an equimolar quantity of a salicylaldéhyde
were dissolved in a reagent-grade solvent, approximately a 0.1
molar equiv quantity of the basic agent was added, and the result-
ing mixture was stirred and/or heated. The various conditions em-

Hoogenboom, El-Faghi, Fink, Ihrig, Langsjoen, Linn, and Maehling

ployed may be summarized as follows: A, benzene, piperidine, re-
flux 4-8 hr; B, acetone, K2CO3, or the carbonate form of Dowex
1X4 (J. T. Baker Chemical Co.) anionic exchange resin at room
temperature; C, acetone, KF, or NaC2H302 at room temperature;
D, pyridine, steam heat 24 hr. Completeness of the reaction was
determined by TLC. The product was isolated by evaporation of
the solvent, rinsing with water or with dilute HC1 when necessary,
and recrystallization from acetone-water or methanol-water
mixtures. Products were characterized by melting point, ir, NMR,
and by elementary analyses, which were performed by Galbraith
Laboratories, Knoxville, Tenn. The reactions, conditions, and the
products derived from compounds la-f are summarized in Table I.
The new products derived from diphenyl malonate are summa-
rized in Table II.

Preparation of Materials. A. Compounds la-d were prepared
by methods described previously in part 11 of this series.1

B. Phenyl Benzoylmethanesulfonate (le). PILOSO2CH2CO2H
(5 g, 23.1 mmol), obtained by the acidic hydrolysis of la,la was
treated with 20 ml of refluxing SOCI2 for 45 min. Excess SOCI2 was
removed by evaporation under reduced pressure, last traces being
removed by evaporation with a small quantity of anhydrous ethyl
ether added to the crude mixture. The residual sulfonyl chloride
was taken up in 10 ml of anhydrous benzene, 10 g of anhydrous
AICI3 was added, and the resulting mixture was stirred and
warmed at gentle reflux for 45 min. Excess benzene was removed
by evaporation and ice and dilute HC1 was added to the residual
mixture. The crude solid was removed by filtration and was recrys-
tallized from a methanol-water mixture to afford 4.1 g (64%) of
product, mp 57-58°.

Anal. Calcd for C14H1204S: C, 60.85; H, 4.38. Found: C, 61.30; H,
4.29.

C. Phenyl p-Nitrophenylmethanesulfonate (If). A solution
of 5.0 g (26.8 mmol) of p-nitrobenzyl chloride and 3.69 g (29.3
mmol) of Na2S03 in 150 ml of 50% aqueous acetone was heated at
gentle reflux for a period of 10 hr. The resulting clear solution was
evaporated to about 35 ml, chilled, and filtered to remove un-
changed p-nitrobenzyl chloride, rinsing with a small portion of
cold water. The clear filtrate was passed through a column of
Dowex 50W-X4 cation exchange resin (J. T. Baker Chemical Co.).
The strongly acidic eluent was evaporated to a syrupy liquid form
of the intermediate p-nitrophenylmethanesulfonic acid, which
partially crystallized on cooling. To the crude sulfonic acid was
added 3.5 g (37.1 mmol) of phenol and 10 ml of POC13 and the re-
sulting mixture was heated at 75-85° for a period of 8 hr, when ev-
olution of HC1 seemed to be complete. The reaction mixture was
poured onto ice with stirring. After hydrolysis of excess POCI3 was
complete, excess acid was neutralized by adding solid Na2C03. The
resulting crude solid was removed by filtration and washed with
large volumes of cold water. The wet solid was recrystallized sever-
al times from methanol-water mixtures to afford 4.2 g (49% over-
all) of a flaky, light-gold material: mp 135-136°; NMR (Hitachi
Perkin-Elmer R-24) (acetone) 6 4.45 (s, 2 H), 6.65 (br s, 5 H), 7.20,
765 (2d,4H,J = 15Hz).

Anal. Calcd for Ci3HNNO5S: C, 53.23; H, 3.78; N, 4.78. Found:
C, 53.40; H, 4.07; N, 4.96.

D. Diphenyl malonate was prepared by an adaption of the meth-
od of Auger.9

E. The various salicylaldéhydes were used as obtained from
Eastman Chemicals Co., Rochester, N.Y.

Hydrolysis and Anilinolysis of le and If. The reactions of le
and If with water and aniline were carried out in refluxing pyri-
dine as described in part Il of this series.1* The products of these
reactions are summarized in Table III.

Transesterification of If. A solution of 0.5 g (1.7 mmol) of If
and 0.66 g (5.1 mmol) of p-chlorophenol in pyridine was heated on
a steam bath for 24 hr. The mixture was then poured into ice-
water and the resulting solid material was removed by filtration.
The crude solid was washed repeatedly by stirring with water until
the supernatant, according to a FeClI3 test, was free of phenols.
After a single recrystallization, TLC indicated the solid to be a
mixture. A comparison of the NMR spectrum of the mixture dis-
solved in acetone with that of If indicated the presence of a new
pair of doublets (J = 1.5 Hz) for the p-chlorophenoxy group cen-
tered at 6.65 and superimposed on the aromatic singlet for the
original phenyl ester If. Using the CH2 singlet (6 4.45) as a refer-
ence, the integration of the 6 6.65 signals indicated the mixture to
contain approximately 35% of the p-chlorophenyl ester and 65% of
If. The equilibrium composition of the transesterification mixture
was not determined.
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Registry No.—la, 53973-62-9; Ib, 7117-27-3; Ic, 16753-80-3;
Id, 16753-81-4; le, 53992-03-3; If, 53992-04-4; 2a, 53992-05-5; 2b,
53992-06-6; If, 53992-04-4; 2a, 53992-05-5; 2b, 53992-06-6; 2c,

53992-07-7; 2d,53992-08-8; 2e, 53992-09-9; 2f, 53992-10-2; 29,
53992-11-3; 2h,53992-12-4; 2i, 53992-13-5; 4a, 53992-14-6; 4b,
53992-15-7;  4c¢,53992-16-8; 4d, 53992-17-9; 4e, 53992-18-0; A4f,
53992-19-1; 49,53992-20-4; 4h, 53992-21-5; 4i, 53992-22-6; 4],

53992-23-7; diphenyl malonate, 1969-44-4.
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Thermal Decomposition of - and jo-Benzenedisulfonyl Azides in Benzene,
Cyclohexane, Cyclohexene, and Tetracyclone.
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The thermolysis of o-benzenedisulfonyl azide in benzene and cyclohexane gives products which can be rational-
ized as arising from both benzyne and a singlet sulfonyl nitrene. The former can be trapped with tetracyclone
whereas the sulfonyl nitrene undergoes aromatic substitution with benzene, C-H insertion into cyclohexane, and
addition to tetracyclone. The termolysis of p-benzenedisulfonyl azide in benzene, toluene, and cyclohexane leads
only to singlet sulfonyl nitrene. Both o- and p-benzenedisulfonyl azide react readily with cyclohexene to give a di-
imine or dienamine as the primary product. In the case of the o-diazide, an interesting secondary product was iso-
lated. Formation of the primary product is best explained in terms of a 1,3-dipolar addition mechanism.
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the reaction was carried out at 135° and path a would be
expected to be a facile process, path b cannot be discount-
ed. It has been observed3 that 1,2,3-benzothiadiazole 1,1-
dioxide reacts with cyclopentadiene to give adduct 9, which

decomposes at 75° to give nitrogen, sulfur dioxide, cyclo-
pentadiene, and benzyne.

0-Benzenedisulfonylanilide (2, 9%) and benzenesulfon-
ylanilide-2-sulfonamide (4, 5%) are normal aromatic substi-
tution and mixed substitution-hydrogen abstraction prod-
ucts, respectively, of the disulfonyl nitrene. It is not ob-
vious, however, why 4 is formed only in the presence of te-
tracyclone but not in its absence, but it (or other products
or intermediates, e.g., see Scheme I11) could probably cata-

Scheme 111

lyze the singlet — triplet interconversion in the monosub-
stituted mononitrene.

A possible mechanism which could explain the formation
of tetraphenyl-2-pyridone (5,13%) and biphenyl is outlined
in Scheme Ill. 1,4-Addition by singlet sulfonyl nitrene to
tetracyclone would give the symmetrical intermediate 10
which, on ring expansion, would lead to 11. Homolytic
cleavage of the S-N bond [probably encouraged by the
presence of the 6-phenyl substituent in 11 (see below)] fol-
lowed by hydrogen abstraction from benzene would lead to
5 and a phenyl radical. The latter with benzene would give
biphenyl. The ring expansion 10 —11 has precedent in the
known4 expansion of 12 in boiling toluene to 13.

C@in

The instability of Il (or its equivalent) was verified in
studies on model compounds. Methanesulfonylation of
thallium(l) 2-pyridone (14b) in ether at room temperature

Abramovitch and Knaus

gave N-mesyl-2-pyridone (16b, 48%) (vc=0 1670 cm-1) and
2-pyridyl methanesulfonate (15b, 52%) (no C =0 absorp-
tion). When 16b was heated either alone at 175° or in
methylene bromide at 135° it rearranged quantitatively to
15b.5 On the other hand, methanesulfonation of the thalli-
um(l) salt 14a in ether (the reaction in other solvents gave
similar results) at room temperature (or below) gave 5
(25%) (i'c=0 1670 cm-1) and 3,4,5,6-tetraphenyl-2-pyridyl
methanesulfonate (15a, 72%) (no C=0 absorption). The
iV-sulfonyl derivative (16a) was never detected, even when
the reaction was carried out at low temperature. It is un-
doubtedly formed (15a does not hydrolyze to 5 under the
reaction conditions or during the isolation procedure; no
reaction occurred between 15a and mesyl chloride) but is
unstable (probably owing to steric hindrance by the 6-phe-
nyl group) and either rearranges to 15a or eliminates meth-
ylene sulfene (or its equivalent)6 to give 5. With the bulkier
ortho-disubstituted benzene elimination probably takes
place before any N 0 migration can occur (the o-sulfo-
nyl azide function may also play a role in this elimination).

A

IR-Ph

5

The reaction of sulfonyl azides with tetracyclone appears
to have some ,generality. Thus, methanesulfonyl azide
reacts with tetracyclone in methylene bromide at 135° to
give 5 (12%), 15a (12%), and methanesulfonamide (26%).
No reaction took place at 80° so that this is not a 1,3-dipo-
lar addition of azide to tetracyclone (such reactions with
strained and unstrained double bonds occur at much lower
temperature than 135° 7) but suggests rather that a nitrene
is the reactive intermediate.

Three possible modes of addition of a nitrene to tetracy-
clone can account for the formation of 5 and 15a: (i) 1,2-
addition to give 17 followed by rearrangement to the 1,4
adduct 10 and thence 11, 5, and 15a; (ii) direct 1,4-addition
to give 10; (iii) 1,2-addition to C=0 and then rearrange-
ment to 11 (Scheme 1V). Precedent for this last possibility

Scheme 1V

is the known reaction of methylene with acetone to give an
oxirane.8 This was tested by heating methanesulfonyl azide
with fluorenone in methylene bromide; an addition to the
carbonyl followed by rearrangement would lead to a phe-
nanthridone, while both 1,2- and 1,4-addition to the cyclo-
pentadienone portion are unlikely. In fact, no phenanthri-
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Table |
Authentic Disubstituted Disulfonamides
R- iSCbNHR
Found, % Caled, %
R Rl Yield, % Mp°C Mblecular formula c H c H Registry no.
ceh5 o-(CeH5NHS02) 84 249-250 C18HI6N <432 55.64 4.23 55.65 4.13
c6h5 />-(c6h5nhso?) 73 254-255 c18hlgn2o4s2 55.46 4.20 55.65 413 53965-93-8
CeHn o-(C6HuNHS02) 91 126-128 CI8H28N2) 452 54.06 7.09 54.00 7.00 53965-94-9
CeHn ¢-(C jJHUNHSOj) 77 240-242 c)8h28n20 4s2 53.92 7.02 54.00 7.00 53965-95-0
Scheme V Scheme VI
21
-HCN
C3H3+
m/e 39
H +
m/e 67 m/e 66

less nucleophilic in this case. Further work is clearly need-
ed to determine the mechanism of this reaction. Formation
of 21 from the azide in unexceptional, however, and the
mechanisms of such reactions have already been dis-
cussed.7

Thermolysis of p-benzenedisulfonyl azide (28) in ben-
zene gave the p-dianilide (55%) as well as some black, in-
tractable material. Thermolysis of the p-diazide in toluene
at 135° gave a trace of bibenzyl and the isomeric p-benzene-
disulfonyltoluidides (29, 84%). It has been reportedi2 that

P-CeH4(S02N3>

28
CH3

29 30

p-benzyne, generated from cis-1,5-hexadiyn-3-ene in tolu-
ene, gave diphenylmethane as a major product. No diphen-
ylmethane could be detected by column or gas-liquid chro-
matography in the present reactions. Thermolysis of 28 in
cyclohexane at 135° gave TV,TV'-dicyclohexyl-p-benzenedi-
sulfonamide (55%) and TV-cyclohexylbenzenedisulfonamide
(5%) as the only isolable products. The decomposition of 28
in a large excess of an equimolar mixture of cyclohexene-
benzene gave TV, TV'-dicyclohexylidene-p-benzenedisulfona-
mide (30, 97%) as already reported.7t*

Nmr and Mass Spectra of N- and O-Mesyl-2-pyridones. 2-
Pyridyl methanesulfonate (15b) exhibited a doublet of doublets
6756 = 5.0,Y46 = 2.0 Hz) at S8.32 due to He, six lines centered at 6
7.79 (V45 = t/34 = 8.0, J46 = 2.0 Hz) due to H4, a doublet of dou-
blets at &7.23 (e/35 < 1.0 Hz) due to H5, and a quartet at S7.08 due
to H3. TV-Mesyl-2-pyridone (16) exhibited an nmr spectrum very
similar to that of AT-methyl-2-pyridonel3 except that the 4 and 6
protons were shifted somewhat downfield as expected and t/4,5 and
V5,6 were somewhat larger: 6 7.85 (q, J56 = 8.0, J46 = 2.0 Hz, H6),
7.30 (d of d, J34 = 9.2, J45 = 6.8 Hz, H9, 6.55 (q, </35 = 1.2 Hz,
H3J), and 6.26 (d of d of d, H5).

The mass spectrum of 15b showed an M-+ peak at m/e 173
(13%). The main fragment ions were at m/e 95 (100%), 79 (19%), 67
(55%), 66 (16%), and 39 (63%). These may be readily accounted for

as in Scheme VI by a McLafferty-type rearrangement of the mo-
lecular ion accompanied by the loss of methylene sulfene to give
the 2-pyridone radical cation as the base peak. Expulsion of CO
would give the m/e 67 fragment, which has been formulated as a
pyrrole ion.14 The mass spectrum of 16b exhibited the parent ion
at m/e 173 (22%) and the base peak at m/e 95. The fragmentation
pattern was identical with that of 15b, as expected if the first step
is a McLafferty-type rearrangement.

Experimental Section

Melting points are uncorrected. Nmr spectra were recorded on a
Varian Associates Model HA-100 or a Perkin-Elmer Model R-20B
spectrometer. Mass spectra were recorded on a C.E.C. Model 21-
104 spectrometer at an ionizing voltage of 70 eV. Infrared spectra
were recorded on a Perkin-Elmer Model 257 spectrometer. Gas
chromatographic analysis was carried out with a Varian Associates
Model A-90-P chromatograph with helium as carrier gas. Fischer-
Porter pressure tubes, equipped with a degassing valve, were used
for the thermolysis at 135°. The initial reaction mixtures were de-
gassed by evacuating the frozen solution and thawing. This proce-
dure was repeated at least three times for each run.

Reagents. Reagent-grade solvents were purified by standard
techniques and kept over a drying agent. They were fractionally
distilled just prior to use.

Authentic TV.TV'-Dicyclohexylbenzenedisulfonamides and
Benzenedisulfonylanilides. These were prepared from the ap-
propriate amine and benzenedisulfonyl chloride with benzene or
chloroform as solvent. The properties of the new compounds are
given in Table I.

0-Benzenedisulfonyl Azide (1). Powdered sodium azide (5.2 g,
0.080 mol) was added to a stirred solution of o-benzenedisulfonyl
chloridels (8.0 g, 0.029 mol) in distilled methanol (100 ml) over a
0.5-hr period. The reaction mixture was stirred for a further 2 hr at
room temperature and poured into ice-water (200 ml) with vigor-
ous stirring, whereupon a white solid precipitated. Recrystalliza-
tion from methanol gave 0-benzenedisulfonyl azide (6.9 g, 839%):
mp 115-116°; ir (KBr) 2150 (N3, 1370 (S02, and 1175 cm"1
(SO2); NMR (CDCI3) 58.30 (d of d, H3 and He, J34 = 6.0, V35 =
3.8 Hz) and 7.85 (d of d, H4 and H5); MS (70 eV) m/e 246 (M> -
42), 106 (28), 98 (24), 96 (19), 90 (81), 78 (43), 76 (87), 63 (35), 50
(100).

Anal. Calcd for CeH4N604S2: C, 25.00; H, 1.39. Found: C, 25.13;
H, 1.48.

p-Benzenedisulfonyl Azide (28). Prepared as described in the
literature16 from p-benzenedisulfonyl chloridel7 and sodium azide
in methanol, it was obtained in 90% yield and had mp 136-137°
(lit.16 mp 133-134°).



Decomposition of o- and p-Benzenedisulfonyl Azides

Decompositions of o-Benzenedisulfonyl Azide. A. In Ben-
zene. A thoroughly degassed solution of o-benzenedisulfonyl azide
(0.707 g, 2.45 mmol) in dry benzene (20 ml, 0.226 mol) was heated
in an oil bath at 135° for 7 days. The reaction mixture was cooled
to room temperature, the gas under pressure was released, and a
black, shiny material (ca. 0.26 g) was filtered and washed with hot
acetonitrile (30 ml). The combined filtrates were chromatographed
on silica gel (120 g). Elution with benzene-ether (9:1 v/v, 150 ml)
gave a white, crystalline solid (0.199 g, 20.5%) whose ir and NMR
spectra were identical with those of authentic o-benzenedisulfon-
ylanilide. No other compounds were detected.

When the decomposition was repeated and the filtrate was ana-
lyzed by GLC using a 5 ft X 0.25 in. Apiezon M (15%) on Ana-
kchrom (60-80 mesh) column at an oven temperature of 230°, no
biphenyl, benzenesulfonamide, or benzenesulfonylanilide were de-
tected.

B. In Benzene-Tetracyclone. A thoroughly degassed solution
of o-benzenedisulfonyl azide (1.027 g 3.57 mmol) and tetracyclone
(1.503 g, 3.91 mmol) in dry benzene (20 ml) was heated at 135° for
56 hr. The reaction mixture was worked up as before and the fil-
trate was chromatographed on silica gel (200 g). The light petrole-
um fraction (100 ml) gave biphenyl (12 mg, 2%), mp 67-68°, whose
ir spectrum was identical with that of authentic material.

Light petroleum-benzene (4:1 v/v, 150 ml) eluted a light yellow
oil which solidified on standing. Recrystallization from aqueous ac-
etonitrile gave 1,2,3,4-tetraphenylnaphthalene (0.085 g, 5.5%): mp
204-205° (lit.18 mp 204.5-205°); NMR (CDCI3) 57.75-7.2 (m, 4 H),
7.20 (s, 10 H), and 6.80 (s, 10 H); MS (70 eV) m/e 432 (M-+, 100).

Light petroleum-benzene (2:1 v/v, 100 ml) and light petroleum-
benzene (1:1 v/v, 250 ml) eluted unreacted tetracyclone (0.94 g,
64%). Benzene (150 ml) eluted o-benzenedisulfonylanilide (0.12 g,
8.7%). Benzene-ether (4:1 v/v, 150 ml) eluted an oily solid. Crystal-
lization from chloroform-light petroleum (bp 60-110°) gave ben-
zenesulfonylanilide-o-sulfonamide (4) (0.055 g, 5%): mp 208-
209°; ir (KBr) 3360 and 3255 (NH2), 3300 (N-H), 1340 (S02), and
1165 cm“1 (S02; NMR (DMSO-de) « 9.66 (s, NH, 1 H, D20 ex-
change), 8.20 (d of d, 1 H, J34 = 6.5, J35 = 2.5 Hz, H3), 8.06-7.68
(m, 3 H), 7.42 (s, NH2 2 H, D2 exchange), and 7.30-6.98 (m, 5 H);
MS (70 eV) m/e 312 (M-+, 39), 295 (31), 278* (312 -* 295, -NH?3),
93 (CeH50+, 100).

Anal. Calcd for C12Hi2N204S2 C, 46.18; H, 3.85. Found: C,
46.18; H, 4.01.

Benzene-ether (3:2 v/v, 250 ml) and ether (200 ml) eluted a
white solid. Recrystallization from aqueous acetonitrile gave gran-
ular crystals of 3,4,5,6-tetraphenyl-2-pyridone (0.18 g, 12.6%), mp
273-275° (lit19 mp 273-275°), whose ir spectrum was identical
with that of an authentic sample.

Anal. Calcd for CigH21NO: C, 87.18; H, 5.30. Found: C, 87.32; H,
5.35.

C. In Cyclohexane. A degassed solution of o-benzenedisulfonyl
azide (0.936 g, 3.25 mmol) in dry cyclohexane (20 ml) was heated in
an oil bath at 135° for 72 hr. The reaction mixture was worked up
as before and chromatographed on silica gel (150 g). Light petro-
leum-benzene (1:1 v/v, 100 ml) eluted A/N'-dicyclohexyl-o-hen-
zenedisulfonamide (0.036 g, 2.6%) whose ir spectrum was identi-
cal with that of an authentic sample. Benzene-ether (4:1 v/v, 150
ml) eluted a colorless oil which slowly solidified on standing. Re-
crystallization from aqueous ethanol gave /V-cyclohexylbenzen-
esulfonamide (0.368 g, 47.4%) whose ir spectrum was identical with
that of an authentic sample prepared from benzenesulfonyl chlo-
ride and cyclohexylamine.

D. In Cyclohexane-Tetracyclone. A degassed solution of o-
benzenedisulfonyl azide (1.003 g, 3.49 mmol) and tetracyclone
(1.44 g, 3.75 mmol) in dry cyclohexane (20 ml) was heated in an oil
bath at 135° for 116 hr. The reaction mixture was worked up as be-
fore and the product was chromatographed on silica gel (200 g).
Light petroleum-benzene (4:1 v/v, 150 ml) eluted 1,2,34-tetra-
phenylnaphthalene (0.089 g, 6%). Light petroleum-benzene (2:1
viv, 100 ml) eluted unreacted tetracyclone (0.71 g). Light petro-
leum-benzene (1:1 v/v, 200 ml) eluted N.N'-dicyclohexyl-o-ben-
zenedisulfonamide (0.092 g, 8%). Benzene (250 ml) gave iV-cyclo-
hexylbenzenesulfonamide (0.101 g, 12%) and ether (350 ml) eluted
3,4,5,6-tetraphenyl-2-pyridone (0.245 g, 18%).

E. In Cyclohexene. A solution of 1 (0.716 g, 2.49 mmol) in
freshly fractionated cyclohexene (bp 82.0-82.5°) (20 ml) was
boiled under reflux (CaCl2 drying tube) for 108 hr. The reaction
mixture, which contained a white, crystalline material on the wall
of the reaction vessel, was cooled to room temperature, filtered,
and washed with benzene (15 ml). Recrystallization from acetoni-
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trile-carbon tetrachloride gave spiro[2H-1,5,2,4-benzodithiadi-
azepine-3(4H),I'-cyclohexane 1,1,55-tetroxide] (22, 0.099 g,
13%): mp 240-242°; ir (KBr) 3265 (N-H), 1335 (S02), and 1170
cm-1 (S02).

Anal. Calcd for C12H16N204S2 C, 45.58; H, 5.06. Found: C,
45.78; H, 5.17.

The filtrate was concentrated carefully under vacuum until an
oily solid was left. Addition of anhydrous ether (ca. 15 ml) caused a
white, crystalline solid to separate. This was quickly filtered in a
drybox and identified as A/TV'-di-fl-cyelohexenyB-o-ben-
zenedisulfonamide (0.64 g, 65%): mp 162-164°; ir (KBr) 3280
(N-H), 1575 (C=C), 1325 (S02, and 1175 cm"1 (S02; NMR
(CDCI3) &8.10 (d of d, H3and He, J34 = 6.0,J 35 = 3.0 Hz), 7.66 (d
of d, H(and H5), 7.23 (N-H, 2 H, D20 exchange), 5.50 (m, 2 vinyl
H), 2.04-1.82 (m, 8 allylic H), and 1.54-1.32 (m, 8 aliphatic H); MS
(70 eV) m/e 396 (M-+, 3), 172 (16), 99 (24), 98 (100), 97 (64).

Anal. Calcd for CigH24N204S2 C, 54.52; H, 6.06. Found: C,
54.37; H, 6.08.

The ether filtrate was concentrated under vacuum to give an oily
solid. Its ir and NMR spectra were identical with those of the
above dienamine. This oily solid was dissolved in ethanol-water
(1:1 v/v, 10 ml) containing concentrated hydrochloric acid (1.0 ml).
As this solution was heated to boiling a white solid precipitated
from solution. Filtration gave o-benzenedisulfonamide (0.077 g,
13%); mp >310° (lit20 mp 335-338°); ir (KBr) 3360 and 3260
(NH2), 1330 (S02), and 1165 cm*1 (S02).

Hydrolysis of 22. A solution of 22 (0.197 g) in ethanol-water
(1:1 v/v, 20 ml) and concentrated HC1 (2.5 ml) was boiled under re-
flux for 1 hr to give o-benzenedisulfonamide (0.134 g, 91%), mp
>310°.

Thermolysis of IVJV,-Di-(I-cyclohexenyl)-o-benzenedisul-
fonamide (21). A degassed solution of 21 (0.119 g, 0.300 mmol) in
freshly fractionated cyclohexene (10 ml) was heated in an oil bath
at 135° for 71 hr and cooled to room temperature and the insoluble
spiro compound 22 was filtered (0.060 g, 62%), mp 241-243°. The
filtrate was analyzed by GLC on a 10 ft X 0.25 in. column packed
with Apiezon L (25%) on Anakchrom ABS (60-70 mesh) at an oven
temperature of 200° and a helium flow rate of 60 ml/min. A trace
of a compound with the same retention time as cyclohexanone was
detected. When a sample of the title compound in anhydrous ether
was analyzed under the same conditions, a small peak with the
same retention time as cyclohexanone was also observed.

Concentration of the filtrate under vacuum gave an oily solid
(ca. 40 mg) whose ir and NMR spectra were identical with those of
starting material (no carbonyl absorption at 1680 cm-1).

Attempted Preparation of N-Cyclohexylbenzenesulfona-
mide-2-sulfonyl Azide. Cyclohexylamine (1.8 ml) was added to a
stirred solution of o-benzenedisulfonyl chloride (3.18 g) in dry
benzene (50 ml). The mixture was boiled under reflux for 1 hr and
cooled, and cyclohexylamine hydrochloride was filtered. Methanol
(50 ml) was added to the filtrate followed by powdered sodium
azide (1.7 g). The mixture was stirred overnight, poured into ice-
water (300 ml), and extracted with ether (2 X 500 ml). The dried
(MgSO04) extracts were evaporated and the residue was chromato-
graphed on a column of silica gel (250 g). Elution with benzene
gave o-benzenedisulfonyl azide (1.64 g). Elution with benzene-
ether (41 viv) gave iV.jV'-dicyclohexyl-o-benzenedisulfonamide
(1.21 g). No other product was detected.

A similar result was obtained when o-benzenedisulfonyl chloride
(15.4 mmol) was treated with sodium azide (16.1 mmol) in acetone.
Only unchanged disulfonyl chloride (55%) and also disulfonyl
azide (1.80 g) were obtained. No monosulfonyl azide could be de-
tected.

Attempted Preparation of JV-Cyelohexylbenzenesulfona-
mide-2-sulfonyl Chloride. A suspension of 2-aminobenzenesul-
fonic acid (7.19 g) in glacial acetic acid (36 ml) and concentrated
HC1 (6 ml) was heated on a steam bath until the solution became
homogeneous, and then cooled to 0-5°. Sodium nitrite (5.4 g) in
water (25 ml) was added below 5° and the resulting solution was
added to a stirred suspension of CuCl2 (1.4 g) in benzene (130 ml)
and glacial acetic acid saturated with S02 The mixture was stirred
at 5-10° for 2 hr, then at 40° for 3 hr. No benzene-soluble product
was formed. From the acidic layer was isolated a solid which, on
treatment with thionyl chloride (30 ml) and DMF (1.7 ml) and
boiling for 1 hr, gave o-benzenedisulfonyl chloride (8.3 g, 73%), mp
142-143°.

Decompositions of p-Benzenedisulfonyl Azide. A. In Ben-
zene. A degassed solution of p-benzenedisulfonyl azide (1.005 g,
3.49 mmol) in dry benzene (20 ml) was heated in an oil bath at
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135° for 72 hr. The reaction mixture was worked up as in the case
of the ortho derivative and chromatographed on silica gel (100 g).
Ether and ether-methanol (2:1 v/v, 100 ml) gave a white solid
whose ir and NMR spectra were identical with those of authentic
p-benzenedisulfonylanilide (0.854 g, 55%), mp 250-252°.

When the reaction was repeated and the filtrate analyzed by
GLC using a5 ft X 0.25 in. Apiezon M (15%) on Anakchrom (60-80
mesh) column at an oven temperature of 230° and a helium flow
rate of 60 ml/min no biphenyl, benzenesulfonamide, or benzen-
esulfonylanilide were detected.

B. In Toluene. A degassed solution of the p-diazide (0.815 g,
2.83 mmol) in dry toluene (12.0 ml) was heated in an oil bath at
135° for 60 hr. The reaction mixture was dissolved in hot boiling
acetonitrile (80 ml) and filtered and the filtrate was concentrated
to ca. 2 ml. This was then analyzed by GLC on a 10 ft X 0.25 in.
column packed with Apiezon L (25%) on Anakchrom ABS at an
oven temperature of 220° and a helium flow rate of 60 ml/min. One
product, with a retention time of 23.4 min, was collected and had a
mass spectrum identical with that of authentic bibenzyl. Diphen-
ylmethane was not detected. The concentrated filtrate was chro-
matographed on silica gel (150 g). Benzene-ether (1:1 v/v, 250 ml)
and ether (350 ml) eluted a white, powdery solid (0.99 g, 84%), mp
240-245°. Two recrystallizations from acetonitrile gave granular
crystals of a mixture of p-benzenedisulfonyltoluidides: mp
248-257°; ir (KBr) 3270-3220 (N-H), 1340 (S02), and 1165 cm"1
(S02; NMR (DMSO-d6) 510.39, 9.93, and 9.86 (NH, 2 H, D2 ex-
change), 7.89 (s, 4 H), 7.25-6.9 (m, 8 H), 2.24 (s), 2.03 (s), and 1.87
(s) (6 H); MS (70 eV) m/e 416 (M-+, 8), 107 (15), 106 (100), 79 (11),
78 (6), 77 (15).

Anal. Caled for C20H20N204S2: C, 57.67; H, 4.84. Found: C,
57.51; H, 4.68.

C. In Cyclohexane. A degassed solution of the p-diazide (1.006
g, 3.49 mmol) in dry cyclohexane (20 ml) was heated in an oil bath
at 135° for 62 hr. The reaction mixture was worked up as before
and chromatographed on silica gel (175 g). Benzene (50 ml) eluted
an oil (0.038 g, 4.5%) which solidified on standing and whose ir,
NMR, and mass spectra was identical with those of authentic N-
cyclohexylbenzenesulfonamide.

Benzene-ether (1:1 v/v, 250 ml) and ether (150 ml) eluted
A/,N'-dicyclohexyl-p-benzenedisulfonamide (0.79 g, 55%) whose ir
spectrum was identical with that of an authentic sample.

Methanesulfonation of Thallium(l) 3,4,5,6-Tetraphenyl-2-
pyridone. Methanesulfonyl chloride (0.108 g, 0.94 mmol) in ether
(5 ml) was added dropwise to a stirred heterogeneous solution of
the title compound2t (0.52 g, 0.86 mmol) in anhydrous ether (30
ml) (CaCl2 drying tube). The reaction mixture was stirred at room
temperature for 1.5 hr, methylene chloride (125 ml) was added,
and the insoluble thallium(l) chloride was filtered. The filtrate was
evaporated under vacuum to give a white solid which was chroma-
tographed on silica gel (125 g). Benzene (275 ml) eluted 3,4,5,6-
tetraphenyl-2-pyridyl methanesulfonate (0.30 g, 72%): mp
208-209° (from CHCI3-hexane); NMR (CDC13) &7.40-6.65 (m, 20
H), 3.45 (s, 3 H); MS (70 eV) mle 477 (M-+, 92), 398 (100), 370 (8),
293 (23), 267 (27), 265 (31), 89 (10), 79 (12).

Anal. Caled for C30H23N0 3S: C, 75.45; H, 4.85. Found: C, 75.51;
H, 5.04.

Benzene-ether (1:1 v/v, 150 ml) and ether (250 ml) eluted
3,4,5,6-tetraphenyl-2-pyridone (0.086 g, 25%), identical with an au-
thentic sample.

Similar results were obtained when the mesylation was carried
out in homogeneous solution (dry benzene or CHC13).

Methanesulfonation of Thallium(l) 2-Pyridone. Meth-
anesulfonyl chloride (0.54 g, 4.68 mmol) in ether (5 ml) was added
dropwise to a stirred suspension of thallium® 2-pyridone22 (1.77
g, 5.92 mmol) in anhydrous ether (50 ml). The reaction mixture
was stirred at room temperature for 1 hr, and thallium® chloride
and unreacted starting material were filtered and washed with an-
hydrous ether (25 ml). The combined filtrates were concentrated
under vacuum to give a colorless oil which was chromatographed
on silica gel (150 g). Benzene-ether (4:1 v/v, 100 ml) eluted a color-
less oil (0.42 g, 52%) which solidified on standing. Recrystallization
from ether at -78° gave 2-pyridyl methanesulfonate, mp 52-
53°.

Anal. Caled for CgH7NO 3S: C, 41.61; H, 4.08. Found: C, 41.72; H,
4.22.

Benzene-ether (1:1 v/v, 150 ml) eluted a colorless oil (0.39 g,
48%) which crystallized from ether at -78° to give IV-meth-
anesulfonyl-2-pyridone: mp 68-69°; ir (KBr) 1670 (0=0), 1600
and 1580 (C=C), 1350 (S02), and 1170 cm*1 (S02).
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Anal. Calcd for CeH7N03S: C, 41.61; H, 4.08. Found: C, 41.62; H,
4.19.

Isomerization of JV-Mesyl-2-pyridone to 2-Pyridyl Meth-
anesulfonate. A. In CH2Br2 at 135°. A solution of AT-mesyl-2-
pyridone (0.152 g) in freshly distilled CH2Br2 (10 ml) was heated
at 135° for 30 hr. Evaporation gave an oil (0.153 g) which solidified
(mp 52-53°) and whose infrared and NMR spectra were identical
with those of 2-pyridyl methanesulfonate.

B. In the Absence of Solvent. A similar result was obtained by
heating the N-mesyl derivative at 170-180° for 50 min, or by two
distillations of the N-mesyl compound (bp 92° at 0.02 mm). In the
first case, pure O-mesyl derivative was obtained; in the second, the
ratio of 0-:Af-mesyl derivatives was 92:8 as indicated by the area
ratios of the NMR peaks at 5 3.45 and 3.61.

N-Cyclohexylidene-o-aminobenzenesulfonamide (25). A so-
lution of o-aminobenzenesulfonamide23 (0.505 g, 2.93 mmol) and
cyclohexanone (0.52 g, 5.3 mmol) in benzene (25 ml) was boiled
under reflux for 15 hr and cooled to room temperature, and the
solvent was removed under vacuum to give a light tan solid. Re-
crystallization from chloroform gave white plates of 1V-cyclohexy-
lidene-o-aminobenzenesulfonamide (25, 0.69 g, 93%); mp 204-
206°; ir (KBr) 3365 and 3220 (NH2), 1605 (C=N), 1340 (S02), and
1165 cm*1 (S02); NMR (CDC13) S7.42 (d of d, H3, Jst = 8.0,J35
= 1.0 Hz), 7.18 (d of d of d, H4, J45 = 7-0, </4e < 0.5 Hz), 6.74 (d of
d, H6, 3516 = 8.5 Hz), 6.66 (d of d of d, H5), 6.17 (NH2 2 H, DD ex-
change), 2.44-2.1 (m, 2 H), and 1.9-1.2 (m, 8 H); MS (70 eV) m/e
252 (M-+, 76), 223 (16), 210 (26), 209 (100), 196 (21), 172 (31), 170
(16), 156 (34), 145 (34), 108 (28), 96 (24), 93 (27), 92 (94).

Anal. Calcd for C12H16N20 4S: C, 57.14; H, 6.35. Found: C, 57.23;
H, 6.47.

A solution of 25 (0.633 g, 2.51 mmol) in dry benzene (20 ml) was
heated in a pressure tube in an oil bath at 135° for 35 hr. Concen-
tration of the reaction mixture under vacuum gave unchanged
starting material (0.63 g).

Attempted Reaction of o-Benzenedisulfonamide with Cy-
clohexanone. A degassed solution of o-benzenedisulfonamide
(0.288 g, 0.966 mmol) and cyclohexanone (0.155 g, 1.58 mmol) in
freshly fractionated cyclohexene (15 ml) was heated in an oil bath
at 135° for 45 hr. Only starting materials were isolated. A similar
result was obtained when acetonitrile was used as solvent.
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Base-Promoted Rearrangement of Arenesulfonamides of N-Substituted
Anilines to N-Substituted 2-Aminodiaryl Sulfones.
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Arenesulfonamides of N-substituted aromatic amines react readily with lithium bases (e.g., methyllithium) in
ether solvents to give N-substituted 2-aminodiaryl sulfones in quite respectable yield. The reaction is probably
intramolecular, and involves formation of a dianion from the sulfonamide before rearrangement occurs. The im-
mediate product of the rearrangement is a dianion with a carbanionic carbon ortho to the sulfonyl group in the
nonamino ring. The reaction would appear to be the method of choice for synthesizing such amino sulfones, par-
ticularly when electron-donating groups are present. The NMR spectra of these amino sulfones indicate that the

N-H proton is hydrogen bonded to a sulfone oxygen.

While previous work indicated that treatment of ar-
enesulfonamides of unsubstituted anilines or of dialkylam-
ines with strong bases (phenyl- or butyllithium) in THF re-
sulted only in metalation ortho to the sulfonyl group2 (or,
in the case of o-toluenesulfonamides, at the o-methyl
group),3 we have observed that treatment of sulfonamides
of general structure 1 with excess alkyl- or aryllithium in
THF, followed by quenching with water, yields a rear-
ranged material of general structure 2.

R' NHR'
2
a R= R"= H; R'='CH3
b, R = p-CH3 R' = CH3 R" = p-CHjO
G R=R"= H; R' = CHCH2

o

, R = p-CH3 R'= CHCH2 R"= H
R = p-CH30; R'= CH3CH2 R" = H
R= R"= H; R'= C65

R = p-(CH32N; R' = CH3 R"= H

, R=p-CH®; R' = CH3 R" = H

, R= p-CH30; R' = CH3 R" = p-CH®
, R= 0-CH3 R'= CH3 R"=H

, R = p-CH3 R'=CH3 R" = H
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Table |

Yields and Properties of2-Aminodiaryl SulfonesO

Sulfore Bese Yield, % Mp, & Registry no.
2d CHjLi 89 136-137 53973-76-5
2b CHjLi 61 150-151 53973-77-6
2¢ CHjLi 40 106-107 53973-78-7
2d CHjLi 81 87-88 53973-79-8
2e CHjLi 57 110-111 53973-80-1
2f W o JHgLl 86 79-80 52914-17-7
29 w-C4aHL i 54 152-153 53973-81-2
2h w-CjHgLi 45 144-145 53973-82-3
2i w-C4aHL i 53 164-165 53973-83-4
2j6 CHjLi 50 103-104 53973-84-5
2k w-CaHL i 52 134-135 53973-85-6

0 Satisfactory analytical data (+0.4% for C, H) were reported for
all compounds in the table. bPrepared by methylating dianion of
2a with methyl iodide.

amounts of rearrangement but its use was not examined in
detail. Methyllithium proved to be the most economical
and efficient reagent, a 97% yield (by gc) of 2a being ob-
tainable.

In Table | are given isolated yields and physical proper-
ties of the aminosulfones. The reactions with methyllith-
ium were most conveniently carried out at 25°, allowing
about 2 hr for reaction before quencing. The sulfones were
easily isolated by recrystallization and the progress of the
reaction could readily be followed by TLC, all of the ami-
nosulfones exhibiting a characteristic blue fluorescence on
excitation by uv. Several of the entries in Table | involve
use of butyllithium. The yields in these cases could proba-
bly be improved through use of methyllithium.

The major structural requirement of the sulfonamide for
rearrangement was that the nitrogen be completely substi-
tuted. Sulfonamides of primary anilines merely formed the
normal salt and were recovered unchanged. Halogen sub-
stituents did not survive, as would be expected, and alkyl
groups ortho to the sulfonyl seriously interfered (vide
infra).3

Proof of the structures of the aminosulfones was estab-
lished by several means. The least substituted sulfone, 2a,



890 J. Org. Chem., Vol. 40, No. 7, 1975

was identical with material prepared after the manner of
Halberkann.4 An NMR study of the 1b-2b system strongly
implied that the sulfonyl group had migrated to an ortho
position in the amino ring; Ib exhibited two AB quartets in
the aromatic region, one for the sulfonyl ring centered at
7.22 and 7.48 ppm (J = 8.0 Hz) and one for the amino ring
centered at 6.76 and 6.97 ppm (J = 9.0 Hz), while 2b

showed only one AB quartet centered at 7.29 and 7.78 ppm

(J = 8.0 Hz) clearly corresponding to a para-substituted

sulfonyl ring. The aromatic protons of the amino ring of 2b

appeared as an ABX system, i/a = 6.60 ppm, ib = 7-00 ppm,

and vx = 743 ppm (Jab = 9.0, Jax ~ 0,Jbx = 3.0 Hz). Fi-
nally, all of the sulfones bearing an alkyl group on nitrogen

exhibited in the NMR a rather strong coupling (J » 5 Hz)

between the amino proton and the a protons of the alkyl

group. This has been noted as being characteristic of alk-

ylamino groups that are intramolecularly hydrogen bonded

to nitro groups in the ortho position.5 For example, in 2a
the methyl group comes at 2.83 ppm (J = 4.9 Hz), while in

N-methyl-o-nitroaniline it comes at 2.93 ppm (J = 51

Hz).5 Exchange of the amino proton of 2a with acidic D20

collapses the doublet.

Other methods of effecting the rearrangement of ar-
enesulfonanilides to aminosulfones have usually involved
treatment with concentrated sulfuric acid at relatively high
temperatures.46 A photochemical rearrangement of p-to-
luenesulfonanilide to 4-methyl 4/-aminodiphenyl sulfone in
relatively low yield has also been noted.7 It would seem
that this regiospecific, base-promoted technique for pre-
paring 2-aminodiaryl sulfones from the readily available
sulfonamides might have considerably synthetic value.

The mechanism of the reaction was shown probably to
be intramolecular by treating a mixture of sulfonamides li
and 1k with butyllithium at 25°. Only the expected sul-
fones, 2i and 2k, could be isolated. The possible “cross
products”, 2b and 2h, would have been easily detected by
GC and were clearly shown to be absent. Such an experi-
ment does not absolutely rule out an intermolecular path-
way, particularly if the rates of reaction of li and 1k were
quite different. However, considering that the two sulfon-
amides are fairly similar in structure and that the butylli-
thium reaction is quite rapid at 25° and thus probably not
very selective, we feel that the probability that it is intra-
molecular is quite high.

More information on the mechanism was obtained by ob-
serving that 1 equiv or less of alkyllithium did not cause
any rearrangement at all even though a rapid reaction, as
evidenced by gas evolution (butane or methane) and devel-
opment of a bright yellow color, ensued. Treatment of such
solutions with water or methanol yielded unrearranged sul-
fonamide (ca. 90% vyield) and no trace of rearrangement
product. Treatment of the yellow solution so obtained from
la with methyl iodide yielded, after work-up, the ortho-
methylated sulfonamide, 1j. Thus, the first stage of the
reaction is simple ortho metalation as observed previously.2
Treatment with larger ratios of alkyllithium resulted in
rapid formation of yellow color (quenching at this stage
again yielded unrearranged sulfonamide) followed by much
slower formation of a red-brown solution. (When la was
treated with 3 equiv of methyllithium at 25°, formation of
the yellow species was apparently complete in ca. 5 min,
while complete rearrangement required about 90 min).
Quenching of the red-brown solution with water yielded
the corresponding amino sulfone. Quenching of the red-
brown solution so obtained from la with methyl iodide
yielded a new amino sulfone, mp 103-104°, to which, on the
basis of evidence described below, we assign structure 2j.
(Alkylation of the amino anion in these amino sulfones is

Shafer and Closson

Scheme 1

apparently very difficult. See Experimental Section.) The
overall sequence of steps is depicted in Scheme I. Whether
or not dianion 3 has a finite existence is not clear. The pro-
posed second metalation ortho to the amino group seems
reasonable on several grounds. First, it is the position to
which the sulfonyl group migrates. Second, if these posi-
tions are blocked by methyl groups, as in iV-methyl-iV-2 6-
dimethylphenylbenzenesulfonamide (5), rearrangement

fails. (Instead, a variety of cleavage reactions apparently
occur.) Thirdly, chelation of the lithium cation by one of
the sulfonyl oxygens via a six-membered ring is feasible at
this site,8 as well as the well-known directing effect of a he-
teroatom at the adjacent ortho position.9

An attempt was made to see whether metalation ortho to
the sulfonyl group was a prerequisite for rearrangement by
treating N-methyl-N-phenylmesitylenesulfonamide (6)
with methyllithium in THF. As in the case of 5, no rear-
rangement but rather a variety of cleavage reactions en-
sued, as inferred from the large number of unidentified,
low molecular weight peaks observed on GC analysis of the
product mixture. Even one o-methyl group in the sulfonyl
ring diverted the course of the reaction, as sulfonamide 1j
also yielded only low molecular weight products on treat-
ment with methyllithium rather than the expected 2j.
While no firm evidence is at hand, we suspect that the me-
talation of the ortho benzylic positions is occurring rapid-
ly,3 followed by unknown side reactions.

The location of the carbanion in species 4 (Scheme I) was
determined as follows. A solution of 4, obtained by rear-
rangement of la in usual fashion, was treated with an ex-
cess of benzaldehyde. Usual work-up of the mixture yielded
a solid product to which, on the basis of ir and NMR evi-
dence, and the result of the next reaction, we assign struc-
ture 7. Refluxing 7 in benzene with toluenesulfonic acid
failed to effect any change, but heating it at 110 ° with zinc
chloride for several minutes caused cyclization to 10-
methyl-11-phenyldibenzo[5,/][ 1,4]thiazepin 5,5-dioxide (8),
whose structure was readily confirmed by spectroscopic
data. In particular, the N-methyl group had collapsed to a
singlet in the nmr (5 2.95 ppm) and the parent peak in the
mass spectrum was at m/e 335. The sequence of reactions is
shown in Scheme Il. Barring any unusual rearrangement in
the zinc chloride reaction, formation of 8 from 4 conclusive-
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Scheme 11
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Experimental Section

Materials and Equipment. Alkyllithium and phenyllithium so-
lutions were obtained from commercial sources. Tetrahydrofuran
(THF) was Matheson Coleman and Bell reagent grade and was
dried by distillation from potassium benzophenone ketyl and
stored under nitrogen. Elemental analyses were performed by In-
stranal Laboratory, Inc., Rensselaer, N.Y. Melting points were de-
termined on a Mel-Temp apparatus and are reported uncorrected.
Gas chromatographic analyses were performed on a Hewlett-Pack-
ard Model 5750 instrument equipped with flame ionization detec-
tors, using a 6 ft X 0.125 in., 10% silicone rubber (UC-W98) on
Chromosorb W column. Yields by GC were determined using in-
ternal standards and measuring peak areas by cutting and weigh-
ing. The NMR spectra were recorded using either a Varian A-60A
instrument or an HA-100-D instrument modified by a Digilab
FTS-3 Fourier transform system.10

Sulfonamides were prepared by standard techniques from com-
mercially available sulfonyl chlorides and amines except in the
cases noted. Their physical properties are described in Table II.

AT-Methyl-1V-2,G-dimethylphenylbenzenesulfonamide  (5).
To 150 ml of water were added 2.0 g of sodium hydroxide, 4.84 g
(0.04 mol) of 2,6-dimethylaniline, and 7.48 g (0.04 mol) of benzene-
sulfonyl chloride and the resulting mixture was stirred for 9 hr.
After acidification and usual work-up 151 g (15% yield) of white
crystals of V-2 6-dimethylphenylbenzenesulfonamide was ob-
tained, mp 152-153° (methanol). To 100 ml of water were added
143 g (5.5 mmol) of this material, 0.4 g (10 mmol) of sodium hy-
droxide, and 1.64 g (13 mmol) of dimethyl sulfate.

The mixture was heated at reflux for 45 min, cooled, and the
product extracted with ether. After removal of ether the product
was recrystallized from methanol, yielding 1.20 g (79%) of 5.

JV-Methyl-JV-phenyl-p-dimethylaminobenzenesulfonam-
ide (Ig). N'-Methyl-Al'-phenyl-p -aminobenzenesulfonamide was
prepared by acid hydrolysis of the corresponding p-acetamidoben-
zenesulfonamide, yielding material of mp 141-141.5° (benzene)
(lit. mp 138-140°1.11 To 0.524 g (2.0 mmol) of this material in 20
ml of dry THF at 0° was added dropwise 1.25 ml of 1.6 M butylli-
thium in hexane. After stirring for 5 min the red-brown solution
was then treated (dropwise) with 0.284 g (0.13 ml, 2.0 mmol) of
methyl iodide. After stirring for another 10 min, another 2.0-mmol
portion of butyllithium was added slowly as previously. After 5
min another 2.0-mmol portion of methyl iodide was added, and the
mixture was stirred for 15 ntin and then quenched with water.
After normal work-up the crude solid was recrystallized from
methanol, yielding 0.406 g (70%) of Ig.

Rearrangement of Sulfonamides with Lithium Bases. The
general procedure was to dissolve 1 g of sulfonamide (ca. 4 mmol)
in 10 ml of dry THF under a nitrogen atmosphere and then rapidly
add, with stirring, ca. 8.5 mmol of lithium base. A water bath was
often essential to absorb the heat of the reaction. After stirring for
70-100 min, water was added, and products were separated by
ether extraction and isolated in usual fashion. The resulting ami-
nosulfones were recrystallized from methanol or methanol-water
mixtures.

Rearrangement of (V-Methyl-JV-phenylbenzenesulfonam-
ide (la) with Sulfuric Acid. The method followed is essentially
that of Halberkann.4 To 5.0 g (0.02 mmol) of la was added 15 g of
98% sulfuric acid and the mixture was stirred and heated at 100°
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Table 11
Properties of Sul fonamides

Sulfonamide M, °c Lit np, °C

la 79-79.5 79"

b 61-62° 68- 69*

lc Liquid"

Id 86-87 88¢C

le 67-68*

If 122-123 124"

Ig 132—133"

Ih 106.5-107 109—110"

li 76-77 77f

1j Liquids

1k 92.5-93.5 94"

5 111- 112"
0 94-95 95-96"

° Z. Rappaport, “Handbook of Tables for Organic Compound
Identification”, 3rd ed, Chemical Rubber Publishing Co., Cleve-
land, Ohio, 1967, Table XVIII. bJ. Halberkann, Ber., 54, 1669
(1921). CA. 1. Vogel, “Practical Organic Chemistry”, Longmans,
Green and Co., New York, N.Y., 1948, p 627. d Satisfactory analyti-
cal data (x0.4% for C, H) were reported for these new compounds.
eS. Ji, L. B. Gorier, A. Waring, A. Battisti, S. Bank, W. D. Clos-
son, and P. Wriede, J. Am. Chem. Soc., 89, 5311 (1967)J Y. Osawa,
Nippon Kagaku Zasshi, 84, 134 (1963). * Reaction with an excess of
sodium naphthalene in THF resulted in production of 98% of the
calculated amount (determined by GC) of IV-methylaniline. See
W. D. Closson, S. Ji, and S. Schulenberg, J. Am. Chem. Soc., 92,
650 (1970). hM. Pezold, R. S. Schreiber, and R. L. Shriner, ibid.,
56,696(1934).

for 2 hr. After cooling, the mixture was poured into ice water and
the resulting brown solid was separated by filtration. Two recrys-
tallizations from methanol yielded 0.355 g (7% yield) of white nee-
dles, mp 136-137°, of 2a, identical in all respects (ir, NMR, mass
spectrum) with 2a obtained by reaction of la with methyllithium.

Preparation of 2-(IV-Methylamino)diphenyl Sulfone by Al-
kylation of 2-Aminodiphenyl Sulfone. 2-Aminodiphenyl sulfone
was prepared by the method of Ullman and Pasdermadjian,12 mp
120-121° (lit.12 mp 121°). To a stirred solution of 0.233 g (1.0
mmol) of this material in 10 ml of THF at —30° was added 1.3 ml
of 1.0 M n-butyllithium in hexane. This was immediately followed
by addition of 0.12 g (1.3 mmol) of dimethyl sulfate, and the reac-
tion mixture was warmed quickly to 50° and stirred at this tem-
perature for 3 min. After quenching with water and usual work-up
a brown oil was obtained which was purified by column chroma-
tography, using 40-140 mesh silica gel and chloroform eluent. A
pale yellow oil was obtained which crystallized on standing. Sever-
al recrystallizations from methanol yielded 0.010 g (4% yield) of
white solid, mp 135-137°, which had ir and NMR spectra identical
with those of 2a obtained by the rearrangement reactions. At-
tempts at alkylation with butyllithium-methyl iodide, or by re-
fluxing the sulfone in trimethyl phosphate, failed to yield any de-
tectable amount of 2a.

Reaction of JV-Methyl-IV-phenylbenzenesulfonamide (la)
with 1 Equiv of Butyllithium. To a stirred solution of 1.0 g (4
mmol) of la in 10 ml of dry THF (at 25°) was slowly added 2.5 mi
of 1.6 M n-butyllithium in hexane. The bright yellow solution was
stirred for 5 min and then quenched with water. Analysis by GC
showed the presence of only la and no trace of 2a. Usual work-up
resulted in recovery of 0.91 g (91%) of la.

To a similarly prepared solution of the anion derived from la
was added 0.61 g (4.3 mmol) of methyl iodide. After stirring for 5
min after disappearance of the yellow color, water was added and
the product was isolated by extraction in the usual way, yielding a
viscous liquid. This was purified by column chromatography on
40-140 mesh silica gel, using methylene chloride as eluent. The re-
sulting oil, 0.715 g (68%), was identical in spectral properties (ir,
NMR) with V-methyl-TV-phenyl-o-toluenesulfonamide (lj) pre-
pared by the Schotten-Baumann reaction of o-toluenesulfonyl
chloride and N-methylaniline.

Reaction of IV-Methyl-JV-phenylbenzenesulfonamide (la)
with 2.5 Equiv of Methyllithium. To a stirred solution of 1.0 g
(4.0 mmol) of la in 10 ml of dry THF at 25° was added 5.5 ml (9.2
mmol) of 1.67 M methyllithium in ether. The solution was then
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stirred for 90 min and then 0.71 g (5 mmol) of methyl iodide was
added slowly. After another 5 min of stirring, 50 ml of water was
added and the product was isolated in usual fashion. Recrystalliza-
tion from aqueous methanol yielded 0.515 g (50%) of white crys-
tals: mp 103-104°; NMR (CDCla) S2.49 (s, 3H, CH3), 2.79 (d, 3 H,
J = 5.0 Hz, NCH3), 5.9-6.2 (m, 1 H, NH), 6.5-8.1 (m, 8 H, aromat-
ic).
On the basis of this and other evidence the compound is tenta-
tively identified as 2-(/V-methylamino)-2'-methyldiphenyl sulfone
2j).
( J,)A similar solution of dianion was prepared from 1.7 g (6.9 mmol)
of la in 15 ml of dry THF and treated dropwise with 1.05 g (10
mmol) of benzaldehyde. After stirring for another 15 min the mix-
ture was quenched with water and the product was isolated. The
resulting viscous oil was purified by chromatography on silica gel,
eluting with carbon tetrachloride-chloroform. This yielded 2.07 g
(85%) of clear oil which crystallized on standing: mp 115-116°;
NMR (CDCla) $2.63 (d, 3H, J = 5.0 Hz, NCH3), 3.57 (broadened
d, 1H,J = 4.0 Hz, OH), 6.05 (broadened d, 1 H, J = 4.0 Hz, C-H),
6.4-7.9 (m, 14 H, aromatic and NH).

On the basis of this and subsequent evidence, the material is
tentatively assigned structure 7.

Preparation of 10-Methyl-11-phenyldibenzo[/>/][1,4]thi-
azepin 5,5-Dioxide (8). To 2.07 g (5.86 mmol) of alcohol 7 was
added 150 mg of anhydrous zinc chloride. The neat mixture was
then heated at 115-120° under a nitrogen atmosphere for 40 min.
At this point the mixture had solidified. After cooling, 50 ml of
water was added and the mixture was extracted with chloroform.
After drying with magnesium sulfate, removal of solvent, and re-
crystallization from aqueous ethanol, 1.45 g (73%) of a white solid
was obtained: mp 211-212°; NMR (CDCI3) 52.95 (s, 3 H, NCH3),

6.02 (broadened s, 1 H, CH), 6.67-7.55 (m, 13 H, aromatic); mass

spectrum m/e 335 (parent), 306, 270.

Loozen, Godefroi, and Besters

Anal. Calcd for C20H16NO2S: C, 71.62; H, 5.11. Found: C, 71.31;
H, 5.12

Registry No.—la, 90-10-8; le, 35088-88-1; lg, 53973-86-7; 5,
53973-87-8; 7, 53973-88-9; 8, 53973-89-0; 2,6-dimethylaniline, 87-
62-7; benzenesulfonyl chloride, 98-09-9.
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Title compounds (1V) were prepared by oxidation of lactols | with Ag2C03 on Celite in refluxing xylene. Lactols
I were obtained from reaction of ketones Il with organomagnesium compound Ill and subsequent hydrolysis of
the products V in 10% sulfuric acid. Prepared were the following compounds IV (Ri, R2 given): H, 3-pyridyl; H,
4-pyridyl; H, I-benzylimidazol-2-yl; H, I-methylimidazol-2-yl; H, I-benzyl-2-methylimidazol-5-yl; H, I-benzyl-2-
isopropylimidazol-5-yl; H, 1,2-dimethylimidazol-5-yl; phenyl, phenyl.

In our current research program we were interested in
lactones of type I, bearing an imidazole or pyridine moiety
at the 5 position, in order to examine their anticholinergic
activities compared to pilocarpine (1). A survey of the liter-

NN — CF

i 1
ature revealed that there are no convenient methods to
synthesize lactones of this particular type, because of the
difficult availability of the required starting materials or
inconvenient experimental conditions of the documented
methods.

However, in a recent report,2 benzimidazoles could be
synthesized by reaction of readily available carboxal-
dehydes with the Grignard derivative of 2-(2-bromoethyl)-
dioxolane-1,3 (3)3 and subsequent cyclization in alcoholic

medium. It was established that these reactions proceed
via lactols as intermediates, which in fact could be isolated.
With this consideration in mind, it was obvious that oxida-
tion of the lactols might afford the required lactones.

Reaction of the aldehyde 2d with Grignard derivative 3
in tetrahydrofuran gave 4d, which upon refluxing in 10%
sulfuric acid afforded lactol 5d. Oxidation of this lactol
with convenient reagents such as permanganate, chromous
trioxide, manganese dioxide, and silver oxide did not pro-
vide the desired lactone 6d.

At that stage our attention was focussed to the work of
Fetizon, et al.,4 who reported that lactones should be gen-
erated from 1,5-diols in one simple oxidative conversion by
silver carbonate on Celite.

There is much evidence that this reaction proceeds via
the lactol stage5 Indeed, on refluxing lactol 5d with silver
carbonate on Celite, in xylene as solvent, lactone 6d could
be obtained in a 51% yield. Treatment of lactols 5a-c and
5e,f under similar conditions gave in moderate to good
yields lactones 6a-c and 6e,f.

Further elucidation of this reaction showed that this
method is not restricted to heterocyclic compounds. So, on
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Table P
Lactones

R2—(-

Conpd Yield, % Mp, °C
6a 55
6b 48 .56-57
6C 51 132-132.5
6d 61 117.5-118.5
6e 49 88-89
6f 25 76-76.5
69 22
6h* 71 86-88

Deriv Mp, °C Enirical formula
Picrate 131-132 chho?2
Picrate 152-153 chho?

C17H20N202

chln2o?2

c, 12?2
Picrate 147-149

CieH140 2

“ H. A. Staab, K. Wendel, and A. P. Datta, Justus Liebigs Ann. Chem., 694, 78 (1966): mp 91-92° b Satisfactory analytical data (+0.3%

for C, H, N) were reported for compounds 6a-g.

Table IP
Open-Chain Precursors

Conpd Yield, % Mp, °C eEnrpirical formula
4a 91“ ChH15NO03
4b 95 68.5-69.5 c, hlbno3s
40* 96 90-91 C18H26N203
4d6 84 108-110 Ci7H22N203
4e 70 106-107 Ci,H18N20 3
4f 88 85-86 CieH20N203
49 8o c-loH16N2o 3
4h 90 76.5-77 C 18H2003

aProduct was obtained as an oil; the nmr data were consistent
with the assigned structure. ” H. J. J. Loozen and E. F. Godefroi,
J. Org. Chem., 38, 3495 (1973). c Satisfactory analytical data
(20.3% for C, H, N) were reported for compounds 4b,e,f (C and H
for 4h).

00—
R'\ _ THF
C=0 + BrMgCH2XCH2XCH N
0_
2a-h 3
AgZC03Celite
Xylene, reflux
6a-h
a, R, = 3-pyridyl; R2=H
b, Rj = 4-pyridyl; R2=H

o

R, = I-benzyl-2-isopropylimidazol-5-yl; R2=H

d, Rj = I-benzyl-2-methylimidazol-5-yl; R2= H
e, R, = I,2-dimethylimidazol-5-yl; R2=H

f, R, = R, = I-benzylimidazol-2-yl; R2=H

0, R, = I-methylimidazol-2-yl; R2=H

h, R, = R2= phenyl

Table I'IP
Lactols
R,
Compd Yield, % Mp, & Erpirical formula
5a 95« ch,no?2
5b 84 117-118 c%h,,no,
5c6 92 138-139 clh2n20?2
5d6 84 99-100 clhhigh 202
5e 94 chlh,o02
5f 82 117-119 ChHI16N20 2
59 76 146-148 ¢ 8H12N2o,
5h 74 122-124 CigH160 2

OYield based on crude oil; nmr was consistent with the assigned
structure. 6H. J. J. Loozen and E. F. Godefroi, J. Org. Chem.. 38,
3495 (1973). c Satisfactory analytical data (+0.3% for C, H, N)
were reported for compounds 5b, 5f, and 5g (C and H for 5h).

starting from benzophenone (2h) in a three-step sequence
5,5-diphenylbutyrolactone was obtained in 50% overall
yield. The results are summarized in Table I—II.

Experimental Section

General. Melting points were determined on a Mettler appara-
tus and are uncorrected. Nmr data (Varian A-60, TMS as an inter-
nal standard) were consistent with the assigned structures. The in-
termediate oils 5a, 5e, 4a, and 4f were characterized by means of
nmr and were converted as is into the products offered in Table |
and Il. Microanalyses were performed in our laboratories by
Messrs. H. Eding and P. van den Bosch.

Starting Materials. Benzophenone and the pyridine carboxal-
dehydes were commercially available. The aldehydes 2c-e were
prepared as reported.6 Aldehyde 2g was obtained analogously: (a)
from 1-methylimidazole to the 2-hydroxymethyl derivative (aque-
ous formaldehyde; 72 hr reflux; 51% yield), mp 91-92.5° (ethanol-
(¢-Prh0O); (b) from oxidation (MnOiy-benzene)7 of the correspond-
ing carbinol to 2g (71%), bp 90-95° (6 mm). Aldehyde 2f was pre-
pared by oxidation of the corresponding carbinol8 with Mn02in
75% yield, bp 117-125° (0.01 mm).

All lactones, lactols, and their open-chained precursors have
been compiled in the corresponding tables. The general prepara-
tion of the lactones is illustrated by the synthesis of 6b.

I-(1,3-Dioxolan-2-yl)-3-hydroxy-3(4-pyridyl)propane (4b).
To a solution of 3 in THF, prepared from 5 g (0.026 mol) of the
bromide3and 0.65 g (0.26 g-atom) of Mg, was added dropwise with
stirring a solution of 2.14 g (0.02 mol) of pyridine-4-carboxal-
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dehyde in 10 ml of dry ether. After 2 hr the mixture was poured
into 100 ml of 10% NH4Cl solution. Extraction of the reaction
product with chloroform and washing, drying, and evaporating of
the solvent left 3.9 g (95%) of a solid: mp (benzene-petroleum
ether) 68.5-69.5°; nmr (CDCI3) 5 1.64-1.92 (m, 4, -CH2CH?2-),
3.72-4.03 (m, 4, dioxolane protons); ir (KBr) 3300 cm-1 broad OH
absorption.

4-Hydroxy-4-pyridylbutanal (as Hemiacetal 5b). A solution
of 3.6 g (0.017 mol) of 4b in 50 ml of 10% aqueous sulfuric acid was
refluxed for 30 min. The mixture was cooled, made alkaline with 5
N NaOH, and extracted with chloroform. After drying and evapo-
ration of the solvent the residual oil was chromatographed over
SiC2 (CHCI3- 2% CH30H as eluent) and afforded 2.3 g (8) of 5b:
mp (CHCI3-((-Pr)20) 117-118° nmr (CDC13) 6 1.38-2.70 (m, 4, -
CH2CH?2-), 8.04 (ab, 4, pyridine protons); the ir spectrum (KBr)
showed no C =0 absorption, only broad OH band at 3300 cm™1

Dihydro-5-(4-pyridyl)-2(3fi)-furanone (6b). To a solution of
0.33 g (0.002 mol) of 5b in 20 ml of xylene was added 5.9 g of
Ag2C03Celite (prepared according to the method of Fetizon; five
times molar excess). The mixture was refluxed with stirring for 0.5
hr (on monitoring the reaction by tic). After filtering the reaction
mixture and stripping off the solvent, 0.16 g (48%) of 6 was ob-
tained, as a solid: mp 56-57°; ir (KBr) strong C =0 lactone absorp-
tion at 1760 cm-1; nmr (CDC13) 6 1.93-3.18 (m, 4, -CH2CHZ2), 557
(t, 1, CH), 8.00 (ab, 4, pyridine protons).

Coffen, Fryer, Katonak, and Wong

Registry No.—2a, 500-22-1; 2b, 872-85-5; 2c¢, 39269-79-9; 2d,
39269-74-4; 2e, 24134-12-1; 2f, 10045-65-5; 2f corresponding carbi-
nol, 5376-10-3; 2g, 13750-81-7; 2g corresponding carbinol, 17334-
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Quinazolines and 1,4-Benzodiazepines. LXX.1
v-Triazolo[ 1,5-a][1,4]benzodiazepines

David L. Coffen,* R. lan Fryer, David A. Katonak, and Frederick Wong

Chemical Research Department, Hoffmann-La Roche Inc., Nutley, New Jersey 07110

Recieved October 18,1974

The cycloaddition reaction of 2-azido-5-chlorobenzophenone with dimethyl acetylenedicarboxylate provides 1-
(2-benzoyl-4-chlorophenyl)-lif-1,2,3-triazole-4,5-dicarboxylic acid dimethyl ester. The oxime of this ketone
undergoes reductive cyclization with zinc in acid which, together with subsequent transformations, give the first
examples of the new tricyclic ring system named in the title.

1,4-Benzodiazepines embellished with a triazole ring
have been the subject of several recent reports in both the
journal2-3 and patent4'7 literature. Compounds of types 12"6
and 27 are known compounds and represent the two possi-
ble ring systems in which an s-triazole ring is fused to the
1,2 positions of a 1,4-benzodiazepine. The third possible
ring system of this type in which a v-triazole is so incorpo-
rated is exemplified in compounds 3 and 4. A synthesis of
such previously unknown compounds is the subject of this
paper.

R

c-triazolo[l,5-a]

33 R=H
4. R = CH,

Of the several methods for the synthesis of u-triazoles,8
the cycloaddition of acetylene derivatives to azides9 ap-
peared to be most applicable in the present instance, par-
ticularly since the appropriate azide 5 is readily accessi-
blelo from (commercially available) 2-amino-5-chloroben-

zophenone. We initially anticipated a direct, essentially
one-step synthesis of 3 by cycloaddition-condensation of
propargyl amine with the azido ketone 5. After numerous
trials it became clear that a more reactive acetylene was
necessary. Methyl propiolate reacts with 5 at room temper-
ature to produce a single, crystalline adduct. However,
while it was not clear from spectral data which of the two
regiochemical modes of cycloaddition prevailed, our sus-
tained inability to produce a tricyclic derivative from the
adduct forced us to conclude that it has structure 6. This
result could have been predicted by analogy with the cy-
cloaddition of phenyl azide and methyl propiolate in which
the 1,4-disubstituted triazole is the major product (the 1,4
to 1,5 isomer ratio is approximately 7:1).u

This question of regiochemistry in the cycloadduct was
simply avoided by using dimethyl acetylenedicarboxylate
as the 1,3-dipolarophile. The resulting adduct 7 was con-
verted to its oxime 9 and reductively cyclized to the lactam
10 as shown in Scheme I. Better yields of the cycloaddition
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Experimental Section4

2-Azido-5-chlorobenzophenone (5). A solution of 2-amino-5-
chlorobenzophenone (232 g, 1 mol) in a mixture of acetic acid (500
ml), concentrated hydrochloric acid (200 ml), and water (300 ml)
was cooled to 5° with an ice bath. A solution of sodium nitrite (75
g, 1.1 mol) in water (300 ml) was also cooled to 5° and then added
to the first solution with stirring during the course of 10 min. A so-
lution of sodium azide (71 g, 1.1 mol) in water (300 ml) was slowly
added, during which the mixture foamed copiously. Stirring was
continued for 30 min at 5° after completion of the addition and
then kept for 1 hr without further cooling. The product was col-
lected in two crops to give 227.1 g (88%) of crude azido ketone 5 as
a light yellow solid after washing with water and air drying. A sam-
ple was recrystallized from petroleum ether to give colorless plates:
mp 83-84°; ir (Nujol) 2150, 2120, and 1670 cm-1.

Anal. Calcd for C13H8CIN3O: C, 60.59; H, 3.13; N, 16.31. Found:
C, 60.41; H, 3.13; N, 16.17.

I-(2-Benzoyl-4-chlorophenyl)-1.ff-1,2,3-triazole-4-carbox-
ylic Acid Methyl Ester (6). A solution of 5 (23.5 g) in excess
methyl propiolate (50 ml) was kept for several days. Crops of the
product were filtered off periodically, washed with ether, and air
dried to give a total of 25.5 g (81.5%) of crude adduct in three
crops. A sample was recrystallized from ether to give colorless crys-
tals: mp 188-190°; ir (Nujol) 1735, 1680, 1620, 1545, and 1520
cm-1 NMR (CDCI3-DMSO-d6) &3.80 (s, 3 H), 7.2-8.0 (m, 8 H),
and 8.94 (s, 1 H); mass spectrum m/e 77 (100%), 105, 341 (M+).

Anal. Calcd for Ci7Hi2CIN303: C, 59.75; H, 3.54; N, 12.30; ClI,
10.37. Found: C, 59.85; H, 3.64; N, 12.44; Cl, 10.45.

1- (2-Benzoyl-4-chlorophenyl)-13J-1,2,3-triazole-4,5-dicar-
boxylic Acid Dimethyl Ester (7). A solution of 5 (20 g) in excess
dimethyl acetylenedicarboxylate (30 ml) was prepared with warm-
ing and kept for 3 days. The crystals which formed were collected,
washed with cold ether, and dried in a vacuum oven to give 20.8 g
(67%) of crude adduct. A sample was recrystallized from methanol
to give colorless crystals: mp 125-126°; ir (Nujol) 1735,1730,1670,
1590, and 1575 cm-1 NMR (CDCI3) S3.85 (s, 3 H), 3.9" (s, 3 H),
and 7.2-7.8 (m, 8 H); mass spectrum m/e 105 and 399 (M+, 100%).

Anal. Calcd for C19H14CIN30O5: C, 57.08; H, 3.53; N, 10.51; Cl,
8.87. Found: C, 57.00; H, 3.41; N, 10.52; ClI, 8.90.

2- Azido-5-chlorobenzophenone Oxime (8). A mixture of 5
(231 g), excess hydroxylamine hydrochloride (240 g), and pyridine
(500 ml) in methanol (2 1) was stirred and heated under reflux for
3 hr. The condensor was removed periodically to permit loss of
water with solvent vapor. The cooled mixture was concentrated
under reduced pressure to ca. 750 ml and then partitioned between

18 2N HC1 and ether. The ether layer was dried and concentrated to
ca. 800 ml. Cyclohexane was added gradually to the boiling ether

PrOdUCt 9 VEre (?btamed by fIrSt ConVertmg the aZIdO ke soiution t(.) induce crystallization. The product was collected in
OT,TSS '[0 t e azl three crops, washed with cyclohexane, and vacuum dried at 55° to
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terial, wherefore a further addition of hydroxylamine hydrochlo-
ride (15 g) and pyridine (15 ml) was made and reflux continued for
4 hr. After cooling the solvent was removed under reduced pres-
sure and the resulting concentrate partitioned between 2 N HC1
and ether. The ether layer was dried, filtered through Celite, and
evaporated to a yellow oil. This material crystallized from hot,
aqueous methanol to give 35.2 g (44.8%) of the oxime 9 in two
crops. The oxime prepared in this manner is a mixture of syn and
anti isomers and shows two spots on TLC. An analytical sample
was recrystallized from aqueous methanol to give colorless crystals:
mp 129-131°; ir (Nujol) 3200, 1750, 1730, and 1575 cm"1 NMR
(CDCls) d 3.6-4.0 (4 peaks, s H, OCHz) and 7.2-7.8 (m, s H); mass
spectrum m/e 77 (100%) and 414 (M+).

Anal. Calcd for CisH1sCIN4Os: C, 55.02; H, 3.65; N, 13.51; ClI,
8.54. Found: C, 54.97; H, 3.41; N, 13.33; Cl, 8.65.

B. From Azido Oxime s. A solution of the azido oxime s (210.5
g) and excess dimethyl acetylenedicarboxylate (235 g) in ether (400
ml) was heated under reflux for 48 hr. Most of the ether was evap-
orated under reduced pressure and the residue was chilled. The
product was collected, washed with 1:1 ether-cyclohexane, and air
dried. Recrystallization from aqueous methanol gave 235.5 g (73%)
of product in three crops of which the first (190 g) is a single iso-
mer (one spot on TLC) and the second and third crops are syn-
anti isomer mixtures. A sample of the first crop was recrystallized
to give colorless crystals: mp 167-168°; ir (Nujol) 3200, 1750, 1730,
and 1570 cm“ 1, NMR (CDCls-DMSO-d6) &3.74 (s, 3H), 3.92 (s, 3
H), 7.2-7s (m, ¢ H), and 115 (s, OH); mass spectrum mse 77
(100%) and 414 (M+).

Anal. Found: C, 55.02; H, 3.67; N, 13.43; Cl, 8.59.

8-Ohloro-5,fi-dihydro-4-oxo-6-phenyl-4/i-v-triazolo[l,5-
a][l,4]benzodiazepine-3-carboxylic Acid Methyl Ester (10).
A mixture of oxime 9.(132 g, 0.318 mol) and zinc dust (100 g, 1.5 g-
atoms) in glacial acetic acid (700 ml) was treated with 1 ml of con-
centrated HC1 to initiate the reaction. Thereafter the stirred mix-
ture was cooled to keep the temperature below 50°. After 2 hr, the
remaining zinc was filtered out and washed several times with
methylene chloride. The combined filtrate and washings were
washed repeatedly with sodium carbonate solution until the acetic
acid was removed. The organic layer was then dried and concen-
trated under reduced pressure until precipitation commenced. The
concentrated solution was then diluted with twice its volume of
ether, kept for = min, and then filtered to remove a dimeric by-
product. The filtrate was kept overnight at room temperature and
the lactam 10 collected, washed with ether, and air dried to give
54.2 g (46%) of colorless product. This isolation procedure was de-
veloped to avoid the need for column chromatography in isolating
the desired lactam. A sample recrystallized from methylene chlo-
ride-methanol had mp 267-269°; ir (Nujol) 3150, 1735, 1685, and
1650 cm-1L NMR (DMSO-d6) 6 3.79 (s, 3H), 585 (d, 3 = 1 Hz, 1
H), 6.9-8.1 (m, s H), and 9.87 (d, 3 = 7 Hz, NH); mass spectrum
m/e 263 (100%) and 368 (M+).

Anal. Calcd for CisH13CINso3: C, 58.62; H, 3.55; N, 15.19; Cl,
9.61. Found: C, 58.65; H, 3.55; N, 14.96; Cl, 9.59.

8-Chloro-5,6-dihydro-3-hydroxymethyl-4-oxo-6-phenyl-
4f/-v-triazolo[l,5-a][l,4]benzodiazcpine (11). A slurry of the
lactam 10 (67.5 g, 0.183 mol) and sodium borohydride (50 g, 1.32
mol) in THF (2.5 1) was stirred and heated under reflux for 10 hr.
The solution was concentrated somewhat by evaporation under re-
duced pressure. Aqueous 2% HC1 was added slowly to destroy ex-
cess hydride and the resulting mixture was partitioned between
methylene chloride and water. The organic layer was dried and
evaporated until the product began to separate. An equal volume
of ether was added at this point and the solution chilled. The prod-
uct was collected, washed with ether, and air dried to give 46.1 g
(74%) of alcohol 11 as a colorless solid. A sample was recrystallized
from methylene chloride to give colorless crystals: mp 218°; ir
(Nujol) 3400, 3200, 3050, 1670, 1610, 1595, and 1575 cm"1, NMR
(DMSO-de) s 4.56 (s, 2 H), 4.8 (broad, NH and OH), 5.74 (s, 1 H),
and 6.9-8.0 (m, s H); mass spectrum mvse 217 (100%) and 340
(M+).

Anal. Calcd for CizH13CINso2: C, 59.92; H, 3.85; N, 16.44; Cl,
10.40. Found: C, 59.90; H, 3.80; N, 16.64; Cl, 10.65.

8-Chloro-5,6-dihydro-3-formyl-4-oxo-6-phenyl-4if-v-tria-
zolo[l,5-a][l,4]benzodiazepine (12). A mixture of alcohol 11
(36.3 g) and activated manganese dioxide (405 g) in acetone (2 1)
was stirred at reflux for ¢ hr and then overnight at room tempera-
ture. The solid was filtered out and thoroughly extracted several
times with hot acetone. The combined filtrate and washings were
evaporated to leave 15.4 g (42.5%) of aldehyde 12 as a colorless
solid. This oxidation was also carried out on the same scale with
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chromium trioxide using the Ratcliffe and Rodehorst procedureis
and gave the same vyield.

A sample was recrystallized from ether-methanol to give crys-
tals: mp 244-246°; ir (KBr) 3300 and 1660 cm"1, NMR (DMSO-
(o) 55.90 (s, 1 H), 6.8-8.1 (m, 9 H, including NH), and 10.03 (s, 1
H); mass spectrum m/e 233 (100%) and 338 (M+).

Anal. Calcd for Ci7HHCIN:Oz: C, 60.28; H, 3.27; N, 16.54; Cl,
10.46. Found: C, 60.13; H, 3.43; N, 16.51; Cl, 10.41.

8-Chloro-5,6-dihydro-3-methyl-4-oxo-fi-phenyl-4//-v-tria-
zolo[l,5-a][l,4]benzodiazepine (13). A solution of the aldehyde
12 (15.4 g) and 85% hydrazine hydrate (60 ml) in ethanol (300 ml)
was heated on a steam bath for 2 hr. The solvent was removed
under reduced pressure and the residue taken up in toluene (300
ml). Potassium terf-butoxide (15 g) was added and the mixture
stirred and heated for s hr. The solvent vapors were allowed to es-
cape for the first 15 min and heating thereafter was under reflux.
The cooled mixture was washed with water (250 ml) and the aque-
ous layer was extracted with methylene chloride. The combined
organic layers were dried and evaporated. Recrystallization of the
residue from methylene chloride-ether gave 134 g (91%) of the
lactam 13 as colorless crystals: mp 248-250; ir (Nujol) 3170, 3050,
1665, and 1570 cm"1 NMR (CDCls) 5 258 (s, 3H), 555 (d, J = &
Hz, s after DO exchange, 1 H), and 7.1-8.2 (m, 9 H, including
NH); mass spectrum m~/e 219 (100%) and 324 (M+).

Anal. Calcd for CizH1sCINsO: C, 62.87; H, 4.03; N, 17.25; Cl,
10.92. Found: C, 63.09; H, 4.17; N, 17.13; Cl, 10.90.

8-Chloro-5,6-dihydro-4-oxo-6-phenyl-4ff-v-triazolol[l,5-
a][l,4]benzodiazepine (15). The lactam 10 (10.0 g) was taken up
in excess 10% methanolic KOH and the solution kept at room tem-
perature for 15 min, during which the potassium salt of the acid
precipitated. The entire mixture was acidified with dilute HC1 and
the product collected and dried. The crude acid (s.6 g) was slurried
in ethylene glycol (60 ml) and the mixture boiled for 5 min. After
partitioning between water and methylene chloride, the organic
layer was dried and evaporated to give s.s g (78%) of lactam 15. An
analytical sample prepared by vacuum sublimation at 195° had mp
248-249°; ir (Nujol) 3150, 3080, 1675, 1610, 1590, and 1550 cm"1;
NMR (CDCls-DMSO-d6) 5 5.70 (d, 3 = s Hz, 1 H), 7.0-8.2 with
singlet at 8.02 (9 H), and 9.51 (d, 3 = ¢ Hz, NH); mass spectrum
m/e 205 (100%) and 310 (M+).

Anal. Calcd for CisHuCIN:O: C, 61.84; H, 3.57; N, 18.03; Cl,
11.90. Found: C, 61.87; H, 3.53; N, 18.27; Cl, 11.53.

8-Chloro-5,6-dihydro-3-methyl-6-phenyl-4ff-v-triazolo[l,5-
a][ 1,4(benzodiazepine (14). A solution of the lactam 13 (8.0 g) in
THF (125 ml) was treated with 1 m diborane in THF (50 ml) and
heated to reflux for 15 hr. Excess diborane was destroyed by addi-
tion of saturated aqueous Na-So + and the mixture partitioned be-
tween water and methylene chloride. The organic layer was dried
and evaporated. The residue was triturated wth ether, filtered, and
dried to give 6.1 g (80%) of the amine 14 as colorless solid. Recrys-
tallization from methylene chloride-ether provided material with
mp 161-163°. It was suitable for use as in the MnC>2 oxidation step
but analyzed poorly and contained, in its infrared spectrum, an
anomalous band at 2400 cm-1. It may be an amine-borane com-
plex. An analytically pure sample was prepared by boiling a solu-
tion of the product in methanol containing concentrated HC1 for
10 min followed by work-up with aqueous NaOH and methylene
chloride. The base from the organic layer was crystallized from
ether-hexane, giving colorless crystals: mp 140-142°; ir (Nujol)
3300 and 1605 cm“ 1; NMR (CDC13) a2.2 (broad, 1 H, NH), 2.50 (s,
3H), 403 (AB g, 3 = 15Hz, 2 H), 503 (s, : H), and 6.8-8.0 (m, &
H); mass spectrum m/e 205 (100%) and 310 (M+).

Anal. Calcd for CizH1sC1N4: C, 65.70; H, 4.86; N, 18.03; CI, 11.41.
Found: C, 65.79; H, 4.74; N, 18.13; Cl, 11.19.

8-Chloro-5,6-dihydro-6-phenyl-4.fi- v-triazolo[l,5-a][l,4]-
benzodiazepine (16). The reduction of lactam 15 (5.4 g) with di-
borane was carried out as described for lactam 13 to give 3.6 g
(70%) of the amine 16. A sample recrystallized from methylene
chloride-ether had mp 138-140°; ir (Nujol) 3200 and 1600 cm-1;
NMR (CDC13) 52.18 (s, : H, NH), 4.12 (AB g, 3 = 15 Hz, 2 H),
5.00 (s, 1H), and 6.8-8.0 (m, s H); mass spectrum m/e 191 (100%)
and 296 (M+).

A sample for analysis was vacuum sublimed.

Anal. Calcd for CisH13C1N4: C, 64.76; H, 4.42; N, 18.88; Cl, 11.96.
Found: C, 64.78; H, 4.36; N, 19.04; Cl, 11.89.

8-Chloro-6-phenyl-4ff-v-triazolo[l,5-a][l,4]benzodiazepine
(3) and 8-Chloro-6-phenyl-6ff-v-triazolo[l,5-a][l,4]benzodia-
zepine (17). A solution of the amine 16 (4.3 g) in methylene chlo-
ride (100 ml) was treated with activated manganese dioxide (25 g)
and stirred under reflux for 2 hr. The solid was filtered out and
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thoroughly washed with methylene chloride. The filtrate and
washing were combined and evaporated to leave a colorless, crys-
talline mixture of two products (TLC). These were separated by
column chromatography on 100 g of silica gel using methylene
chloride as eluent. The s H isomer 17, 1.3 g (30%), was eluted first
and then the more polar 4H isomer 3, 1.2 g (28%), was obtained. A
sample of compound 3 was vacuum sublimed at 140°, giving color-
less crystals: mp 168-169°; ir (Nujol) 1620 and 1575 cm-1; NMR
(CDCls) 8 4.75 (s, = H) and 7.3-8.2 (m, 9 H); mass spectrum m~/e
231, 265 (100%), and 294 (M +).

Anal. Calcd for CisHn CIN4: C, 65.20; H, 3.76; N, 19.00; Cl, 12.03.
Found: C, 65.24; H, 3.82; N, 19.14; Cl, 12.09.

A sample of compound 17 was recrystallized from methylene
chloride-ether to give colorless crystals: mp 123-125°; ir (Nujol)
1640 cm"1 NMR (CDCls) 8 5.33 (broad s, 1 H), 6.83 (d, 1 H), 7.3-
7.7 (m,s H), 7.90 (d, 1 H), 8.10 (s, 1 H), and 8.67 (broad s, 1 H);
mass spectrum m/e 204, 238, 266, and 294 (100%, M+).

Anal. Found: C, 65.49; H, 3.67; N, 19.22; Cl, 11.93.
8-Chloro-3-methyl-6-phenyl-4H-v-triazolo[l,5-a][l,4]ben-
zodiazepine (4) and 8-Chloro-3-methyl-6-phenyl-6/f-v-tria-
zolo[l,5-a][l,4]benzodiazepine (18). The Mn2 oxidation of
amine 14 (3.6 g) under the conditions described above for amine 16
required 48 hr at reflux. The crude mixture of two products (3.0 g)
was separated by chromatography on 15 preparative layer plates
(silica gel with 5% CH:OH in CHCIs) giving 1.50 g (42%) of com-

pound 4, the more polar component, and 0.80 g (22%) of 18.

A sample of compound 4 was recrystallized from methylene
chloride-ether to give colorless crystals: mp 196-196.5°; ir (Nujol)
1620 cm“ 1; NMR (CDC13) 8 2.42 (s, 3 H), 4.66 (s, 2 H), and 7.2-8.2
(m, s H); mass spectrum m/e 245, 279 (100%), and 308 (M+).

Anal. Calcd for C:7HisC1IN4: C, 66.13; H, 4.24; N, 18.15; ClI, 11.48.
Found: C, 66.29; H, 4.46; N, 18.16; Cl, 11.36.

A sample of compound 18 recrystallized from ether had mp
133-135°; ir (Nujol) 1635 and 1555 cm-»; NMR (CDC13) 8 2.53 (s, 3
H), 5.30 (d,3 = 2Hz, 1H), 6.8-8.0 (m, s H), and 8.48 (d, 3 = 2 Hz,
1 H); mass spectrum m/e 203,218, 252, 280 (100%), and 308 (M+).

Anal. Found: C, 66.24; H, 4.22; N, 18.44; Cl, 11.81.

Registry No.—3, 53878-78-7; 4, 53993-42-3; 5, 53878-93-6; 6,
53993-43-4; 7, 53993-44-5; 8, 53878-98-1; syn -9, 53993-45-6; anti-9,
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53993-46-7; 10, 53879-01-9; 11, 53993-47-8; 12, 53993-48-9; 13,
53993-49-0; 14, 53993-50-3; 15, 53879-03-1; 16, 53879-04-2; 17,
53879-05-3; 18, 53993-51-4; 2-amino-5-chlorobenzophenone, 719-
59-5; methyl propiolate, 922-67-8; dimethyl acetylenedicarboxyl-
ate, 762-42-5; hydroxylamine hydrochloride, 5470-11-1.
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Nuclear Magnetic Resonance Studies on Conformations about the
Nitrogen-Carbon Bond in Some JV-Malonylimides and Some Comments on
the Origin of Nitrogen-Nitrogen Bond Torsional Barriers
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The preparation and NMR studies of a series of AT-malonyl derivatives of Diels-Alder adducts of anthracene-
maleimide and anthracene-citraconimide have been described. In contrast to the tetraacylhydrazine systems,
these compounds show no spectral multiplicities in their NMR signals at 44.5° owing to slow rate processes indi-
cating that rotation about the N-C bond in these compounds is free on the NMR time scale. It has been further
demonstrated that the nonbonding repulsion between the substituents is not the main contribution to the N-N
bond torsional barriers in tetraacylhydrazine systems but that the lone-pair electronic interactions at the two ni-
trogen atoms are sufficiently effective. This is supported by preparing the sodium salts of the title compounds
possessing a >N -“ C< system, isoeletronic with the N-N bond in tetraacylhydrazines which show multiplicity in
their NMR spectra indicating hindered rotation about the N-C bond.

Studies on conformations by NMR spectroscopy have
been receiving considerable attention during recent years.!
Barriers to nitrogen inversion in cyclic hydrazines2 and
acyclic hydrazines3 have been studied by dynamic NMR
spectroscopy. Hindered inversion at the pyramidal nitro-
gen in aziridines has been rationalized4 in terms of ring
strain during inversion, while restricted rotation about the
N-CO bonds has been assigneds to the partial double bond
character of the amide bonds. High energy barriers to the

inversion of iV.N'-diacyltetrahydropyridazine of the type I
(18-19 kcal/mol)6 and the restricted rotation about the
N-N bonds in tetraacylhydrazine systems of the type Il
and 1117 have been demonstrated by NMR spectroscopy
and attributed largely to the nonbonding repulsions be-
tween the acyl substituents in the planar transition state.
Existence of nonplanar conformations and high energy bar-
riers to the N-N bond torsion in the N,N '-diacyl-IVNV7-di-
alkylhydrazine systems (21-22 kcal/mol, the values fairly
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the C-methyl (R') protons and absence of nonequivalence
for the ester methylene protons (Table I).

All the spectra discussed above are consistent with the
suggestion that the N-C bond rotation in these compounds
is free on the NMR time scale.

There are certain points which need consideration for
comparison between the tetraacylhydrazines and the pres-
ent system. The N-N'-CO bond angles (~120°) in the te-
traacylhydrazine system are fairly larger than the N-C-CO
bond angles (~109°) in the present system. Therefore, the
nonbonding repulsive forces between any two carbonyl
groups, one on either side of the N-C bond, in the transi-
tion state would be more than those for the N-N bond sys-
tem. Then, if it is assumed that the exocyclic malonyl pro-
ton pushed toward a carbonyl group of the imide ring (VI)

COOR

in compounds 3-7 would not raise considerably the ground-
state energy of the molecule, larger barriers could be ex-
pected for the N-C bond rotation. Of course, this is not
true in the case of compounds 8- 11, where the bulky benzyl
group at the exocyclic carbon atom would raise considera-
bly the ground-state energy of the molecule.

The two IV'-carbonyls of the tetraacylhydrazine system
cross the two imide ring carbonyls simultaneously in the
transition state for the rotation, whereby the repulsive
forces of the each pair of the crossing carbonyls reinforce
those of the other pair. In the present system, two carbon-
yls at the exocyclic carbon atom cross the two imide ring
carbonyls, respectively, one after the other with a differ-
ence of about 30° rotation (VII), thereby reducing the bar-

vn

rier height of the N-C bond rotation. Spectral studies of
compounds of type IV (R = CH3), which possess only one
jV'-carbonyl group to cross any one of the imide ring car-
bonyls in the transition state and still show large barriers
to rotation (19-21 kcal/mol), indicate that this type of in-
teraction may not be exclusively effective in making the
N-C bond rotation free.

A carbonyl group on the hydrazine system lies preferably
in the same plane as the N-N bond (VII1) because of delo-

°<
\ —R
\ ° > -R
N— N:> N—mC— R
\ / \
vin IX

calization of the nitrogen lone pair electrons, and thus the
repulsive interactions in the transition state may be greater
in this case. This is not the case with the present system,
where the exocyclic C-carbonyls may assume any confor-
mation (1X) about the C-CO bonds depending upon the
stereoelectronic factors in the system. It would be helpful
to consider here an acyclic V,V'-diacyl-N,V'-dialkylhy-
drazine system. For the interconversion of the two confor-
mational diastereomers X and XI, a carbonyl group on one
nitrogen atom may cross the alkyl group on the other nitro-
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gen atom and crossing of a carbonyl group with the other
carbonyl group in the transition state is not a necessary
condition. In the present system the two carbonyls of the
imide ring lie in the plane of the N-C bond, and therefore,
whatever the conformation of the C-carbonyls may be, the
nonbonding interactions would not be less than those in
the V.N'-diacyl-V.V'-dialkylhydrazine system.

The foregoing data strongly suggest that nonbonding re-
pulsions between the substituents are not the main contri-
bution to the N-N bond torsional barriers. Besides other
factors, it may now be considered that the acylhydrazine
system of the type discussed above possesses two lone pairs
containing p orbitals on the two nitrogen atoms, whereas
the present system possesses only one such orbital. There-
fore, the main cause of hindrance to the N-N bond rotation
seems to be the electrostatic repulsions between the two
parallel p orbitals in the transition state (XI1). This could
be tested by preparing sodium salts of compounds 4 and 6,
which form a >N-- C< system (XII1), isoelectronic with
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the N-N bond system. The NMR spectra of both these
salts in pyridine show two singlets each of 3 H intensity for
their two ester methyl groups, with an internal chemical
shift of 16 Hz. This multiplicity of ester methyl signals can
be attributed to restricted rotation about the N-C bond,
and supports the above conclusions. The barrier to rotation
about the N-C bond of the sodium salt of compound 4 has
been evaluated to be 20 kcal/mol by VTNMR measure-
ments (solvent quinoline, Aa at 44.5° = 17 Hz, coalescence
temperature 120°) using Eyring’s rate equation.l It may be
mentioned that compound 4 could be regenerated from the
sodium salt on acidification, which does not show any mul-
tiplicity in pyridine or in nitrobenzene (Table I) for the two
ester methyl protons.

Experimental Section

NMR spectra were recorded on a Varian A-60D spectrometer
equipped with a variable-temperature controller (Model V-6040).
Ir spectra were recorded in Nujol on a Perkin-Elmer 257 spectro-
photometer. Chemical analyses, ir spectra and melting points of all
compounds are given in Table II.

A. 9,10-Dihydroanthracene-9,10-eredo-a,/3-succinimide (14) was

prepared by heating anthracene-maleic anhydride adduct (1 mol)
and urea ( a little more than 0.5 mol) in a long-necked round-bot-
tom flask at 140-150° for 1.5 hr. At the end of the reaction, the ev-
olution of ammonia ceased and the boiling reaction mixture turned
into a solid. After cooling, the solid mass was disintegrated by ad-
dition of water, filtered, and dried. It was recrystallized from hot
xylene: mp 322-325° (327°);14ir 'w 1735s, 1795 m, 3370 scm"1

9,10-Dihydroanthracene-9,10-cndo-m e thyl-a,d-succinimide
(15) was obtained by a similar method using anthracene-citraconic
anhydride adduct and urea and was recrystallized from hot etha-
nol: mp 227-230°; ir enfix 1720 s, 1777 s, 3086 m, 3160 m cm-1.

Bicyclo[2.2.1]-5-heptene-2,3-endo-dicarboximide (16) was pre-
pared by the method of Morgan et al.:15 mp 182-184°; ir iimal 1710
s, 1760 s, 3084 s, 3180 scm-1.
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Table 11
Melting Points, Elemental Analysis, and Characteristic Infrared“ Peaks ofCompounds 1-13

Foud, %

Compd Mp, °C c H
1 75-76 58.88 4.78
2 109 66.48 5.27
85 59.64 5.80

4 176-177 68.25 4.68
5 157-159 69.52 5.45
6 166-167 68.81 4.90
7 121-122 69.88 5.60
8 198-200 72.58 5.24
9 165-167 73.03 5.51
10 180-181 72.88 5.50
11 154-155 73.44 5.66
12 123-125 69.89 5.83
13 182-183 69.66 5.48

Caled, %
C H Ir,.,

59.02 4.92 1734s, 1758's, 1787w

66.83 5.32 1730s, 1762s, 1789 m

59.81 5.92 1710s, 1745s, 1760s,
1733 s, 1756s, 1790m

68.14 4.69 1710s, 1747 s, 1760s,
1785 m

69.28 5.31 1717 s, 1744s, 1782 m

68.73 5.0 1718s, 1750s, 1780w

69.70 5.59 1710s, 1748s, 1782 m

72.72 5.05 1708 s, 1722 m, 1748 m,
1760s, 1780s

73.42 5.54 1712s, 1753s, 1778m

73.08 5.30 1715s, 1744s, 1764s

73.74 5.77 1713s, 1752s, 1778 m

70.28 5.86 1720s, 1754s, 1773 m,
1790 w

69.80 5.59 1722's, 1748s, 1766s,
1788 m

Ir taken in Nujol medium. Abbreviations; s = strong, m = medium, w = weak.

B. Compounds 3-7 were derived from the dicarboximides 14-

16. The imides were converted into their potassium salts by reac-

tion with equimolar proportions of alcoholic potassium hydroxide
and were recovered as solids on evaporation. The potassium salts
of these imides were mixed with appropriate bromomalonic ester
in equimolar amounts and heated at 120° for 1 hr in an oil bath.
The reaction mixtures were then cooled to obtain solids which
were washed with water to remove the potassium bromide formed
in the reaction. The products were recovered by dissolving these
solids in cold benzene and discarding the remaining residues
(which were supposed to be unreacted starting materials). All the
compounds were recrystallized from ethanol. The melting points
and characteristic ir bands are given in Table II.

C. Compounds 8-11. Compound 8 was obtained by adding an
equimolar amount of benzyl chloride to the mixture of compound
4 and anhydrous potassium carbonate in dimethylformamide. The
reaction mixture was stirred at room temperature for about 1 hr
and thereafter heated at 140° for another 1 hr. The solvent (DMF)
was then removed under reduced pressure and the solid mass was
triturated with crushed ice. The product was filtered, dried, and
recrystallized from ethanol. The other benzyl derivatives 9-11
were obtained by benzylation of appropriate N-malonyl com-
pounds 5-7, under similar conditions. Compounds 12 and 13 were
also obtained under similar conditions by reaction of ethyl bro-
mide with compounds 5 and G respectively.

D. Sodium Salts of Compounds 4 and 6. Compound 4 dis-
solved in dry benzene was treated with 1 mol of sodium hydride in
dry benzene. The reaction mixture was refluxed for about 1 hr to
complete the reaction. White, powdered solid was recovered by re-
moving the solvent under reduced pressure and dried under vacu-
um.
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Beckmann rearrangement of 4,9-methano[llJannulenone oxime with tosyl chloride in pyridine and subsequent
direct methanolysis leads to azaannulene 5 in 90% yield. The oxime of 3,8-methano[llJannulenone rearranges
only with difficulty to give (3-lactam 13. The valence isomeric lactam 14 cannot be detected at temperatures up to
110°. The contrasting behavior of 8 and 13 and the question of heavy thermodynamic weighting in the direction
of the bridged cycloheptatriene form are discussed. It is concluded that planar bridged cycloheptatriene deriva-
tives are more stable because of lessened strain and electronic delocalization of the neutral homoaromatic type.
The electrochemical reduction of 5 reveals that multielectron (2e) discharge occurs, but that the resulting dianion
is highly reactive or unstable (cyclic voltammetry data). Alkali metal reductions performed in liquid ammonia
support the surprising instability of dianion 18. Dihydro products 19 and 20 were formed upon quenching.
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Figure 1. Polarography of 1.15 X 10~4M 5 in anhydrous THF, 0.2 M TBAP. Inset shows cyclic voltammetry of this sample at a scan rate
of 200 mV/sec.
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Table 11

Summary of NMR Chemical Shift Data for Certain Protons of Various Imino Ethers (CDC13 Solution,

Compd

3.60-4.00

3.78-4.10
OCHZ1

19 3.70-4.10

6.67

6.68

6.36

20 6.25

2.38-2.80

2.60-3.05

5.87

5.73

5.10

5.52

60 MHz, 6Values)

HoiOCHj6 HaocHa* Uv data
2.53-3.30
5.40 6.30 Xrex (isooctane) 246 nm
(e 3860)
5.50 6.35 (C2H50H) 236 nm (e 20,000)

and 312 (7900)

6.02 6.82
2.60-3.25
2.56 Xmi! (isooctane) 263 nm
(e 4900)
1.6-2.95 Xmei (C2H5OH) 237 nm (e 18,000)

and 325 (8640)

“The symbols aN and /3N refer to those protons positioned a and /3, respectively, relative to nitrogen. b Symbolism is used to designate
those protons situated a and to the methoxyl group. cData taken from ref 3f.d Data taken from ref 4b.
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The factors preventing observation of 18 are not yet
known.2L If this result is due to the inherent instability of
18, the lack of aromatic character would contrast notice-
ably with the properties of azocinyl dianions322 and the di-
anions of 3 and I,7-methano[12]annulene,18 which show
diamagnetic ring currents.

Discussion

The identification of hydrocarbon 3 and its ir-equivalent
heterocyclic congener 5 as bridged [12]annulenes devoid of
an observable capability for « bond shift isomerization
points up the greater thermodynamic stability of those va-
lence isomers which contain a bridged cycloheptatriene
unit. Although it has been justifiably argued that the ab-
sence of the |,6-dimethylenecyclohepta-2,4-diene form 4 is
due to its greater strain,6 we are currently of the opinion
that this energetic discrepancy arises in part from electron-
ic considerations as well.

The thermodynamic relationship between the dihydro-
azocinone 24 and its /1-lactam valence isomer 25 is recog-
nized to be weighted heavily (97.6%) in favor of 25 at 60°.3

24 25

The amide function clearly plays a very different role than
an imino ether moiety, since in the latter event the medium
ring structure (e.g., 1) is overwhelmingly adopted. Specula-
tion has centered upon the improved electrostatic and «
conjugative situation in 25 as the source of its lower free
energy.3 On this basis, the rapid disrotatory closure of 14
to 13 is fully expected, although the apparent irreversibility
of this change is somewhat surprising at first glance. In
these terms, the reluctance of 8 to undergo intramolecular
cyclization with formation of /3-lactam 9 is still more anom-
alous, at least until an added structural feature is recog-
nized. Should the instability of the yet elusive lactams 9
and 14 be further increased because of the necessity to in-
corporate a |l,6-dimethylenecyclohepa-2,4-diene unit, then
the added disparity in ground-state energy would demon-
strate itself in the manner observed experimentally. Va-
lence isomerization away from such bridged annulenes
seems to be an entirely general phenomenon. For example,
the dimeric [lljannulenes 27 and 28 believed to arise from
dimerization of carbene 26 undergo irreversible electrocy-
clic ring closure to give divinylcyclobutanes 29 and 30.

C0CO

Jones has attributed this propensity for cyclization to “a
gain in homoaromaticity”.23 In contrast, fulvalene 31 re-
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sulting from the dimerization of 4,9-methano[llJannuleny-
lidene is entirely stable,24 no bond shift isomerization being
required to avoid 1,6-dimethylenecycloheptadiene part
structures in this instance.

Despite the independent existence of parent hydrocar-
bon 32,25 the instability which this tetraene unit brings to
bridged annulenes is reflected further in the dominance of
34 over 33 (spectroscopically nondetectable),26 a simple
prototropic shift otherwise separating these 10-7r-electron
tropolone analogs, and the preference of 35 to exist in te-
tracyclic form 36 which contains, inter alia, two cyclopro-
pane rings.927 This latter phenomenon may be compared

37 38

with recent work showing that pentaene 38 far outweighs
tautomer 37 in thermodynamic stability,2829

A like assessment of the 7r-electronic structure of bridged
heteroannulenes such as 39 has shown tricyclic valence tau-
tomer 40 to be destabilized to an extent which renders neg-
ligible the equilibrium concentration of the latter.30 That a
small equilibrium concentration of 40 is attainable is sug-
gested by the demonstrated propensity of the system to ex-
trude sulfur above 50°. It is noteworthy, however, that 4,5-
benzothiepin (41) loses sulfur at approximately 0°.26a
Thus, even though the latter compound must become o-
quinonoid with loss of benzenoid character (cf. 42), its reac-
tivity exceeds that of 39, which likely undergoes such chele-
tropic transformation via 40.

(Tps rr>s —
P 0

iTTAi
K U

C O - CO
L

As an extension of this analysis, we would predict that
the unknown heteroannulene class 43 will exhibit equilibri-
um tendencies heavily in favor of tricyclic structure 44. The

O O s -
4

43 4

close relationship of 44 to /3-lactam 13 requires no further
comment.

In our assessment, the remarkable thermodynamic sta-
bility of bridged cycloheptatriene structures relative to
their 1,6-dimethylenecycloheptadiene counterparts is ascri-
bable to some degree to strain effects and in part to elec-
tronic influences. The implication which the latter consid-
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eration carries is that the cycloheptatriene ring is capable
to some degree of homoaromatic interaction (the more pla-
nar the more so). Since neutral homoaromaticity28 is in-
volved, the effect cannot realistically be as pronounced as it
is in an ionic species,3l e.g., the homotropylium ion, where
minimization of charge concentration further enhances
(markedly) electronic delocalization. Admittedly, the effect
must be a more delicate one. Although a detailed discus-
sion of this point is deferred to a later paper, the 45 <>46
equilibrium serves to illustrate the relevant issue. Discov-

ery of the existence of 45 and 46 as separate structural en-
tities was construed to mean that there could be no energy
minimum between these valence tautomers.?2 The homo-
benzene possibility was thereby considered eliminated.
However, it does not seem to have been considered that ei-
ther (or both) structure could be stabilized by homoaroma-
tic interaction in its own right.

Experimental Section

Melting points are corrected and boiling points are uncorrected.
Proton magnetic resonance spectra were obtained on Varian A-
60A, Varian HA-100, and Jeolco MH-100 spectrometers; apparent
splittings are given in all cases. Infrared spectra were determined
on a Perkin-Elmer Model 137 instrument. Mass spectra were re-
corded on an AEI-MS9 spectrometer at an ionization potential of
70 eV. Elemental analyses were performed by the Scandinavian
Microanalytieal Laboratory, Herlev, Denmark. Preparative VPC
work was done on a Varian Aerograph A90-P3 instrument
equipped with a thermal conductivity detector.

4,9-Methano[llJannulenone Oxime (7). A solution of 510 mg
(3.0 mmol) of 4,9-methano[llJannulenones and 315 mg (4.5 mmol)
of hydroxylamine hydrochloride in a 1:1 mixture of pyridine and
ethanol (6 ml) was refluxed for 3 hr under nitrogen. The cooled
reaction mixture was partitioned between water (100 ml) and
methylene chloride (100 ml) and the organic phase was separated,
dried, and concentrated. The residue was recrystallized from etha-
nol (8 ml) to give 420 mg (77%) of 7, mp 190-193° (lit.8 mp 197-
198°). This material was used without further purification.

I-Aza-1,2-dihydro-5,10-methano[12]annulen-2-one (8). A so-
lution of 7 (0.50 g, 2.7 mmol) and tosyl chloride (1.0 g, 5.3 mmol) in
20 ml of pyridine was stirred at 0° for 30 min and at room temper-
ature for 3 hr. The deep orange solution soon became black in
color. The dark reaction mixture was diluted with methylene chlo-
ride and water and the organic phase was washed with saturated
sodium bicarbonate solution and water. This solution was dried
and evaporated to afford a black solid, chromatography of which
on silica gel (elution with 10% ether-benzene) furnished a yellow
solid. Recrystallization from methylene chloride-hexane gave 350
mg (70%) of 8: mp 148-149°; (CHCI3) 3300, 2920, and 1675
cm-1 Arex (C2H50H) 257 nm (e 40,000); ¢ctms (CDCI3) 5.8-7.0 (m,
9, olefinic and >NH), 3.1 (br d, J = 14 Hz, bridgehead proton),
and 2.1 (br d, J = 14 Hz, bridgehead proton).

Anal. Calcd for Ci2HNnNO: C, 77.81; H, 5.99; N, 7.56. Found: C,
77.73; H, 5.97; N, 7.49.

I-Aza-2-methoxy-5,10-methano[12]annulene (5). Procedure
A. A solution of lactam 8 (370 mg, 2.0 mmol) and trimethyloxon-
ium fluoroborate (326 mg, 2.2 mmol) in 10 ml of methylene chlo-
ride was stirred under nitrogen for 5.5 hr. The solution was neu-
tralized with sodium bicarbonate (400 mg) in 10 ml of water. The
mixture was partitioned between methylene chloride and water
and the organic phase was dried and evaporated to produce a red-
orange solid. Purification by silica gel chromatography (elution
with 50% hexane-benzene) gave 270 mg (68%) of pure orange crys-
tals: mp 68-70°; el (CHCI3) 3003, 1675, 1600, 1432, 1400, and
1210 cm-1; ;ems (CDCI3) 5.85-6.55 (m, 7, olefinic), 5.34 (d, J = 12
Hz, bridgehead proton), 5.08 (d, J = 10 Hz, Hu), 3.76 (s, methox-
yl), and 1.64 (d, J = 12 Hz, bridgehead proton). Double irradiation
at 51.64 caused the signal at $5.34 to collapse to a singlet.

Anal. Calcd for Ci3aH13NO: C, 78.36; H, 6,58; N, 7.03. Found: C,
78.34; H, 6.64; N, 6.84.
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Procedure B. A solution of oxime 7 (100 mg, 0.54 mmol) and
tosyl chloride (200 mg, 1.05 mmol) in 3 ml of pyridine was stirred
under nitrogen for 15 min at 0° and then for 3.5 hr at 25°. Metha-
nol (4 ml) was added and the resulting black solution was kept at
room temperature for 30 min. Water (100 ml) and methylene chlo-
ride (100 ml) were added and the organic phase was worked up as
before to give 98 mg (90%) of 5 after sublimation.

3,8-Methano[lllJannulenone Oxime (12). A solution of 3,8-
methano[llJannulenone9 (380 mg, 2.2 mmol) and hydroxylamine
hydrochloride (184 mg, 2.6 mmol) in 1:1 pyridine-ethanol (4 ml)
was stirred at room temperature for 48 hr under nitrogen. Work-
up in the predescribed manner left a red oil. Chromatography on
silica gel (elution with 10% ethyl acetate in methylene chloride)
and recrystallization from pentane afforded 150 mg (30%) of 12 as
a red solid: mp 148-149°; nrex (neat) (on oily mixture of isomers)
3200,1620, and 1595 cm“1; cems (CDCI3) 7.0 (br s, -OH), 5.76-6.68
(m 8, olefinic), 3.97 (d, J = 12 Hz, bridgehead proton), and 2.86 (d,

= 12 Hz, bridgehead proton); calcd m/e 185.0840, found
185.0843

Anal. Calcd for C12HNNO: C, 77.81; H, 5.99; N, 7.56. Found: C,
77.72; H, 6.17; N, 7.27.

Ring Expansion of 12. A solution of oxime 12 (84 mg, 0.45
mmol) in 2 ml of pyridine cooled to 0° was treated with tosyl chlo-
ride (95 mg, 0.50 mmol) and stirred for 55 min under nitrogen. The
reaction mixture was poured into methylene chloride and water
and the aqueous layer was extracted twice with additional CH2C12
The combined organic phases were dried, evaporated, and re-
moved of residual pyridine at 0.05 mm. When free of pyridine, the
oxime tosylate is stable for several days in a freezer.

The unpurified tosylate (170 mg) was dissolved in a mixture of
dioxane (3 ml), water (3 ml), and 2,6-lutidine (100 mg) and stirred
under nitrogen at room temperature for 3 hr. Work-up as predes-
cribed gave crude product which was purified by silica gel chroma-
tography (elution with 50% ether-pentane). There was obtained 60
mg of /L-lactam 13 which after recrystallization from ether-pentane
had mp 124-126° (47 mg, 55%); mM (CHCI3) 3418 and 1764 cm-1;
Xrex (C2H50H) 226 nm (e 31,000) and 284 (4480); for H NMR
data see text.

Anal. Calcd for Ci2HnNO: C, 77.81; H, 5.99. Found: C, 77.36; H,
6.10.

Chlorosulfonyl Isocyanate Addition to 1,6-Methano[lO]an-
nulene. A stirred solution of the annulene (1.03 g, 7.3 mmol) in 15
ml of dry methylene chloride cooled to —78° was treated under ni-
trogen with freshly distilled chlorosulfonyl isocyanate (1.00 g, 7.1
mmol). After 3 hr, infrared analysis indicated the presence of a
weak carbonyl bond at 1850 cm-1. The temperature was increased
to 0° and after 7 hr an intense new carbonyl band appeared at
1700 cm-1 with disappearance of the peak at 1805 cm-1. After an
additional 12 hr at room temperature, the CSI was completely
reacted. Solvent was removed in vacuo and the residue was dis-
solved in ether and added dropwise with stirring to a mixture of
25% sodium sulfite solution (10 ml) and ether (5 ml) cooled to 0°.
Potassium hydroxide solution (10%) was added intermittently to
maintain a pH of 7-8. After 15 min at room temperature the layers
were separated and the aqueous layer reextracted with CH2CL (3
X 20 ml). The dried and concentrated organic extracts were chro-
matographed on Florisil (pentane elution) to give a small amount
of unreacted annulene. A solvent polarity increase to 10% ether in
pentane afforded 130 mg (11%) of nitrile 17d while elution with
ethyl acetate led to isolation of amide 17c (40 mg, 3%).

The nitrile was further purified by preparative vpc on a 5% SF-
96 column at 165°: wsx (neat) 3050, 2960, 2203, 1450, 1350, 1250,
1100, and 770 cm-1; ;tms (CDCI3) 7.0-7.8 (m, 7, olefinic) and -0.4
(AB pattern, J = 10 Hz, 2, bridgehead protons).

Anal. Calcd for Ci2H9N: C, 86.20; H, 5.43. Found: C, 85.96; H,
5.48.

Amide 17c was purified either by sublimation (90°, 0.05 mm) or
recrystallization from ether or methylene chloride-pentane: mp
108-109°; yrex (KBr) 3340, 3160, 1640, and 1610 cm-1 ctms
(CDCI3) 7.85 (m, 1, proton a to carbonyl), 6.9-7.7 (m, 6), 6.38 (br s,
2, -CONH2), and -0.41 (br s, 2, bridgehead); calcd m/e 185.0840,
found 185.0843.

Anal. Calcd for C12HuUNO: C, 77.81; H, 5.99; N, 7.56. Found: C,
77.35; H, 5.82; N, 7.49.

1,6-Methano[10]annulene-2-carboxamide (17c). A mixture
of 1,6-methano[10]annulene-2-carboxylic acid (17e, 200 mg, 11
mmol), thionyl chloride (250 mg, 2.12 mmol), and benzene (10 ml)
was refluxed under nitrogen for 3.5 hr. The benzene was removed
in vacuo and the residue dissolved in methylene chloride was
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added dropwise at —78° to dry liquid ammonia. After 3 hr, this
mixture was poured onto ice and methylene chloride. The aqueous
layer was extracted with methylene chloride and the combined or-
ganic phases were washed with 10% potassium hydroxide solution
and water, dried, and evaporated. The yellow solid (200 mg, 100%)
was recrystallized from methylene chloride-pentane to give 90 mg
of 17c, mp 107-109°, which proved to be identical by ir, NMR,
and mixture melting point with the sample isolated above.

2-Cyano-l,6-methano[10Jannulene (17d). A room-tempera-
ture solution of 17c (94 mg, 0.51 mmol), 2,6-lutidine (200 mg, 1.9
mmol), and benzene (10 ml) was treated with thionyl chloride (180
mg, 1.5 mmol) and an immediate precipitate was observed. After 5
hr at reflux, the mixture was partitioned between water and meth-
ylene chloride. The aqueous phase was reextracted with CH2CI2 (2
x 25 ml) and the combined organic layers were washed with satu-
rated sodium bicarbonate solution and water, dried, and evapo-
rated. The resulting red oil (100 mg) was chromatographed on Flo-
risil (25 g) to give upon elution with 50% chloroform-pentane 48
mg (57%) of nitrile, identical in all respects with the sample isolat-
ed above.

Electrochemical Measurements. Chemicals. The tetrahydro-
furan was prepared by predrying over calcium hydride and storing
in vacuo over sodium-potassium alloy. The supporting electrolyte,
tetra-n-butylammonium perchlorate (TBAP, Southwestern Ana-
lytical, Austin, Tex.), was dried by heating in vacuo at 90°. Aceto-
nitrile was purified by distillation from phosphorus pentoxide and
storage over calcium hydride.

Apparatus. The electrochemical instrumentation, cells, and
procedures for achieving measurements under rigorously aprotic
conditions have been previously described,33 All measurements
were made at ambient laboratory temperature, 23 + 1°. Potentials
were measured against a silver wire/0.1 M Ag+ (THF) reference
electrode, but are reported herein vs. the aqueous saturated calo-
mel electrode and are not corrected for iR drop. The Ag/Ag+ (0.1
M) reference electrode was measured to be +0.49 vs. SCE. From
previous work the iR drop is estimated to be between 1and 5 mV
for the concentrations employed herein; the effect on the poten-
tials is considered to be negligible.

Alkali Metal Reduction of 5. Into a dry 100-ml three-necked
flask which had been fitted with a gas inlet tube, a Dry Ice con-
denser, a rubber septum, and a glass-encased magnetic stirring bar
was placed a solution of 5 (208 mg, 1.04 mmol) in 6 ml of anhy-
drous tetrahydrofuran (freshly distilled from LiAIH4). Liquid am-
monia (55 ml) was distilled from sodium metal directly into this
flask cooled to —78°. With stirring, there was introduced under a
dry oxygen-free atmosphere 350 mg (9.0 mg-atoms) of potassium
metal (as fine chips) during 10 min. The blue-green solution was
stirred at —78° for 8 hr, whereupon 3 ml of methanol was intro-
duced and the contents allowed to warm to room temperature.
After 1 hr most of the ammonia had evaporated and the green resi-
due was taken up in water (200 ml) and ether (3 X 100 ml). The
combined organic layers were washed with water, dried, and con-
centrated to leave a green oil. Chromatography on silica gel (elu-
tion with 50% benzene-hexane) returned 3 mg (1.7%) of 5 and gave
50 mg (24%) of 19 and 37 mg (18%) of 20.

In an alternative work-up procedure, the reaction mixture was
quenched with methanol (2 ml) and ammonium chloride (amount
equivalent to X used) at -78° followed by rapid pouring into ice
water (200 ml) and ether (150 ml), immediate work-up, and chro-
matography.

For 19: jrex (neat) 2930, 1665, 1610, and 1210 cm-1; 5tms
(CDCI3) 5.9-6.7 (m, 4, He-H9), 6.35 and 5.50 (AB, J = 13 Hz, 2,
H34), 3.70-4.10 (m, 1, H12, 2.60-3.05 (m, 3, H,, and H12), 3.76 (s,
3, methoxyl), 3.24 (d with additional fine splitting, 1, Hi3aor Hi3b),
and 1.10 (d with additional fine splitting, 1, Hi3aor H13L,).

The perchlorate salt was obtained as yellow crystals, mp 194-
195° (from methylene chloride-ether).

Anal. Calcd for Ci3Hi6C1NO5: C, 51.75; H, 5.35; N, 4.64. Found:
C, 52.09; H, 5.61; N, 4.46.

For 20: iw (neat) 3010, 2950, 2860, 1670, and 1600 cm"1L &ms
(CDCI3) 6.0-6.7 (m, 4, He-H9), .6.25 and 552 (AB, J = 10 Hz, 2,
Hu, Hi2), 3.74 (s, 3, methoxyl), 2.98 (d with additional fine cou-
pling, J = 12 Hz, 1, H]3&or Hi.,b), 1.6-2.95 (m, 4, H3, H4), and 0.95
(d,J = 12 Hz, 1, Hidaor Hid). Calcd for C13H15NO: m/e 201.1153.
Found: 201.1157.

The perchlorate salt of 20 was found to decompose upon stand-
ing at room temperature.

Bicyclo[5.4.1]dodeca-2,7,9,ll-tetraen-4-one Oxime (21b). A
solution of ketone 21a9 (100 mg, 0.58 mmol) and hydroxylamine
hydrochloride (70 mg, 1 mmol) in 1 ml of pyridine and 1 ml of eth-
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anol was refluxed under nitrogen for 4 hr. Work-up in the predes-
cribed manner left a yellow oil which was crystallized from chloro-
form-hexane and sublimed (100°, 0.05 mm) to give 100 mg (90%)
of 21b: mp 104-106°; prex (KBr) 3100, 1620, 1590, 1440, and 1000
cm-1. Caled for Ci2Hi3NO: m/e 187.0997. Found: 187.0998.

Beckmann Rearrangement of 21b. A solution of 21b (390 mg,
2.1 mmol) in 6 ml of pyridine cooled to 0° was treated with tosyl
chloride (450 mg, 2.4 mmol) and allowed to stir for 20 min at 0°
and 2.5 hr at 25° before pouring into water (300 ml) and methylene
chloride (4 X 100 ml). From the processed organic layers there was
isolated a brown solid which was dissolved in aqueous dioxane (1:1,
18 ml) containing 300 mg of 2,6-lutidine. After 15 hr at the reflux
temperature, the solution was diluted with water (200 ml) and ex-
tracted with methylene chloride (4 X 75 ml). The yellow solid (230
mg) so obtained was chromatographed on silica gel (ether elution)
and furnished 30 mg of crude lactam 23 and 120 mg of isomeric
lactam 22.

Pure 22 (95 mg, 25%) was obtained by sublimation at 110-115°
(0.05 mm) and recrystallization from ether-pentane: mp 147-148°;
vmax (CHCI3) 3420, 3400, 2950, 1660, and 1640 cm*“ 1; 5Tms (CDCL3)
5.5-7.3 (m, 7, olefinic and >NH), 3.60 (d with additional fine split-
ting, J = 12.5 Hz, bridgehead), 2.2-4.3 (m, 4, methylenes), and 2.05
(d with fine splitting, J = 125 Hz, bridgehead); calcd mf/e
187.0997, found 187.1000.

Anal. Calcd for C12H13NO: C, 76.97; H, 7.00; N, 7.48. Found: C,
76.59; H, 7.02; N, 7.15.

Pure 23 (22 mg, 5%) was obtained by sublimation at 100-110°
(0.05 mm) followed by recrystallization from ether-pentane: mp
143-144°; ¢mex (CHCI3) 3380, 1660, and 1625 cm’ 1, aTMS (CDCI3)
6.44-6.70 (m, 2, olefinic), 5.95-6.36 (br m, 2, olefinic), 5.83 (br s, 2,
olefinic), 3.12 (br d, J = 13 Hz, 1, bridgehead), and 1.6-3.0 (m, 5,
bridgehead and methylenes); calcd m/e 187.0997, found 187.0998.

Anal. Calcd for CeH13NO: C, 76.97; H, 7.00; N, 7.48. Found: C,
76.81; H, 7.00; N, 7.44.

4-Aza-5-methoxybicyclo[6.4.1]trideca-4,6,8,10,12-pentaene
(19) . A solution of 22 (36 mg, 0.20 mmol) and triethyloxonium flu-
oroborate (46 mg, 0.30 mmol) in 2 ml of methylene chloride was
stirred under nitrogen for 20 hr at room temperature. A solution of
sodium bicarbonate (50 mg) in water (2 ml) was added and the
mixture was partitioned between methylene chloride and water.
The organic phase was washed with water, dried, and concentrated
to produce 19 (40 mg, 99%) as a yellow oil which was homogeneous
to vpc (6 ft X 0.25 in. 5% SE-30) and spectroscopically identical
with the material isolated above.

4-Aza-5-methoxybicyclo[6.4.1]trideca-2,4,8,10,12-pentaene
(20) . Reaction of 22 mg (0.12 mmol) of 23 with 355 mg (0.24
mmol) of trimethyloxonium fluoroborate in 1.5 ml of methylene
chloride as before gave 20 mg (90%) of 20, the spectra of which
were superimposable upon those of the imino ether obtained ear-
lier.
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Synthesis and Photolysis of 2-Acylpyrazolidin-3-ones. A Model for the
Photochemical Syntheses of 6-Azapenicillin Isomersl

Peter Y. Johnson* and Charles E. Hatch Il
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A series of 2-acyl-5,5-dimethylpyrazolidin-3-ones (5a-e) was prepared by two routes and shown to rearrange
photochemically under a variety of conditions to 7V-acylamino-4,4-dimethylazetidin-2-ones (9a-e). Photolysis of
the parent systems, 5,5-dimethylpyrazolidin-3-one (1), to give l-amino-4,4-dimethylazetidin-2-one (20), which
was acylated to give 9a, is also discussed. A plausible reaction scheme is presented to account for the observed
photochemistry.
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Scheme 1

5a-e led to Il-acylamino-4,4-dimethylazetidin-2-onesi8
9a-e in yields ranging from 20 to 65%, depending on the
starting material and conditions as shown in Table I. In all
the photolyses reported here loss of starting material was
followed by TLC using silicic acid plates. In the acetyl (5a)
and propionyl (5b) cases TLC analysis indicated the for-
mation of one new product with a slightly smaller Rf value
than that of starting material. For 5c-e, however, the TLC
plates of the crude reaction mixtures were badly streaked
and irradiation times for these molecules were arbitrarily
set at 2 hr on the basis of the 5a and the 5b photolysis re-
sults. Irradiation of compounds 5a-d gave g8-lactams 9a-d
as the only isolated products, while irradiation of com-
pound 5e gave the series of products shown in Scheme Ill

Scheme 111

3 u

which included 9e. The yields of the various products were
highly condition dependent.7 It is interesting to note that
for the nonaromatic series 5a-d the pyrazolidin-3-ones
show significant uv absorption while the respective azeti-
din-2-ones show only end absorption. This accounts for the
photostability of 9a when irradiated in methanol through a
Vycor filter. In contrast to 9a, 9e has a uv absorption simi-
lar to that of benzene. Irradiation of 9e in methanol
through a Vycor filter for 2 hr led to 15-20% decomposition
of the 8 -lactam.
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Table la

Compd R Solvent ~ Filter  Yield,*
5% ch3 CHgOH Vycor 65
E ch2ch3 CHjOH Vycor 36

C ch(ch3)2 CH®H Vycor 30

gd gj c(ch3)3 CHjOH Vycor 20

3 € cHorh (CH33COH (non-  Corex 45
degassed)

“ All irradiations were carried out at 0.1- 1% w/v concentration
for 2 to 3 hr with a Hanovia 450-W immersion lamp. 6 All solutions
were degassed with a stream of nitrogen for 2 hr unless noted.
cYield of 9 which was isolated by column chromatography on
silicic acid.

In order to explain the photochemical ring contraction of
5 to give 9, the sequence shown in Scheme IV is proposed.

Scheme IV

Formation of radical anion-radical cation species 15 via in-
tramolecular electron transfer deactivation of 5* followed
by bond formation would give 16.19 Bond reorganization to
give 17 followed by proton transfer would lead to photo-
product 9. The decrease in the yield of 8-lactam in the se-
ries 5a-d (see Table I) can be accounted for by the pres-
ence of a photochemical Norrish type | reaction pathway
which competes with 8-lactam formation. The increasing
stability of the radicals formed from type | processes as the
substitution of the 2-acyl moiety increases and the decreas-
ing rate of recombination of those radicals once formed can
explain the lowered observed yield of 8-lactam. Similarily,
formation of 8-lactam 9e from 5e is in competition with
type | processes. With 5e, however, the type | processes are
significantly enhanced, giving rise to 10, 12, 13, and 14 as a
result of phenyl-assisted cleavage of the same bond to give
stable benzyl radicals. The difference between the yield of
9e from the photolysis of 5e in degassed methanol through
a Vycor filter (15% of 9e) and the yield of 9e from the pho-
tolysis of 5e in nondegassed tert-butyl alcohol through a
Corex filter (45% of 9e) probably resulted from quenching
of the radical (i.e., type I) processes in the latter case.20

In addition to the sequence proposed in Scheme 1V, for-
mation of 9 from 5 might be postulated to occur via forma-
tion, probably by a Norrish type Il process, of a ketene in-
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Experimental Section

Melting points were taken in capillary tubes on a Thomas-Hoo-
ver Unimelt and are uncorrected. Infrared spectra were recorded
on a Perkin-Elmer 457 A spectrometer. The NMR spectra were
taken either on a Varian A-60 spectrometer or on a Perkin-Elmer
Jeol MH-100 spectrometer and are reported in parts per million
downfield from tetramethylsilane. Mass spectra were determined
on a Perkin-Elmer Hitachi RMU-6D spectrometer. Ultraviolet
spectra were taken on a Cary 14 recording spectrophotometer. Gas
chromatography was carried out using programmed temperature
control on a Hewlett-Packard 5750 B instrument equipped with
8-ft and 10-ft stainless steel columns packed with SE-30 on 80-100
mesh Chromosorb P. Mallinckrodt AR 100 mesh silicic acid was
used for all column chromatography. Microanalyses were per-
formed bv Galbraith Laboratories, Knoxville, Tenn,

5,5-Dimethylpyrazolidin-3-one (1). Cyclic hydrazide 1 was
prepared in 75% yield and has been described previously.11 For 1:
bp 100° (0.5 mm) [lit.11 bp 115° (2 mm)]; mass spectrum (70 eV)
m/e (rel intensity) 114 (21, M+), 99 (48), 83 (26), 72 (27), 58 (22),
57 (16), 56 (44), 55 (38), 42 (96), 41 (100); uv (EtOH) 202 nm (c
3750), shoulder 220 (2200).

1-(2,2,2-Trichloroethoxycarbonyl)-5,5-dimethylpyrazoli-
din-3-one (2). To a solution of 5,5-dimethylpyrazolidin-3-one (1,
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23.0 g, 0.20 mol) in aqueous 2 N NaOH (100 ml) cooled to 10-20°
under a nitrogen atmosphere was added dropwise 2,2,2-trichlo-
roethoxycarbonyl chloride (42.5 g, 0.20 mol). After the addition
was complete, the mixture was allowed to warm to room tempera-
ture and was stirred for 2 hr. The precipitate which formed during
the reaction was filtered off and washed with water and a little
cold Et20. Recrystallization of the solid from EtOH gave 30.2 g
(52%) of pure 2: mp 212.0-212.5°%; ir (CCI3H) 3680, 3400, 1710,
1600, 1372, 1332, 1282, 1120, 1105 cm“ 1, NMR (CCI3D) 5 1.65 (s,
6), 2.72 (s, 2), 4.88 (s, 2); mass spectrum (70 eV) m/e (rel intensity)
288 [10, isotope ratio shows three chlorines (3-C1), M+], 273 (4, 3-
Cl), 253 (2, 2-C1), 141 (20), 131 (30, 3-C1), 113 (57), 99 (38), 98 (16),
97 (16), 96 (23), 95 (24), 83 (100), 82 (18), 71 (31), 63 (15), 61 (45),
56 (41), 55 (60), 44 (40), 41 (66).

Anal. Calcd for CgHn”™OsCla: C, 33.19; H, 3.83; N, 9.68. Found:
C, 33.34; H, 3.89; N, 9.74.

2-Acetyl-1-(2,2,2-trichloroethoxycarbonyl)-5,5-dimethyl-
pyrazolidin-3-one (4a) via 3-Acetoxy-1-(2,2,2-trichloroeth-
oxycarbonyl)-5-5-dimethyl-2-pyrazoline (3a). To a solution
of I-(2,2,2-trichloroethoxycarbonyl)-5,5-dimethylpyrazolidin-3-one
(2, 25.0 g, 0.087 mol) and triethylamine (8.8 g, 0.087 mol) in te-
trahydrofuran (475 ml) at room temperature under a nitrogen at-
mosphere was added dropwise over a period of 30 min acetyl chlo-
ride (6.9 g, 0.087 mol). The mixture was stirred for an additional 6
hr and the precipitated triethylamine hydrochloride salt was fil-
tered off. Concentration of the filtrate left a solid which was dried
under high vacuum. NMR analysis revealed this to be the O-acyl-
ated product 3a: nmr (CCI3D) £1.68 (s, 6), 2.22 (s, 3), 3.10 (s, 2),
4.89 (s, 2).

Without further purification the O-acylated material was heated
neat under a nitrogen atmosphere at 110° for 3 hr. To the solid ob-
tained on cooling was added Et20 (50-100 ml). A small amount of
insoluble material was filtered off and recrystallized from EtOH.
Spectral comparisons showed it to be 2. The EtzO was stripped to
leave a solid which upon recrystallization from Et20 gave 19.5 g
(67% based on 2) of pure 4a: mp 83.5-84.5°; ir (CCl4) 2960, 1750
(broad), 1375, 1340, 1290, 1245, 1210, 1160, 1125,1105, 1060 cm"1;
NMR (CCI3D) 6 1.60 (s, 6), 2.58 (s, 3), 2.72 (s, 2), 4.82 (s, 2); mass
spectrum (70 eV) m/e (rel intensity) 330 (trace, 3-C1, M+), 288 (45,
3-Cl), 273 (24, 3-C1), 253 (6, 2-C1), 183 (8), 141 (11), 131 (15, 3-C1),
113 (37), 99 (62), 97 (10), 95 (14), 83 (63), 82 (12), 71 (9), 61 (8), 56
(31), 55 (22), 43 (100), 41 (21).

Anal. Calcd for CioH”™OiCls: C, 36.22; H, 395 N, 845.
Found: C, 36.16; H, 3.89; N, 8.57.

1-(2,2,2-Trichloroethoxycarbonyl)-5,5-dimethyl-2-pro-
pionylpyrazolidin-3-one (4b) via 1-(2,2,2-Trichloroethoxy-
carbonyl)-5,5-dimethyl-3-propionoxy-2-pyrazoline (3b). Pyra-
zoline 3b was prepared in a manner similar to that described for
the preparation of 3a. For 3b: NMR (CCI3D) 1.20 (t,J = 7 Hz, 3),
1.68 (s, 6), 253 (q,J = 7Hz), 3.10 (s, 2), 4.89 (s, 2).

Heating of 3b (110° for 3 hr) followed by recrystallization of the
crude product from Et20 resulted in 53%yield (based on 2) of pure
4b: mp 53.0-54.5°; ir (CC14) 2970, 1745 (broad), 1385, 1235, 1205,
1130, 1105, 1055 cm-1; NMR (CC13D) &1.20 (t, J = 7 Hz, 3), 1.60
(s, 6), 273 (s, 2), 294 (9, J = 7 Hz, 2), 481 (s, 2); mass spectrum
(70 eV) m/e (rel intensity) 344 (1, 3-C1, M+) 288 (49, 3-C1), 273 (21,
3-Cl1), 253 (5, 2-C1), 197 (5), 155 (4), 149 (6), 141 (6), 131 (13, 3-C1),
113 (25), 99 (40), 97 (10), 95 (13), 83 (42), 71 (8), 61 (9), 57 (100), 56
(38), 55 (19), 43 (10), 42 (10), 41 (22).

Anal. Calcd for CnH”NaO-iCls: C, 38.24; H, 4.38; N, 8.11.
Found: C, 38.54; H, 4.51; N, 8.39.

1-(2,2,2-Trichloroethoxycarbonyl)-2-isobutyryl-5,5-di-
methylpyrazolidin-3-one (4c) via 1-(2,2,2-Trichloroethoxy-
carbonyl)-3-isobutyroxy-5,5-dimethyl-2-pyrazoline (3c). Py-
razoline 3c was prepared in a manner similar to that described for
the preparation of 3a. For 3c: NMR (CCI3D) S1.28 (d,J = 7 Hz,
6), 1.68 (s, 6), 3.12 (s, 2), 3.25 (septet, J = 7 Hz, 1), 4.90 (s, 2).

Heating of 3c (110° for 3 hr) followed by recrystallization of the
crude product from EtsO resulted in a 48% yield (based on 2) of
pure 4c: mp 81-82°; ir (CC14) 2970, 1740 (shoulder 1760), 1390,
1235, 1200, 1130, 1105, 1050 cm*“ 1, NMR (CCI3D) &1.24 (d,J = 7
Hz, 6), 1.59 (s, 6), 2.25 (s, 2), 3.65 (septet, J = 7 Hz, 1), 4.82 (s, 2);
mass spectrum (70 eV) m/e (rel intensity) 358 (trace, 3-C1, M+),
288 (19, 3-C1), 273 (7.5, 3-C1), 253 (2, 2-C1), 211 (2.5), 169 (1.5), 149
(2), 141 (4.5), 131 (8, 3-C1), 113 (13), 99 (22), 97 (6), 95 (8), 83 (23),
82 (4), 71 (61), 61 (5), 56 (18), 55 (12), 43 (100), 41 (33).

Anal. Calcd for C12H17N204CI3: C, 40.08; H, 4.77; N, 7.79.
Found: C, 40.03; H, 4.70; N, 7.80.

1-(2,2,2-Trichloroethoxycarbonyl)-5,5-dimethyl-2-pivaloyl-
pyrazolidin-3-one (4d) via 1-(2,2,2-Trichloroethoxycarbonyl)-
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5,5-dimethyl-3-pivaloxy-2-pyrazoline (3d). Pyrazoline 3d was
prepared in a manner similar to that described for the preparation
of 3a. For 3d: NMR (CCI3D) 81.31 (s, 9), 1.78 (s, 6), 3.09 (s, 2), 4.89
(s, 2).

Heating of 3d (120° for 10 hr) resulted in partial conversion
(40% as determined by the appearance of new signals in the NMR)
to 4d: NMR (CCI3D) 81.39 (s, 9), 1.60 (s, 6), 2.72 (s, 2), 4.79 (s, 2).

1- (2,2,2-Trichloroethoxycarbonyl)-5,5-dimethyl-2-phenyl-

acetylpyrazolidin-3-one (4e) via 1-(2,2,2-Trichloroethoxy-
carbonyl)-5,5-dimethyl-3-phenylacetoxy-2-pyrazoline  (3e).
Treatment of 2 with phenylacetyl chloride, under conditions simi-
lar to those used for the preparation of 3a, gave a 30:60 mixture of
3e and 4e. The signals assigned to 3e follow: NMR (CCI3D) 8 1.59
(s, 6),3.00 (s, 2), 3.72 (s, 2), 4.82 (s, 2), 7.26 (s, 5).

Heating of the mixture (110° for 3 hr) followed by recrystalliza-
tion of the crude product from EfeO resulted in a 60% yield (based
on 2) of pure 4e: mp 74-75°; ir (CCl4) 2960, 1750 (broad), 1450,
1410, 1390, 1380, 1340, 1225, 1205, 1125, 1095, 1055 cm“1 NMR
(CCI3D) 8 1.52 (s, 6), 2.65 (s, 2), 4.28 (s, 2), 4.75 (s, 2), 7.29 (s, 5);
mass spectrum (70 eV) m/e (rel intensity) no parent ion, 308 (2),
288 (5, 3-C1), 273 (3, 3-C1), 253 (1), 204 (2), 203 (3), 159 (2), 141 (8),
136 (24), 131 (12, 3-C1), 119 (25), 105 (40), 99 (19), 97 (11), 92 (23),
91 (100), 83 (43), 77 (11), 71 (12), 65 (18), 63 (11), 61 (19), 56 (26),
55 (28), 44 (56), 41 (44).

Anal. Calcd for Ci6Hi7N204CI3: C, 47.14; H, 4.20; N, 6.87.
Found: C, 47.31; H, 4.18; N, 6.96.

3-Benzoxy-1-(2,2,2-trichloroethoxycarbonyl)-5,5-dimethyl-
2-pyrazoline (3f). Pyrazoline 3f was prepared in 70% yield in a
manner similar to that described for the preparation of 3a. For 3f:
mp 124-125° ir (CCl4) 3050, 2960 (shoulder 2940), 1755, 1720,
1425, 1325, 1250 (shoulder 1240), 1210, 1175, 1110, 1075, 1055,
1020, 960 cm-1; NMR (CC13D) 8 1.72 (s, 6), 3.28 (s, 2), 4.91 (s, 2),
7.50-7.80 (m, 3), 8.05-8.30 (m, 2); mass spectrum (70 eV) m/e (rel
intensity) 392 (1, 3-C1, M+), 357 (0.5, 2-C1), 288 (0.5, 3-C1) 273
(trace, 3-Cl1), 245 (1.5), 266 (trace), 218 (trace), 307 (0.7), 198
(trace), 159 (trace), 141 (0.8), 133 (1), 131 (1), 122 (2.5), 113 (1.5)
106 (8), 105 (100), 99 (0.5), 97 (1), 95 (1.5), 86 (1), 83 (4), 78 (1.5),
72 (24), 71 (1), 61 (1.2), 56 (4), 55 (2.5), 51 (5), 50 (1), 43 (2), 42
(2.5), 41 (3).

Anal. Calcd for CisH15N20 4CI3: C, 45.77; H, 3.84; N, 7.11.
Found: C, 45.88; H, 3.71; N, 7.22.

2- Acetyl-5,5-dimethylpyrazolidin-3-one (5a). Method I. To a
solution  of  2-acetyl-1-(2,2,2-trichloroethoxycarbonyl)-5,5-di-
methylpyrazolidin-3-one (4a, 5.0 g, 0.015 mol) in acetic acid (25
ml) under a nitrogen atmosphere was added all at once an equal
guantity by weight of zinc dust. Cooling with an ice bath was ap-
plied as necessary to prevent any warming. After stirring for 2 hr
at room temperature, the mixture was carefully poured into ice-
cold water (100 ml) containing K2CO3 (70 g). The heterogeneous
mixture was extracted well with chloroform which was dried over
K2CO3. Evaporation of the solvent left an oil which slowly crystal-
lized under high vacuum. Recrystallization of the solid from Et20
gave 1.40 g (60%) of pure 5a: mp 67-68°; ir (CCl4) 3220, 2960,1750,
1695, 1415, 1375, 1310, 1265, 1240, 1110, 985, 960, 935 cm“ 1, NMR
(CCI3D) 8 1.31 (s, 6), 241 (s, 3), 261 (s, 2) 5.22 (broad s, 1, NH);
mass spectrum (70 eV) m/e (rel intensity) 156 (7, M+), 115 (4), 114
(47), 100 (7), 99 (100), 83 (8), 82 (2), 72 (7), 71 (3), 56 (8), 55 (6), 43
(22), 42 (8), 41 (9), metastable ion 86; uv (EtOH) 224 nm (f 4290),
248 (2380) shoulder 274 (1290).

Anal. Calcd for C7TH12N202: C, 53.83; H, 7.75; N, 17.94. Found:
C, 53.91; H, 7.65; N, 18.02.

Method I1. To asolution of 3-benzoxy-1-(2,2,2-trichloroethoxy-
carbonyl)-5,5-dimethyl-2-pyrazoline (3f, 5.00 g, 0.0128 mol) in ace-
tic acid (40 ml) under a nitrogen atmosphere was added all at once
an equal quantity by weight of zinc dust. Occasional cooling with
an ice bath was necessary to prevent warming. After stirring for 2
hr at room temperature, the mixture was carefully poured into ice-
cold water (200 ml) containing K2CO3 (150 g). The heterogeneous
mixture was then extracted with chloroform which was dried over
K2CO3 and evaporated to leave a solid. Recrystallization of the
solid from Et20 gave 1.30 g (65%) of pure 5a, mp 67-68°.

5,5-Dimethyl-2-propionylpyrazolidin-3-one (5b). Method I.
Pyrazolidin-3-one 4b was converted into 5b in a manner similar to
that described for the reaction of 4a to give 5a. Recrystallization of
the crude product from Et2 gave a 52% yield of pure 5b: mp
83.5-84.5°; ir (CCl4) 3280, 2960, 1750, 1700 (shoulder 1720), 1420,
1380, 1310, 1260, 1225, 1100, 1020, 960, 905 cm-1; NMR (CCI3D) 8
115 (t, J = 8 Hz, 3), 1.35 (s, 6), 2.60 (s, 2), 283 (g, J = 8 Hz, 2),
495 (broad s, 1, NH); mass spectrum (70 eV) m/e (rel intensity)
170 (5, M+), 115 (3), 114 (32), 100 (5), 99 (100), 83 (6), 72 (5), 57
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(13), 56 (5), 55 (3), 42 (5), 41 (6), metastable ion 86; uv (EtOH) 225
nm (f 3900), 246 (2450), shoulder 270 (1500).

Anal. Calcd for C8H14N202; ¢, 56.45; H, 8.29; N, 16.46. Found: C,
56.47; H, 8.25; N, 16.25.

Method I1. Pyrazoline 3f in propionic acid was treated with zinc
and worked up in a manner similar to the preparation of 5a by
method Il. Recrystallization of the crude product from Et20 gave a
56% yield of pure 5b, mp 83.5-84.5°.

2-1sobutyryl-5,5-dimethylpyrazolidin-3-one (5c). Method 1.
Pyrazolidin-3-one 4c was converted into 5¢ in a manner similar to
that described for the reaction of 4a to give 5a. Column chroma-
tography of the crude product on silicic acid with Et20 eluent gave
a 43% yield of pure 5c: mp 36-37°; ir (CCLi) 3260, 2960,1750, 1690
(shoulder 1710), 1470, 1410, 1390, 1310, 1240, 1220, 1185, 1100,
1050, 995, 970, 910 cm"1, NMR (CC13D) 8 1.18 (d, J = 7 Hz, 6),
135 (s, 6), 2.66 (s, 2), 3.63 (septet, J = 7 Hz, 1), 5.00 (broad s, 1,
NH); mass spectrum (70 eV) m/e (rel intensity) 184 (10, M+), 115
(7), 114 (63), 100 (7), 99 (100), 83 (8), 72 (6), 71 (12), 56 (8), 55 (5),
43 (41), 42 (8), 41 (16), metastable ion 86; uv (EtOH) 226 nm (t
3400), 232 (3000), 250 (2200), shoulder 270 (1450).

Anal. Calcd for COH16N20 2 C, 58.67; H, 8.75; N, 15.21. Found:
C, 58.49; H, 9.00; N, 14.98.

Method Il. Pyrazoline 3f in isobutyric acid was treated with
zinc and worked up in a manner similar to the preparation of 5a by
method 11. Column chromatography of the crude product on silicic
acid with Et20 eluent gave a 40% yield of pure 5c, mp 36-37°.

5.5-
60:40 mixture of 3d and 4d was converted to 5¢ in a manner similar
to that described for the reaction of 4a to give 5a but using as the
solvent a 50:50 mixture of pivalic acid and tetrahydrofuran. Re-
crystallization of the crude product from Et"O gave a 34% yield of
pure 5d: mp 97-98°; ir (CCl14) 3250, 2950, 1750, 1670 (shoulder
1700), 1400, 1310, 1260, 1215, 1175 cm“1, NMR (CCI3D) 8 1.33 (s,
15), 2.52 (s, 2), 5.06 (broad s, 1, NH); mass spectrum (70 eV) m/e
(rel intensity) 198 (5, M+), 183 (2), 127 (2), 115 (5), 114 (61), 100
(7), 99 (100), 85 (3), 83 (7), 72 (5), 57 (35), 56 (8), 55 (5), 42 (7), 41
(19), metastable ion 86; uv (EtOH) 231 nm (« 3300), 239 (2800), 248
(2300), shoulder 275 (1800).

Anal. Calcd for CioHi8N20 2 C, 60.58; H, 9.15; N, 14.13. Found:
C, 60.80; H, 8.97; N, 14.32.

Method I1. Pyrazoline 3f in a 50:50 mixture of pivalic acid and
tetrahydrofuran was treated with zinc and worked up in a manner
similar to the preparation of 5a by method Il. Recrystallization of
the crude product from Et20 gave a 31% yield of pure 5d, mp 97-
98°.

5.5-
lidin-3-one 4e was converted into 5e in a manner similar to that
described for the reaction of 4a to give 5a. Recrystallization of the
crude product from Et20 gave a 64% yield of pure 5e: mp 62-63°;
ir (CC14) 3260, 2960, 1750, 1695, 1420, 1315, 1275, 1235, 1165cm-1;
NMR (CCI3D) 8 1.29 (s, 6), 2.52 (s, 2), 4.20 (s, 2), 4.90 (broad s, 1,
NH), 7.29 (s, 5); mass spectrum (70 eV) m/e (rel intensity) 232 (4,
M+, this ion disappears rapidly with time), 214 (2), 149 (2), 118 (6),
115 (7), 114 (100), 113 (5), 100 (5), 99 (86), 91 (37), 83 (23), 72 (28),
71 (9), 65 (7), 56 (20), 55 (15), 42 (9), 41 (17), metastable ion 86; uv
(EtOH) end absorption 200 nm (c 11,200), 227 (4400), 248 (2700),
shoulder 275 (1350).

Anal. Calcd for Ci3Hi6N20 2 C, 67.22; H, 6.94; N, 12.06. Found:
C, 67.01; H, 6.93; N, 12.06.

I-Acetamido-4,4-dimethylazetidin-2-one (9a). From Irra-
diation of 5a. A solution of 2-acetyl-5,5-dimethylpyrazolidin-3-
one (5a, 1.56 g, 0.010 mol) in methanol (250 ml) was degassed with
a stream of nitrogen for 2 hr, after which it was irradiated for 2 hr
with a Hanovia 450-W immersion lamp equipped with a Vycor fil-
ter. TLC analysis [silicic acid plates with Et20-EtOH (90:10) de-
veloper] showed the loss of starting material (detected by uv and
12 and the appearance of a new spot of slightly smaller Rf (detect-
ed by 12). Stripping of the solvent left an oil which slowly crystal-
lized. Column chromatography of the solid on silicic acid with
Et20-EtOH (90:10) solvent resulted in the isolation of 1.01 g (65%)
of pure 9a: mp 107-108°; ir (CCI3H) 3280, 3225 (broad), 2995,
1765, 1705, 1370, 1280, 1225, 1155, 1045, 915, 905 cm“ 1 NMR
(CCI3D) 8141 (s, 6), 2.01 (s, 3), 2.69 (s, 2); mass spectrum (70 eV)
m/e (rel intensity) 156 (9, M+), 138 (4), 115 (7), 114 (93), 101 (14),
100 (30), 99 (45), 83 (32), 82 (18), 72 (53), 57 (15), 56 (61), 55 (55),
44 (15), 43 (100), 42 (12), 41 (75); uv (EtOH) end absorption 200
nm (f 2000).

Anal. Calcd for C7THi2N20 2 C, 53.83; H, 7.75; N, 17.94. Found:
C, 54.03; H, 7.83; N, 17.86.

From Acylation of 22. To a solution of I-amino-4,4-dimethyl-

Dimethyl-2-pivaloylpyrazolidin-3-one (5d). Method I. A

Dimethyl-2-phenylacetylpyrazolidin-3-one (5e). Pyrazo-
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azetidin-2-one (22, 0.120 g, 1.05 mmol) and triethylamine (0.106 g,
1.05 mmol) in benzene (5 ml) under a nitrogen atmosphere and
cooled to 10° was added over a period of 30 min acetyl chloride
(0.081 g, 1.05 mmol) in benzene (1 ml). The mixture was then
stirred for an additional 30 min at 10° and 5 hr at room tempera-
ture. Additional benzene (10 ml) was then added, the mixture was
filtered, and the solvent was evaporated to leave 0.145 g (89%) of
an oil which was shown to be 90% l-acetamido-4,4-dimethylazeti-
din-2-one (9a) by TLC and NMR comparison to 9a obtained from
irradiation of 5a.

4.4- Dimethyl-l-propionylaminoazetidin-2-one (9b). Irradia-
tion of 5b in methanol, similar to the irradiation described for 5a,
gave after work-up a 36% yield of pure 9b: mp 100-101° ir
(CCI3H) 3400, 3250 (broad), 2975, 1765, 1710, 1465, 1375, 1275,
1170 cm"1; NMR (CCI3D) 51.14 (t, J = 8 Hz, 3), 1.42 (s, 6), 2.29 (q,
J = 8 Hz, 2), 2.70 (s, 2); camphor depression determined mol wt
189; mass spectrum (70 eV) m/e (rel intensity) 170 (6, M+), 115
(15), 114 (71), 113 (18), 99 (35), 83 (35), 72 (64), 57 (100), 56 (32),
55 (40), 41 (32); uv (EtOH) end absorption 200 nm (« 2400).

Anal. Calcd for C8HuN20 2 C, 56.45; H, 8.29; N, 16.46. Found:
C, 56.28; H, 8.16; N, 16.44.

1- Isobutyrylamno-4,4-dimethylazetidin-2-one (9c). Irradia-
tion of 5¢ in methanol, similar to the irradiation described for 5a,
gave after work-up a 30% yield of pure 9c: mp 91-92°; ir (CCI3H)
3410, 3280 (broad), 2970, 1768, 1706, 1465, 1390, 1375, 1275, 1160
cm"L NMR (CC13D) 81.19 (d, J = 7 Hz, 6), 1.42 (s, 6), 2.55 (septet,
J = 7 Hz, 1), 2.70 (s, 2); mass spectrum (70 eV) m/e (rel intensity)
184 (7, M+), 129 (7), 127 (7), 114 (41), 99 (20), 83 (22), 72 (38), 71
(49), 56 (13), 55 (17), 43 (100), 41 (19); uv (EtOH) end absorption
200 nm (e 2200).

Anal. Calcd for COH16N20 2 C, 58.67; H, 8.75; N, 15.21. Found:
C, 58.75; H, 8.62; N, 15.25.

4.4- Dimethyl-l-pivaloylaminoazetidin-2-one (9d). Irradia-
tion of 5d in methanol, similar to the irradiation described for 5a,
gave after work-up a 20% yield of pure 9d: mp 165.0-165.5°; ir
(CCI3H) 3430, 3290 (broad), 2960, 1768, 1707, 1480, 1460, 1375,
1270, 1160, 1130 cm"1; NMR (CC13D) 51.28 (s, 9), 1.40 (s, 6), 2.69
(s, 2); mass spectrum (70 eV) m/e (rel intensity) 198 (8, M+), 183
(1), 167 (1), 155 (1), 143 (5), 141 (4), 114 (19), 99 (21), 85 (13), 83
(28), 72 (43), 57 (100), 56 (11), 55 (12), 42 (5), 41 (21); uv (EtOH)
end absorption 200 nm (c 3200).

Anal. Calcd for C10HisN202 C, 60.58; H, 9.15; H, 14.13. Found:
C, 60.71; H, 9.40; N, 14.05.

4.4- Dimethyl-lI-phenylacetamidoazetidin-2-one (9e). lIrra-
diation of 5e in methanol, similar to the irradiation described for
5a, followed by removal of the solvent under reduced pressure at
room temperature gave an oil which was shown by VPC analysis to
be a complex mixture. Isolated by VPC were 9e, 10, 11, 12, 13, and
14. Products 9e, 12, 13, and 14 are described below while 10 and 11
were identified by comparison of their mass spectra with those of
known samples. Products 9e and 11 were also isolated by column
chromatography in yields of 15 and 5%, respectively. Based on an
isolated yield of 9e of 15%, VPC yields of the other products were
determined: 10, 1-2%; 11,1-5%; 12,10-12%; 13,1-2%; 14, 5-7%.

Irradiation of a nondegassed tert-butyl alcohol solution of 5e
through a Corex filter for 3 hr gave, after removal of the solvent, an
oil which was shown by VPC to contain mainly 9e with only small
amounts of other products. Column chromatography of the crude
reaction mixture gave a 45% isolated yield of 9e. These conditions
represent the best yield of 9e obtained by us. For 9e: mp 137-138°;
ir (CCI3H) 3390, 3230 (broad), 2960, 1769, 1700, 1600, 1475, 1370,
1270, 1150 cm"1; NMR (CCI3D) 5 1.31 (s, 6), 2.61 (s, 2), 3.49 (s, 2),
7.29 (s, 5); mass spectrum (70 eV) m/e (rel intensity) 232 (trace,
M+, this ion disappears rapidly with time), 215 (3), 214 (22), 213
(4), 199 (3), 174 (12), 149 (5), 114 (15), 99 (14), 91 (26), 88 (11), 86
(25), 84 (100), 83 (11), 72 (9), 59 (33), 57 (15), 56 (52), 55 (30), 49
(15), 47 (18), 44 (27), 43 (18), 41 (83); uv (EtOH) end absorption
200 nm (e 12,500), 258 with fine structure (188).

Anal. Calcd for C13H16N20 2 C, 67.22; H, 6.94; N, 12.06. Found:
C, 67.01; H, 6.82; N, 11.73.

2- Benzyl-5,5-dimethylpyrazolidin-3-one (12). Pyrazolidin-3-
one 12 was isolated by VPC from the photolyses of 5e described
above. It was identified by comparison of its mass spectrum to that
of a sample independently synthesized in our laboratory.15 For 12:
mass spectrum (70 eV) m/e (rel intensity) 204 (36, M+), 189 (8),
113 (25), 111 (8), 105 (9), 100 (13), 91 (100), 85 (5), 83 (10), 77 (8),
71 (12), 65 (12), 57 (12), 56 (12), 55 (12), 46 (29), 45 (64), 43 (21), 41
(18).

1,2-Dibenzyl-5,5-dimethylpyrazolidin-3-one (13). Pyrazoli-
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din-3-one 13 was isolated by VPC from the photolyses of 5e de-
scribed above. It was identified by comparison of its mass spec-
trum to that of a sample independently synthesized in our labora-
tory.15 For 13: mass spectrum (70 eV) m/e (rel intensity) 294 (45,
M+), 204 (16), 203 (100), 100 (30), 91 (84), 83 (6), 77 (5), 65 (20), 57
(8), 56 (15), 55 (9), 41 (17).

I-Benzylamino-4,4-dimethylazetidin-2-one (14). /3-lactam 14
was isolated by VPC from the photolyses of 5e described above. It
was assigned the structure shown from its mass spectrum. For 14:
mass spectrum (70 eV) m/e (rel intensity) 204 (3, M+), 190 (28),
175 (12), 118 (19), 113 (6), 99 (7), 92 (14), 91 (100), 90 (10), 72 (40),
41 (8), 65 (20), 57 (7), 56 (10), 55 (12), 42 (7), 41 (10).

1-Amino-4,4-dimethylazetidin-2-one (20). Irradiation of a so-
lution of freshly distilled 5,5-dimethylpyrazolidin-3-one (1) in
methanol for 20 hr, in a manner similar to the irradiation of 5a de-
scribed above, gave, after removal of the solvent at room tempera-
ture, an oil. Column chromatography of the oil resulted in the iso-
lation of one product in 15%Yyield which was identified by its spec-
tra to be 20: ir (CCI3H) 3360, 2960, 2940, 1755, 1390, 1385, 1285
cm-1L NMR (CC13D) 8 1.38 (s, 6), 2.54 (s, 2), 4.30 (broad s, 2, -
NH2); mass spectrum (70 eV) m/e (rel intensity) 114 (15, M+), 99
(7), 83 (35), 72 (100), 57 (74), 56 (66), 55 (93), 44 (34), 43 (20), 42
(20), 41 (70).

Compound 20 was acetylated to give 9a for which a correct anal-
ysis was obtained (see above, 9a).
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The synthesis of terf-butyl 1-pyrazolepercarboxylate (5a) and of its 3-methyl derivative 5b is described. Ther-
molysis of these compounds in benzene solution at ~140° proceeds predominantly via homolysis and leads to N-
phenylated pyrazoles without formation of isomeric C-phenyl derivatives. A-Pyrazolyl radicals, which are pro-
posed as intermediates, apparently are able to effect homolytic aromatic substitution. Judging from competition
with p -dichlorobenzene (partial rate factor ~0.25), 1-pyrazolyl (1) has a marked electrophilic character. Photoly-
sis of iV-nitropyrazoles in benzene solution, also leading to N-phenylated derivatives, constitutes an alternative
fashion for the generation of iV-pyrazolyl radicals. Using 3- and 5-substituted pyrazoles as precursors, it is shown
that the unpaired electron is delocalized over (at least) the two nitrogen atoms. A a-type ground state is favored

over a x-type electronic structure.

Pyrazolyl radicals—and in general radicals derived from
aromatic heterocyclic compounds containing a pyrrole-like
nitrogen—can be divided in two classes, viz. (i) radicals
which result from homolytic cleavage of a group bound to
carbon, and (ii) those formed by such a removal of a sub-
stituent on nitrogen. The type i radicals are expected to be
closely analogous to homocyclic aryl radicals like phenyl,
having the unpaired electron localized in a <r-type orbital.2
A type ii radical can a priori be compared with both aryl
and amino radicals, the latter normally having a x-type
electronic ground state.3

As an outgrowth of our study on the mechanism of the
thermal rearrangement of /V-nitropyrazoles (resulting in
the isomeric 3(5)-nitropyrazoles),4 we wished to learn
about the physical and chemical properties of 1-pyrazolyl
(1) (Chart 1) and its derivatives. To the best of our knowl-
edge 1is as yet unknown.5 Recently, Taguchi et al.6 gener-
ated the 4-pyrazolyl radical 2 via decomposition of the par-
ent 4-diazopyrazole in benzene. As anticipated, this type i
radical led to the formation of the corresponding 4-phenyl-
pyrazole. A 3,5-diphenyl-lI-pyrazolyl radical, thus of type ii,
was postulated by Lempert,7 but there the phenyl rings
might strongly influence the character of the radical, as in
the well-known polyphenyl substituted pyrryl8 and imidaz-
olyl9 radicals.

As regards the electronic ground state of 1, interaction of
the a orbitals on the two nitrogen atoms has to be consid-
ered. Assuming that 1 has C2, symmetry, it may have its
unpaired electron in a cr-type orbital, arising from the com-

Chart |

bination of two N-o- orbitals (2B2 state); alternatively, the
unpaired electron may reside in a x-type orbital involving
all five ring atoms (2A2 or 2Bi state). No information exists
about the actual electronic ground state of 1. For the relat-
ed 1-imidazolyl (3), Evleth et al.10 predict a 2B2 (a) ground
state, whereas the ESR data of Samuni and Netall strongly
point to a x-type electronic structure.

In order to shed light on this matter from a theoretical
viewpoint, a series of ab initio SCF calculations is now
being performed by Mulder et al. (from the Department of
Theoretical Organic Chemistry of our laboratory).12

The present paper deals with the generation and reac-
tions of 1 and its 3(5)-methylated analog(s). Several at-
tempts to synthesize the peroxides 4a and 4b (Chart Il) as
precursors for 1 were unsuccessful.13 The preparation of
the tert-butyl perester 5a and of its 3-methyl analog 5b of-
fered no difficulties, however. Here we report on the ther-
mal decomposition of these novel peresters in benzene so-
lution.

Photolytic decomposition of iV-nitropyrazoles in benzene
has also been considered as a source of 1 and derivatives;
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Chart Il

58, R, = R2= H
b, R,=CH3R2= H
8, R1=H;R2= CH3

bX=c6n5—c/—

the results are compared with those of the perester decom-
position. Finally, the character of the intermediate A'-py-
razolyl radicals is discussed.

Results and Discussion

The tert-butyl perester 5a and its 3-methyl analog 5b
were prepared via the 1-pyrazolecarbonyl chlorides 6a and

(Scheme 1). The preparation of 6b by the reaction of
3(5)-methylpyrazole ?7b5| has been described by von Au-
wers;15 éa was synthesized analogously. The peresters were
purified by distillation under reduced pressure and wer
characterized by their ir and NMR spectra. Compound
appeared to be contaminated with ~4% of its 5-methyl iso-
mer 8, probably originating from the corresponding acid
%Bloride which may be formed—in addition to 6b—from

Scheme |
R R
f-BuC?O-H_; 5a‘ 5
Et>0, pyridine, 0°
H
7a, R=H 6a, R=H
b, R=CH1 b, R=CH,

Thermolyses of 53. were performed in sealed tubes, or in
an autoclave under nitrogen atmosphere. Typically, a 10%
solution of Jd in benzene was heated in a sealed tube for
hr at 135°. As for the fate of the feri-butoxy group, NMR
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Table | . :
Products from hermaq Beclgg;posmon of 5ain

enzene at
Yieldo
Product 1 wt % soin 10 wt % soin
Pyrazole6 69 75
1-Phenylpyrazole6 - 175 6
(Pyrazolyl group recoveryO 86.5 8
tert-Butyl alcohol'l e 9
Acetone'l e 51
Isopropenyl methyl etherl e 21
(ferf-Butoxylgroup recovery e 8
Biphenyl6 8.5 2
Toluene"1l e 13

aln mole percent on basis of the amount of starting material.
6Fracti0n isolated from column chromatography (see text). CA
number of incompletely separated, unidentified products (mostly
pyrazole derivatives) was also obtained. dBy nmr analysis. CNot
determined.

spectroscopy showed the formation of tert-butyl alcohol,
acetone, and toluene, proving the intermediate production
of tert-butoxy radicals. In addition, isopropenyl methyl
ether was found, indicating the occurrence of a competing
Criegee-type rearrangementié (Scheme II).

Column chromatography was used to isolate derivatives
formed from the pyrazolyl residue, and other higher boil-
ing products. With the aid of NMR and mass spectrgscopy,
the formation of pyrazole (73., 1-phenylpyrazole (@j, and
biphenyl was demonstrated, yields being dependent on the
perester/benzene intake ratio (Table I). The occurrence of
peaks from C13 and C14 hydrocarbons in the mass spectrum
of the biphenyl fraction, and of NMR signals in the 1-3 and
5-6-ppm regions, suggest the presence of methylated and
hydrogenated biphenyls in the fraction. Likewise, the pyra-
zole fraction appeared to contain a few percent of 3(5)-
methylpyrazole z7b, while the N-phenylpyrazole fraction
most probably contained 1-cyclohexadienylpyrazole. no
C-phenylated pyrazoles could be detected.

These observations strongly point to a regular homolytic
decomposition of perester % as the major pathway, leading
to pyrazolyl radical 1. tert-Butoxy radicals are capable of
abstracting H atoms from benzene, giving tert- butyl alco-
hol and phenyl radicals,17 the latter species leading to bi-

Scheme I

5a

homolysis (major)

C(CH3)3
[ N- + C02 + <OC(CH3)3 c6h ( OCH3
(or other RH) /2 * |
. n—c :- c,
w U N’ % cl/ CH,
! CH3- + (CH3ZXCO (CH3COH + cth5

Ta

\ ncth6 aH /G

Lr=N/ h3Xo

cth:h3 (CeHa 7a + 00, +

hZ
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phenyl. At the temperatures used, iert-butoxy radicals will
decompose partly, the methyl radicals being responsible for
the production of toluene via homolytic alkylation of ben-
zene; the other arenes present may be methylated analo-
gously. Pyrazole may be produced via both radical and
nonradical pathways (cf. Scheme II).

1-Phenylpyrazole (9) is thought to be formed via 1 by a
normal homolytic substitution reaction involving benzene.
An alternative pathway for the formation of 9 could per-
haps be homolytic phenylation of pyrazole, selectively on
nitrogen. As far as we know, homolytic phenylation of un-
substituted pyrazole has not yet been investigated. We
found that when dibenzoyl peroxide (2 mol %) was thermo-
lyzed at 135° in a 1:10 (molar) mixture of pyrazole and ben-
zene, phenylation of pyrazole mainly took place at the 3(5)
position, with a partial rate factor (/) of ~1.5 relative to a
position in benzene.18 The amount of 1-phenylpyrazole cor-
responds to / < 0.6, substitution at C-4— if any—having f
< 0.2. Comparing these results with those of thermal de-
composition of 5a in benzene, leading to only N-phenylated
pyrazole, we can exclude the alternative of phenylation of
pyrazole as an important pathway in the formation of 9
from 5a.

On the basis of the rate of decomposition of 5a (suggest-
ing a half-life of the order of magnitude of 0.1 hr at 135°)
one-bond 0-0 homolysis is not unlikely. Thus, another
mechanism for the formation of 9 may obtain, viz. forma-
tion of phenyl ester 11 from benzene and intermediately
formed N-pyrazolecarboxyl radicals, followed by (rather
rapid) decarboxylation to give 9.19 However, this pathway
could be excluded, as independently prepared 11 was found
to be stable under the experimental conditions for perester
thermolysis.

Information as regards the polar character of 1 was ob-
tained through the thermal decomposition of 5a in a mix-
ture of benzene and p-dichlorobenzene.20 From the prod-
uct ratio I-(2,5-dichlorophenyl)pyrazole/l-phenylpyrazole
(9), the partial rate factor for a position in p-dichloroben-
zene was calculated to be ~0.25.

Unfortunately, NMR analysis during decomposition of
5a in CgDe or in hexachloroacetone at 140° did not reveal
any CIDNP effects.

More insight into the electronic structure of N-pyrazolyl
radicals can be obtained when studying asymmetrically
substituted analogs of 1. If 1 has a fi-type ground state, it
either has its unpaired electron localized on N-I, or—more
likely—has equal spin densities on N-l1 and N-2; for a
-type structure the latter situation also holds. Introduc-
tion of asymmetry (by a substituent in the 3 or 5 position)
may result in unequal spin densities on both nitrogens in
the case of delocalization.

In the first case (localization on N-I), thermolysis of a 3-
substituted perester in benzene would result in the 3-sub-
stituted 1-phenylpyrazole only; analogously, a 5-substitut-
ed derivative would give the isomeric 5-substituted 1-phen-
ylpyrazole. In the second case, that of delocalization, both
substrates would give the same result, a mixture of 3 and 5
derivatives in the same ratio.

When a 2% solution of the 3-methyl substituted perester
5b in benzene was heated for 1 hr at 150°, the products iso-
lated by column chromatography were 3(5)-methylpyrazole
(7b, 80%), biphenyl (~4%), and both 3-methyl-lI-phenylpy-
razole (12) (Chart I11) and 5-methyl-1-phenylpyrazole (13),
~10%, in a 4:1 ratio. Essentially the same isomer ratio was
found by GLPC analysis of the crude reaction product
from thermolysis of 5b in benzene; moreover, no C-pheny-
lated pyrazoles could be detected in this fashion. A con-
trol run showed that no mutual isomerization of the N-
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Chart 111

1

phenylpyrazoles 12 and 13 took place under the experimen-
tal conditions of thermolysis.

In itself, this result on 5b already points to a delocaliza-
tion of the unpaired electron in Af-pyrazolyl radicals; of
course, generation of the radical from a 5-methylpyrazole
derivative would be of interest. As the synthesis of reason-
ably pure 8 seemed to be very cumbersome (e.g., synthesis
via 7b and phosgene only gave <5% of 8; vide supra), we
considered the alternative pathway of photolyzing the iso-
meric 3- and 5-methyl-l-nitropyrazoles 14 and 15 (Scheme
111), which can easily be obtained pure.4 Indeed, prelimi-
nary experiments involving photolysis of 1 -nitropyrazole in
benzene showed the formation of both 1-phenylpyrazole (9)
and biphenyl.21 Hence, 5% solutions of 14 and 15 in ben-
zene were irradiated with a Philips HP 125 lamp through a
copper sulfate filter. The reactions were followed by GLPC.
After 4 days, and a conversion of the N-nitropyrazoles of
~35%, in both solutions ~0.3 mol % of N-phenylpyrazoles
was found. Though the yields were fairly low— thwarting
accurate analysis—it can be stated that the ratio of isomer-
ic TV-phenylpyrazoles (12:13) was essentially the same in all
samples, namely 4 + 1.

Scheme 111
12 + 13
(ratio 4:1)
QH6

H

Other observations follow: the formation of 7b as main
reaction product; formation of nitrobenzene and of biphen-
yl; isomerization of the iV-nitropyrazoles to C-nitropyra-
zoles (for both TV-nitropyrazoles in a comparable isomer
ratio); some isomerization 14 — 15 and 15 —» 14, respec-
tively, much too slow, however, to account for the produc-
tion of the two isomeric N- phenylpyrazoles 12 and 13 with
the same ratio in both experiments.
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As mutual isomerization of the N-phenylpyrazoles 12
and 13 is also very slow compared with their rates of forma-
tion (see Experimental Section), it appears that V-phenyl-
pyrazoles are formed via the same intermediate. Consid-
ering the isomer ratio of 4:1, which is equal to that ob-
tained via perester decomposition, this intermediate is
most probably (again) the /V-pyrazolyl radical.

Photolysis of tert-butyl 1-pyrazolepercarboxylates in
benzene solution appeared to be very inefficient for the for-
mation of iV-phenylpyrazoles; e.g., irradiation of 5b for 4
days only yielded ~0.1% of V- phenylpyrazoles. The use of
a copper sulfate filter increased the yields somewhat, but
the concentrations were still too low to permit an accurate
analysis of the ratio of 12 and 13 formed.

On the basis of the interpretation given above we may
conclude that the unpaired electron in an ./V-pyrazolyl radi-
cal is delocalized over at least the two nitrogen atoms. It is
not yet possible, however, to say anything definitive about
the electronic structure in more detail. The exclusive for-
mation of N-arylated pyrazoles, of course, tallies well with
a rr-type structure la (Chart 1V). However, it cannot be ex-

Chart 1V

la b Ic

eluded that a 7r-type structure Ib obtains. A possible selec-
tive substitution reaction involving N only might be ration-
alized on thermodynamic grounds: attack by 1 on benzene
via a C atom (exemplified in Scheme 1V) must be followed
by migration of an H atom, while attack with N directly
gives the aromatic pyrazole ring, probably making the lat-
ter reaction more favorable. On the other hand, it is known
that dialkylamino radicals do not react with benzene,22 and
give addition reactions with a relatively high activation en-
ergy;23 hence we believe that V-pyrazolyl radicals are more
aryl- (<r)- like.24'25

Scheme IV

C-attack N-attack

From its competitive reaction with benzene and p-di-
chlorobenzene, it is seen that 1 has a pronounced electro-
philic character. This is as might be expected, the reactive
center being an electronegative atom. Moreover, resonance
structure Ic may contribute significantly to the polar prop-
erties of 1, at least when it approaches the transition state
involving a localized unpaired electron.

An ESR spectrum of 1could be conclusive about its elec-
tronic structure, but as yet we were unsuccessful in ob-
taining a signal that can be ascribed to a pyrazolyl radi-
cal.26

It is clear that more work has to be done on the chemis-
try of iV-pyrazolyl and related species like V-imidazolyl
radicals, in order to elucidate their possible role as reacting
intermediates, the possible occurrence of one-electron
transfer processes, and their synthetic capabilities.

Experimental Section

General. NMR spectra were recorded on a JEOL-PS 100 or on a
JEOL-Minimar 60-MHz instrument; unless otherwise stated,
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chemical shifts (5) are expressed in parts per million relative to
tetramethylsilane. Ir spectra were recorded on a Unicam SP 1200
or on a Beckman IR-10 spectrophotometer; mass spectra on an
AEI-MS 902 apparatus. GLPC analyses were performed on Hewl-
ett-Packard HP 5700 and on Varian Aerograph 1400 instruments,
using a 44-m capillary OV-17 and a 2-m 4% OV-17 column, respec-
tively. Elemental analyses were performed by Mr. W. J. Buys,
TNO Laboratories of Organic Chemistry, Utrecht, The Nether-
lands. All melting points were uncorrected. For column chromato-
graphic separations, the short-column technique of Hunt and
Rigby27 was used. Orienting thermolyses were carried out in sealed
melting point tubes, inserted in the oil bath of a Buchi melting
point apparatus; reaction products were analyzed by TLC and/or
GLPC. Irradiations were performed on a cuvette scale; where indi-
cated, a 1-cm copper sulfate (30% CuSU4 «5H20) filter, which
transmitted light with X> 320 nm, was used.

Materials. Pyrazole (7a) and 3(5)-methylpyrazole (7b) were
prepared by standard procedures; the synthesis of the V-nitropy-
razoles 14 and 15 has been described in ref 15. The reference pyra-
zoles were either from the collection of Dr. Habraken, or prepared
by standard procedures [e.g., I-(2,5-dichlorophenyl)pyrazole from
2,5-dichlorophenylhydrazine and 1,1,2-trimethoxy-2-ethoxypro-
paneZd. Other reference substances (e.g., isopropenyl methyl
ether) were commercial products, tert-Butyl hydroperoxide was
distilled under reduced pressure before use; dibenzoyl peroxide
was recrystallized from chloroform. All other chemicals, being
high-grade commercial products, were used as such.

1-Pyrazolecarbonyl Chloride (Ga).2930 Phosgene was passed
through a solution of pyrazole (7a, 10 g) in sodium-dried diethyl
ether (150 ml) at 0°, until the initially formed white precipitate
had disappeared (~2 hr). Dry nitrogen was passed through to re-
move the excess of phosgene; the solution was filtered and the
major part of the solvent evaporated. The acid chloride, a white,
crystalline solid, was isolated by filtration (14-18 g). Recrystalliza-
.tion from ether gave mp 53-54.5° (sealed melting point capillary);
ir (Nujol) 1775 cm=1 (C=0); NMR (CDCI3) 88.2 (d, 1,J = 3.0 Hz,
5-H), 7.85 (d, 1,J = 15 Hz, 3-H) and 6.55 (m, 1, 4-H).

The presence of an active Cl atom was substantiated by its im-
mediate reaction with silver nitrate solution. The acid chloride ap-
peared to be very reactive toward water and alcohols.

tert-Butyl 1-Pyrazolepercarboxylate (5a). While stirring, so-
lutions of 6a (14.4 g) and of iert-butyl hydroperoxide (9.2 g), each
in ~80 ml of sodium-dried ether, were added, slowly and simulta-
neously, to a cooled solution of pyridine (8.3 g) in ether (~50 ml);
the temperature was kept at ca. —5°. The reaction mixture was
stirred for 4 hr at room temperature and then filtered. The filtrate
was washed successively with dilute hydrochloric acid and sodium
carbonate solutions, dried over magnesium sulfate, and concen-
trated in vacuo, giving ~18 g of a colorless oil. The perester was
purified by distillation under reduced pressure: bp 50° (0.10 mm);
ir (liquid film) 1790 cm'1 (C=0); NMR (CDC13) 88.22 (d, 1,J =
3.0 Hz, 5-H), 7.83 (d, 1,J = 15 Hz, 3-H), 6.46 (m, 1, 4-H), and 1.42
[s, 9, C(CH3)3.

Anal. Caled for CsHuNaOs: C, 52.16; H, 6.57; N, 15.21. Found:
C, 51.88; H, 6.58; N, 15.37.

tert-Butyl 3-Methyl-1-pyrazolepercarboxylate (5b). 3-
Methyl-1-pyrazolecarbonyl chloride (6b) was prepared from 3(5)-
methylpyrazole (7b) and phosgene according to von Auwers,16 and
was recrystallized from benzene: NMR (CDCI3) 58.05 (d, 1,J = 3.0
Hz, 5-H), 6.38 (d, 1, J = 3.0 Hz, 4-H), and 2.39 (s, 3, CH3J).

From this acid chloride and tert-butyl hydroperoxide, perester
5b was prepared as described above for 5a. The residual colorless
oil was distilled under reduced pressure: bp 60° (0.05 mm); ir (lig-
uid film) 1785 cm" 1 (C=0); NMR (CDC13) 87.99 (d, 1,J = 3.0 Hz,
5-H), 6.23 (d, 1,J = 3.0 Hz, 4-H), 2.26 (s, 3, CH3), and 1.41 [s, 9,
C(CHB3)3]; signals at 7.59 and 2.59 ppm pointed to the presence of
~4% of the 5-methyl isomer 8.

Anal. Caled for COHUN203: C, 54.53; H, 7.12; N, 14.13. Found:
C, 54.58; H, 7.11; N, 14.25.

Thermal Decomposition of 5a in Benzene. A. An ampoule
containing a weighed amount (—0.2 g) of 5a dissolved in a tenfold
quantity of benzene was degassed and sealed. The tube was placed
in an oven at 135° for 1 hr; a known amount of hexamethyldisilox-
ane (HMDS) was added to the cooled contents and a quantitative
NMR analysis was then made for tert-butyl alcohol (1.07 ppm rel-
ative to HMDS), acetone (1.47 ppm), toluene (2.00 ppm) and iso-
propenyl methyl ether (1.65 and 3.10 ppm). The identity of the
compounds mentioned was ascertained by adding small amounts
of the authentic materials, and by GLPC.

B. Solutions of 5a in benzene (1 and 10%, respectively) were
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thermolyzed in an autoclave under a nitrogen atmosphere. After B. Photolysis of a 2.4% solution of the 3-methyl substituted per-

heating at 135° for at least 1 hr, benzene was carefully removed by ester 5b in benzene (containing 0.01% of p-di-ierf-butylbenzene as

distillation; the products were then separated by column chroma- internal standard) was performed both with and without a copper

tography on silica gel (H, according to Stahl), eluting with ben- sulfate filter. After 96 hr, the resulting solutions were analyzed by

zene-ethyl acetate-methanol mixtures of increasing polarity. Col- GLPC on a capillary OV-17 column. In either case biphenyl was

lected fractions were compared with reference materials on TLC, found and, in only small quantities, the isomeric N- phenylpyra-

concentrated, and investigated further with the aid of NMR and zoles 12 and 13 (molar ratios ca. 9:1).

mass spectrometry; in addition, GLPC on a packed OV-17 column

was used to test the possible presence of C-phenylated pyrazoles. Acknowledgment. We arﬁ dethF tO Dr J }] C le
Thermal Decomposition of 5a in a Benzene-p-Dichloroben- der(];' eoretjca as ECIS 0 /V aZO |

rest in th
zene Mixture. A solution of 52 mg of perester 5a in 0.90 g of a 1:10 rad|c [S an(! e eian 1|:ne é 0SITIONS t IS S
molar mixture of p-dichlorobenzene and benzene was heated in a are a?so ﬂrate i 8'3_ risse %ra en OH elp ?

sealed tube for 1.5 hr at 135°. The formation of I-(2,5-dichloro-

phenyl)pyrazole and of 1-phenylpyrazole (9) was demonstrated, SuggeStlo Sconcemmg th|5 researc

and their ratio was determined by GLPC analysis on a packed OV- Registry No—5a, 53881-36-0; 5b, 53881-37-1: 6a, 53355-55-8:
6b, 53881-38-2; 7a, 288-13-1; 7b, 145358-3; 9, 1126-00-7; 11,

17 column.
Phenylation of Pyrazole (7a) with the Aid of Dibenzoyl 53881.30.3. 12 1128.54-7. 13 6831010, 14 31163845 15
31163-85-6; phosgene, 75-44-5; terf-butyl hydroperoxide, 75-91-2;

Peroxide. An ampoule containing a mixture of dibenzoyl peroxide
(0.25 mmol), 7a (1.13 mmol), and benzene (11.3 mmol) was de- phenyl chloroformate, 1885-14-9; I-(2,5-dichlorophenyl)pyrazole, -

gassed, sealed, and heated (0.3 hr at 135°). GLPC analysis on a

packed OV-17 column revealed the presence of biphenyl (~0.4 53881-40-6.

mol/mol dibenzoyl peroxide), 3(5)-phenylpyrazole (0.025 mol/mol

biphenyl), and 1-phenylpyrazole (9, 0.010 mol/mol biphenyl), in References and Notes

addition to several other products. As the presence of 4-phenylpy- (1) This research was supported by the Netherlands Foundation for Chemi-
razole could not be detected, the partial rate factor given for the 4 cal Research (SON) with financial aid from the Netherlands Organization
position must be considered as an upper limit. for the Advancement of Pure Research (ZWO).

Phenyl 1-Pyrazolecarboxylate (11). Preparation and Ther- @ 8-9'29')@33“ E Hedaya, and E B. Whipple, J. Am. Chem. Soc., 91, 4364
mal Stability. Pyrazole (7a_, 2.3 g) was slowly added 1o 5.3 g of (3) S. F. Nelsen in “Free Radicals,” Vol. Il, J. K. Kochi, Ed., Wiley, New
phenyl chloroformate; the mixture was then heated at 110° for 1.5 York, N.Y., 1973, p 527.
hr, diluted with water, and neutralized with sodium carbonate, and (4) (@ J. W. A. M. Janssen and C. L. Habraken, J. Org. Chem., 36, 3081
the phenyl ester was isolated via extraction with ether, crude yield (1971); (b) J. W. A. M. Janssen, H. J. Koeners, C. G. Kruse, and C. L.
53 g (83%). Crystallization from hexane gave pure 11: white crys- (5) ?r?g r::sgetlz?fllils;R ;Ti;ﬁ;l(lrgzi)r.ded when photolyzing an aqueous solu-
tals; mp 47-48.5°% ir (KBr) 1780 cm*1 (0=0); NMR (CDCL) 685 tion of pyrazole with hemétoporphyrin and phosphate buffer [S. Tu and
(d, 1,3 = 3Hz, 5-H), 80 (d, 1, J = 15 Hz, 3-H), 7.5 (m, 5, CgHs), J. H. Wang, Biochemistry, 9, 4505 (1970)], cannot, in our view, be con-
and 6.6 (m, 1, 4-H). sidered as evidence for the formation of 1.

Anal. Calcd for CioH8N202 C, 63.82; H, 4.29; N, 14.89. Found: (6) G. Fukata, Y. Kawazoe, and T. Taguchi, Tetrahedron Lett., 1199 (1973).

(7) Professor K. Lempert, personal communication.

C, 6389, H, 437, N, 14.91. (8) W. Brosen, H. Kurreck, D. Rennoch, and J. Reusch, Tetrahedron, 29,

This phenyl ester appeared to be stable upon heating at 200° for 3959 (1973)
5min. (TLC analysis). (9) R D. Allendoerfer and A. S. Pollock, Mol. Phys., 22, 661 (1971), and

Thermal Decomposition of tert-Butyl 3-Methyl-1-pyra- references cited therein.
zolepercarboxylate (5b) in Benzene. A. A solution of 3.0 g of 5b (10) 594%(3%;' P. M. Horowitz, and T. S. Lee, J. Am. Chem. Soc., 95,
in 150 ml of benzene was heated in an autoclave at 150° for 1 hr. :

- . . 11) A. Samuni and P. Neta, J. Phys. Chem., 77, 1629 (1973).
The resulting solution was carefully concentrated and the reac_tlon 512; Neglecting configuration inter)gction, both 1 and 3 Eire cglculated to have
products were separated by column chromatography as described a 2B -jr-type ground state, albeit with rather small energy differences
for the thermolysis of 5a. The fractions were analyzed with the aid between the “best” 7 and a states (e.g., 0.023 au in a RHF calculation
of TLC and NMR spectroscopy. In this way, the /VV-phenylpyra- on 1). More detailed results, including a study of asymmetric geome-
zoles 12 and 13 (eluted in that order) were obtained in a reasonably tries, will be published separately (J. J. C. Mulder and K. van der Meer).
(13) Attempts were made to prepare these compounds via the carbonyl

pure form. . . L chloride 6a. However, e.g., reaction of 6a with hydrogen peroxide-urea

B. In a sealed tube, a 2.4% solution of 5b in benzene (containing complex'4 led to 4-chloropyrazole, while reaction with perbenzoic acid
0.01% of p-di-terf-butylbenzene as internal standard) was heated led to 1-benzoylpyrazole, i-benzoyl-4-chloropyrazole, and 4-chloropyra-
at 150° for 1 hr; the reaction products were analyzed by GLPC. A zole. .
capillary OV-17 column was used for the separation of the two N- a4 (13;5'(?'7('1-3'41':—) W. Hughes, and P. A. Giguere, J. Am. Chem. Soc., 63
phenylpyrazoles 12 and 13; their ratio was calculated to be 5:1. In (15) K. von Auwers and W. Daniel, J. Prakt. Chem., 110, 235 (1925),
addition, a packed OV-17 column was used in searching for C- (16) Thermolysis of the comparable perester fert-butyl W-succinimidepercar-
phenylated pyrazoles: no detectable amounts of 3(5)-methyl-4- boxylate proceeds predominantly via a Criegee rearrangement: (a) E.

Hedaya, R. L. Hinman, V. Schomaker, S. Theodoropulos, and L. M.
Kyle, J. Am. Chem. Soc., 89, 4875 (1967); (b) T. Koenig and W. Brew-
er, ibid., 86, 2728(1964).

phenyl- or of 3(5)-methyl-5(3)-phenylpyrazole were present.
C. Control Experiment. A benzene solution of a mixture of 12

and 13 was heated in a sealed tube at 150° for 1 hr; NMR analysis (17 3 T Brook and W. Snedden, Tetrahedron, 20, 1043 (1964).
showed that' the Composmon_ of the mixture remained l_mchanged. (18) Assuming that only the C-3 position in pyrazole is involved, in line with
Photolysis of the TV-Nitropyrazoles 14 and 15 in Benzene the data on 1-methylpyrazole, its phenylation resulting in the product
Solution. A. In 1.0-cm quartz cuvettes, solutions of 3-methyl-I- gilt;o(fééif- = 94:1:5: B. M. Lynch and H. S. Chan, Tetrahedron Lett.,
n_ltr:)pygaZﬁI(;o/(l_@ band of 5-n;ethy|-|_—n_|tr0(§) %;z;zolfe %Tr’)f’ r?sbpec- (19) Decarboxyiation of aliphatic 1-pyrazolecarboxylic esters has been ob-
tively (both 5% in benzene, and containing 0.01% of p-di-ferf-but- served by von Auwers.15 After the present manuscript had been fin-
ylbenzene as internal standard), were irradiated through a copper ished, a publication concerning the mechanism of this thermally induced
sulfate filter employing a 175-W Philips HP lamp. Samples were reaction appeared. Probably an intermolecular nucleophilic substitution
taken at 6, 24, and 96 hr, and analyzed by GLPC using a capillary by pyrazole anions is involved; hence a fast decarboxylation of phenyl
OV-17 column. In addition, a packed OV-17 column was used for %S;g;]llsés ‘1’3(% E‘l'g';‘z)'y' J. J. Wilezynski and H W. Johnson, J. Org.
the analysis of C-nitropyrazoles; in order to prevent thermal isom- (20) Thermal decomposition of 5a in nitrobenzene or in a benzene-nitroben-
erization of the residual N-nitropyrazoles, the injection port had to zene mixture proceeded predominantly via nonradical pathways.
be kept at <130°. (21) _Oth_er products founq were the den_itrated pyrazole 7a and the i_somer—
B. Control Experiment. A benzene solution of a mixture of the ization products 4-nitro- and 3(5)-nitropyrazole. The photochemistry of
N-phenylpyrazoles 12 and 13 was irradiated (copper sulfate filter) AI-mtropyrazoIe_ in other s_olvents_ (e._g., methanol) is alsp investigated in
f hr- Ivsi h d th hei I 0 had these laboratories. Here, isomerization to 4- and 3(5)-nitropyrazole also
or 96 hr; NMR analysis showed that their molar ratio ha occurs: J. Cornelisse et al., unpublished observations. This isomeriza-
changed from 0.44 to 0.74. tion, which also takes place on photolyzing 3- and 5-methyl substituted
Photolysis of the fert-Butyl Peresters 5a and 5b in Benzene N-nitropyrazoles (vide infra), can be regarded as a counterpart of the
Solution. A. Photolysis of the unsubstituted perester 5a was stud- thermally induc_ed N—nitropyrazole rearrangement. The latter reaction
ied qualitatively by following the reaction by TLC: when a 2.5% so- most probably involves a sigmatropic migration of N02;4 the mecha-
. X 7 . nism of the novel photochemical rearrangement is not clear as yet.
lution of 5a in benzene was irradiated, small amounts of 1-phenyl- (22) D. Mackay and W. A. Waters, J. Chem. Soc. C, 813 (1966).
pyrazole (9) and of biphenyl could be detected. After 3 days a con- (23) S. shih, R. J. Buenker, S. D. Peyerimhoff, and C. J. Michejda, J. Am.

siderable amount of starting material 5a was still present. Chem. Soc., 94, 7620 (1972).
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(24) Another nitrogen-centered free radical that reacts with benzene is the
W-succinimidyl radical;25 Hedaya et at. showed that this radical most
probably has a cr-type electronic ground state.160

(25) D. R Howton, J. Am. Chem. Soc., 69, 2060 (1947).

(26) When a frozen solution of 5a in methylcyciohexane (77 K) was irradiat-
ed in the cavity of an ESR apparatus, only signals of methyl radicals and
(probably) f-BuOO -« radicals were observed.

(27) B. J. Huntand W. Rigby, Chem. Ind. (London), 1868 (1967).

Goering and Humski

(28) J. D. Kendall and G. F. Duffin, British Patent 797,144 (1958); Chem.
Abstr., 53, 4983 (1959).

(29) Very recently, the synthesis of 1-pyrazolecarbonyl chloride has also
been described by Peterson et al.;30 these authors reported mp 52-
54°, and pointed out the extremely lachrymatory character of this com-
pound, a property also observed by us.

(30) L. K. Peterson, E. Kiehimann, A. R. Sanger, and K. I. The, Can. J.
Chem., 52, 2367 (1974).
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Solvolysis of I,2-dimethyl-exo-2-norbomyl p-nitrobenzoate (I-OPNB) in 90% aqueous acetone involves exclu-
sive alkyl-oxygen cleavage and is accompanied by ion-pair return which results in racemization of optically active
I-OPNB and randomization of the carboxyl oxygen atoms of 180-labeled I-OPNB. In this system the carbonium
ion is not symmetrical and krec corresponds to an upper limit of 37% of the total return from product-forming in-
termediates. The relative rates of racemization and carboxyl oxygen equilibration indicate that feeq corresponds to

~20% of the total return.

Several methods for detecting ion-pair return associated
with Snl solvolytic reactions have been reported. These in-
clude salt effects,2’3 isomerization of the cation2b'4’s or
anion,6 racemization of the unsolvolyzed substrate, 21357
randomization of carboxyl or sulfoxyl oxygen atoms,58 and
secondary deuterium isotope effects.9 To determine the
amount of return requires an independent measure of (a)
the total rate of ionization or (b) the rate of re-formation of
substrate by ion-pair return.

With optically active substrates that give symmetrical
(bridged2b'8b or allylic710) carbonium ions, the rate of loss
of optical activity (eq 1) corresponds to the total rate of
ionization providing that the ion pair, as well as the unper-
turbed cation, is symmetrical. With systems that do not
isomerize, ion-pair return does not disturb the rate of sol-
volysis (eq 2) and the rate of return, which corresponds to
rate of racemization (eq 3), is obtained indirectly as the dif-
ference between rates of ionization (ka) and solvolysis (kt),
i.e., rerac = 1o, —rer.10 Alternatively, the rate of racemization
can be obtained directly by isolating samples of unsolvo-
lyzed substrate throughout the reaction and determining
rerac from the rotations.8®

Another direct method for measuring return is determin-
ing the rate of randomization of carboxyl or sulfonate oxy-
gen atoms (feeq) starting with discretely 180 -labeled p-ni-
trobenzoates®10 (eq 4) or arylsulfonate.8 Providing the
oxygen atoms in the anion are equivalent in the ion-pair in-
termediate, feeq corresponds to total return. The distin-
guishing feature of this method is that it is applicable to
achiral as well as chiral nonrearranging systems.

*a
(+)-RX s *- inactive products (1)
kt
R-X — * solvolysis products (2)
(+)-R X (£)-RX ®3)
R--180COAT R— 180CI80AT (4)

Since the oxygen atoms in the intermediate are not al-
ways equivalent,12 feeq is a lower limit for return—excess
rebonding of the original oxygen and carbon atoms is unde-
tected. Similarly, ka is a lower limit for ionization (or ferac

for return) because even though the unperturbed bridged
or allylic cation is symmetrical the ion pair may not be. In-
deed, there is evidence that this is the case in some allylic
systems.13

To obtain information regarding the fraction of return
detected by oxygen equilibration we have compared feeq
with return measured by independent methods in allylic
systems and systems involving symmetrical bridged ca-
tions.8ll For p-nitrobenzoates the amount of equilibration
associated with return ranges from nil for a case involving
rearrangement to a strained carbonium ioni4 to partial for
several allylic systemsi0 and one rearranging system in
which the anion migrates a considerable distance,!5 and ev-
idently to complete in systems that give relatively stable
(delocalized) carbonium ions.5’10b’12

We now report a comparison of feeq with an independent
measure of a lower limit of return for solvolysis of 1,2-di-
methyl-exo-2-norbornyl p-nitrobenzoate (I-OPNB), a sys-
tem which does not involve a symmetrical bridged ion but
one in which ion-pair return results in racemization of the
unsolvolyzed ester.11

The pertinent rate constants for solvolysis of I-OPNB in
90% aqueous acetone at 73° are shown in Table I. The titri-
metric rate constants (fef) were steady up to 80% solvolysis,
which shows that the structure of the substrate is preserved
throughout the reaction. A control experiment with ether-
180 labeled I-OPNB showed that solvolysis involves exclu-
sive alkyl-oxygen cleavage.

For the polarimetrie experiments the solvent contained a
50% excess of 2,6-lutidine to neutralize the acid produced



Solvolysis of I,2-Dimethyl-exo-2-norbornyl p-Nitrobenzoate-180

Tablel
Rate Constantsfor Solvolysis of
1,2-Dimethyl-exo-2-norbornyl p-Nitrobenzoate
in 90% (v/v) Aqueous Acetone at 78.45°

Rate constant 10S k, sec"™
fra 17.2 £ 0.1
fe( 12.4 i 0.1
Arac 52 £04
freq 2.6 £03
Kexc6 e.oe"

“ Average (and average deviations) of two to six independent
experiments. bSecond-order rate constant, 106 1 M 1 sec-1
cAverage value for one kinetic experiment.
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Experimental Section

Oxygen-18 contents and distributions were determined as de-
scribed earlier.1012 The solvent, 90% aqueous acetone (v/v), was
prepared as described earlier.16°

Compounds. The samples of racemic I-OH, mp 104-106°, (—-
I-OH, mp 104-105°, [a]3D -22.6° (c 7.3, CHC13, and (+)-1-
OPNB, mp 143-144°, [a]30D 37.3° (c 5.5, CHCI3), used in this work
were described earlier20 Less active samples of (+)-1-OPNB and
samples of (—-1-OPNB were also used. Racemic I-OPNB, mp
128-129.5° (lit. mp 132.5-133°),21 was prepared by the method20
used to prepare optically active I-OPNB.

I-OPNB-carbonyl-180, mp 127-128.5°, 3.704% excess 180, was
prepared from I-OH and p-nitrobenzoyl-carbonyl-180 chloride19
in the usual manner20 and Obtained in 42% yield after purification
by several recrystallizations from ether-pentane. A sample of this
labeled ester was reconverted to 1-OH by reduction with lithium
aluminum hydride.19 The resulting I-OH contained only 0.034%
excess 180, which shows that >99% of the label was in the carbonyl
position of the I-OPNB.

1-OPNB-etber-180 was prepared as follows. A solution of 3.9 g
of I-OH in a mixture of 102 ml of purified dioxane containing 25
ml of 180-enriched water (1.5% excess 180) and 4.96 g of 60% per-
chloric acid was warmed to 30° for 20 hr. Under these conditions
(i.e., [HCIO4] = 0.23 M, [I-OH] = 0.22 Ai), the half-life for oxygen
exchange is about 2 hr and exchange is about 103 times faster than
exo —mendo isomerization.22 The solution was cooled, neutralized,
diluted with 100 ml of water, and extracted with 200 ml of pen-
tane. The pentane extracts were combined, shaken with 10% aque-
ous sodium carbonate, and dried. The resulting extract was con-
centrated to near dryness and the residue was purified by GC (20%
KOH and 1% Carbowax 20M on firebrick). This preparation gave
2.3 g (59% recovery) of 180-labeled 1-OH. Another preparation,
using the same amounts but with more enriched 180 water, gave
26 g (67%) of 180-labeled I-OH. Sublimation of the combined
preparations gave 4.35 g (56%) of 180-labeled 1-OH, mp 109-111°,
1.590% excess "O.

The above labeled 1-OH was converted20 to I-OPNB-etber-180
in 60% yield, mp 130-131°, 1.691% excess 180 .23

Kinetic Experiments. A. Titrimetric Rates. These reactions
were followed as described earlier.10,12 Rate constants (kt) were in-
dependent of initial concentration over the range 0.026-0.07 M.

B. Polarimetric Rates. The polarimetric rate constants (ka)
were determined as described earlier.5 In these experiments the I-
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OPNB concentration varied from 0.06 to 0.12 M and in all cases
50% excess 2,6-lutidine was present. The change in rotation was at
least 0.7° and individual readings were obtained with a precision of
+0.002°. Good first-order behavior was observed and rate con-
stants determined from rotations for 589 and 436 nm were indis-
tinguishable. Over the indicated concentration range 50% excess
2.6- lutidine has no effect on the observed rate of change of rota-
tion.

That the presence of the lutidine does not affect the product
distribution and that the initially formed products are stable
under these conditions was established as follows. 2,6-Lutidine was
added to four samples of a 0.067 M solution of (x)-1-OPNB, [or]2D
+27.14° (c 5.6, CHCI3), in 90% acetone so that the final lutidine
concentrations were 0.08, 0.14, 0.28, and 0.56 M. After heating for
8 half-lives for solvolysis (12 hr), the observed rotations of the four
solutions varied only 0.007° (from 0.113° to 0.120°). Capillary GC
showed that the product distributions were the same for the four
samples. It was also shown that a synthetic mixture of optically ac-
tive 11, 111, and I-OH in 90% acetone containing 0.07 M p-nitroben-
zoic acid and 0.14 M 2,6-lutidine does not undergo change in rota-
tion or composition when heated for a period corresponding to 8
half-lives for solvolysis (kt).

C. Rates of Racemization. The rate constant for racemization
of the unsolvolyzed 1-OPNB (ferec) during solvolysis can be deter-
mined from the constants for solvolysis (kt) and mutarotation (fe,),
i.e., ferec = fe, —fg(.10 In the present work the rate of racemization
was determined directly from rotations of isolated samples of un-
solvolyzed ester.8® In this case, unlike for the polarimetric rates,
2.6- lutidine was not present. In a typical experiment 7-ml portions
0f 0.046 M (-)-1-OPNB, [a]23-11.35° (c 10, CHCI3), in 90% ace-
tone were sealed in ampoules that had been previously flushed
with nitrogen. The ampoules were placed in a thermostat and
quenched at appropriate times by chilling in ice water. Each am-
poule was treated as follows. The contents were transferred to a
50-ml flask and neutralized with 0.03 M sodium hydroxide and the
flask was attached to a vacuum line (10~5 mm) for 24 hr. The solid
residue was extracted with 10 ml of dry ether and the filtered ex-
tract was concentrated to dryness under reduced pressure (10—2
mm) to remove all traces of I-OH, 11, and Ill. The residue, pure I-
OPNB, was transferred to a tared 1-ml volumetric flask, weighed,
and diluted to exactly 1 ml with chloroform. The chloroform solu-
tion was transferred to a 1-dm microcell and rotations were deter-
mined at 40° and 436 nm. The rate constant (ferac) was calculated
in the usual way from the rotations of the samples. The value of
feree in the table is the average of four independent experiments in
which initial I-OPNB concentrations varied from 0.046 to 0.072 M.
The initial rotation was at least 1 ° and the reaction was followed to
about 25% racemization, which corresponds to >50% solvolysis.

That the isolation procedure does not alter the optical purity of
the unsolvolyzed ester was established as follows. Racemic I-
OPNB was completely solvolyzed (16 half-lives) in 90% acetone. A
solution of (—-1-OPNB in 90% acetone was prepared and mixed
with the above solvolysis mixture to give solutions with (—-I-
OPNB concentrations corresponding to 0, 25, 50, and 75% solvoly-
sis. The (9-1-OPNB was isolated from the racemic solvolysis
products as described above and the specific rotations of the four
samples of recovered (—-1-OPNB were W ZA4% -25.97, -26.15,
—25.99, and —26.12°. This shows that the isolation and separation
gives recovered I-OPNB without alteration of optical activity.

D. Rates of Carboxyl-Oxygen Equilibration. The equilibra-
tion rate constant (feeq) was determined as described earlier.1012.16*
The samples of unsolvolyzed ester were isolated as described
above. The residual recovered I-OPNB (~1 g) was converted to
about 150 mg of I-OH, which was purified by two sublimations,
and the 180 content of the resulting 1-OH23 was determined in the
usual manner.12’19 The rate constant for equilibration (fe«,) was
calculated as described earlier.101216®

That isolation of the unsolvolyzed 180-labeled I-OPNB does not
alter the 18 content was established as follows. Unlabeled I-
OPNB was solvolyzed completely (10 half-lives) and to this solu-
tion was added a solution containing an equal amount of I-OPNB-
carbonyl-IsO, 3.704% excess 180. This corresponds to 50% solvoly-
sis. The I-OPNB isolated as described above contained 3.684% ex-
cess 180 .

The 180 content of the unsolvolyzed labeled I-OPNB after 75%
solvolysis was 3.638%. This shows that there is no loss of label, or
enrichment due to an isotope effect,1b during solvolysis.

E. Rates of Exchange. A 25-ml solution of 0.0069 M I-OPNB
and 0.0035 M of 14C-labeled p-nitrobenzoic acid in 90% acetone
was placed in a 78.45° thermostat for 16 hr, which corresponds to

Goering and Humski

50% solvolysis. The unreacted I-OPNB was isolated as described
above. The specific activities (dpm/mmol) for the 14C-labeled acid,
recovered 1-OPNB, and original I-OPNB were 111,500, 584, and
448. From these data the rate constant for exchange (feeic) and per-
centage exchange at any stage of the reaction can be determined as
described earlier.18®

Control Experiments Demonstrating Alkyl-Oxygen Cleav-
age. Solvolysis of optically active I-OPNB in 90% acetone gives I-
OH with 9% retention of optical configuration.1l That the excess
retention in the SNI product does not result from acyl oxygen
cleavage was established by the following experiments.

A 0.07 M solution of the above I-OPNB-etfeer-180 and 0.1 M
2,6-lutidine in 90% acetone was placed in a 100° thermostat for 10
solvolytic half-lives. The resulting I-OH was isolated by extraction
with pentane, concentration of the dried (MgSOi) pentane extract,
and separation from other volatile products by preparative GC
(20-ft column packed with 20% KOH and 1% Carbowax M-40 on
firebrick 30/60 at 80°). The isolated alcohol was sublimed four
times, the last time from powdered potassium hydroxide. Capillary
GC showed the product to be 99% pure. The observed 18 content
was 0.014% excess 180. The 180 content would be 0.11% excess 130
if the excess retention of optical configuration resulted from acyl-
oxygen cleavage.

In another experiment 2.4 g of unlabeled I-OPNB was solvo-
lyzed under the above conditions in the presence of 11.4 mg of
180-labeled 1-OH, 1.59% excess 180. The added labeled 1-OH cor-
responds to 9.2 + 0.7% of the total I-OH after complete solvolysis
and the expected 18) content of the isolated alcohol is 0.15 + 0.01
providing that there is no loss of 180 during solvolysis or the subse-
guent isolation and purification. The observed 180 content of the
1-OH isolated and purified as above (44 mg) was 0.132% excess 180.
This shows that the loss of 180 from the initially formed I-OH dur-
ing solvolysis, isolation, and purification is negligible.

Registry No.—I-OPNB, 13351-32-1; (+)-1-OPNB, 18366-97-7;
(-)-1-OPNB, 53993-65-0; I-OPNB-ether-IsO, 53993-66-1.
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The combination of sodium cyanoborohydride in acidic dimethylformamide-sulfolane provides an effective
and convenient system for the reduction of ar,/3-unsaturated carbonyl tosylhydrazones specifically to the corre-
sponding alkenes with migration of the double bond most probably via a 1,5-sigmatropic rearrangement of an in-
termediate diazene. Furthermore, the reduction proceeds stereoselectively to furnish the E geometric isomer as
the predominant product. Applications include (a) conversion of endocyclic to exocyclic double bonds; (b) trans-
formation of alkenes which are conjugated to aromatic rings to unconjugated isomers; (c) deconjugation of certain
1,3-diene systems to 1,4-dienes; (d) synthesis of (£)-alkenes. Cyclohexenones and multiply conjugated systems
are less successful, giving primarily saturated hydrocarbons in the former case and isomer mixtures in the latter.

During a recent exploration of the reductive deoxygena-
tion of carbonyl tosylhydrazones with NaBHaCN, we ob-
served that n,/3-unsaturated systems cleanly afforded alk-
enes resulting from migration of the double bond from the
a,fi position to the site formerly occupied by the carbonyl,
even in the event that such a migration removed the double
bond from conjugation with an aromatic ring.2 The poten-
tial utility of this procedure prompted the present, more
thorough investigation of the reaction with respect to syn-
thetic scope and limitations, regio- and stereoselectivity of
the alkenes produced, and the mechanistic possibilities.

The preparation of the requisite tosylhydrazones and re-
duction procedure has been described previously and is
briefly outlined in the Experimental Section. A variety of
«,/3-unsaturated tosylhydrazones representing a wide range
of structural types were chosen for study and the results
are presented in Table I. Synthetically, several features of
the reductions are particularly noteworthy. Paramount, the
specific formation of the less stable positional isomers of
alkenes in several examples (entries 1-3, 5, 8-12) appears
to offer general and reliable synthetic possibilities such as
converting endocylic to exocyclic alkenes (entry 5), moving
double bonds out of conjugation with aromatic rings
(entries 1-3) and deconjugating certain 1,3-dienes to the

1,4 isomers (entries 8-10). In all such examples the migra-

tions are clean with only a trace, if any, of the unrearranged
olefin observed. In addition, the double-bond migration ap-
pears to occur stereoselectively to give the trans alkene as
the major product, as illustrated by the conversions of ben-
zalacetone and (j-ionone (entries 2, 8) predominantly to the
corresponding trans alkenes. With a'/3, /3-dienones, the
procedure proved less successful and led to partial concom-
itant alkene reduction or mixtures of isomers (entries 13,
14). Furthermore, 9-anthraldehyde tosylhydrazone afford-
ed only 9-methylanthracene (entry 15) with no evidence for
products resulting from migration of the conjugate double
bond. Cyclohexenones also apparently give anomalous re-
ductions. Thus, isophorone gave principally (in low yield)
the saturated hydrocarbon 1,1,3-trimethylcyclohexane in
addition to a lesser amount of the alkene (entry 7).3
Ostensibly, the most straightforward mechanism for the
reductive migration involves initial attack by cyanoborohy-
dride in a 1,4-Michael type addition to give the rearranged
tosylhydrazine intermediate, which subsequently decom-
poses to the alkene as shown in Scheme 1.2 The propensity
for cyanoborohydride4 (and borohydride)7 to add in a 1,4
fashion to a,j3-unsaturated ketones has been noted and
LiAlIH4 reduces carvone tosylhydrazone to the unsaturated
hydrocarbon limonene with preponderant migration of the
double bond and initial attack at the conjugate position.8

Scheme |

= NHNHTs

BH,CN

On the other hand, an alternative mechanistic possibility
was suggested by the recent report9 that AT-allyl-iV-to-
sylhydrazines, including cinnamyl tosylhydrazine (1), frag-
ment under acidic conditions to the corresponding rear-
ranged alkenes (i.e., 1 affords 3-phenylpropene uncontami-
nated with the 1 isomer). The mechanism of this tranfor-
mation apparently involves initial elimination of p-tolu-
enesulfinic acid to the diazene intermediate 2 followed by a
1,5-sigmatropic rearrangement with transfer of hydrogen to
the 0 carbon and ir-bond migratjon.. This points to the

CHLCH=CHCH2NNH2
| H CH,
Ts

strong possibility that an analogous pathway may operate
in the present case, as illustrated in Scheme Il. Thus, the

Scheme 1l

N=N

initial step may consist of reduction of the imminium ion to
the tosylhydrazine by cyanoborohydride followed by elimi-
nation of p-toluenesulfinic acid and a subsequent 1,5-sig-
matropic shift to the observed rearranged alkene. Evidence
for this latter mechanism was provided by the observation
that the tosylhydrazine 1 gave 3-phenylpropene under the
reaction conditions used successfully for reduction of tos-
ylhydrazones (entry 16), again with no evidence for the un-
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Reduction of Conjugated Carbonyl CToan?[l)%leds with Sodium Cyanoborohydride

Entry Tosylhydrazone Time,” hr
1 C8H5CH=CHCHO 3.0
2 (£)-C8H5CH=CHCOCH3 2.5
3 />-ch3c814ch= chcoch3 3.0
4 c8b5ch= chcoc8b 4.0

2.0

5 0 4.0e

6 6.0
0]

13 (CGI5CH=CH),CO 4.0
14 fCeHHXCH=CH)j],

CHO
3,0C

Product Yield,™ % (isolated)

C845CH2CH=CH 2 98
cbh5ch2ch= chch3 68.5* (54)
P-ch3cbh4ch2ch= chch3 67 (57)
C 2CH=;CHCgH5 60
79
(84)
(70)
CAH5CH2CH=CH (CH?22C6H5 45 (38)
C CH==CH)2(CH23CH=CHC®@H5 (cagm54)
+ other isomers
CH,
0
CBA5CH2CH=CH?2 7

“ Solutions were 0.2 m in tosylhydrazone, 0.8 M in NaBH3CN in 1:1 DMF-sulfolane, acidified with concentrated HC! to pH < 3.8
(Bromocresol Green indicator). OYields were determined by GLC using internal standards and detector response factors; isolated yields are
for purified products. ¢ An additional portion of Bromocresol Green and concentrated HC! added after half the specified time. d Composed of
61.5% e and 7.0% z geometric isomers. e Composed of 47.8% e and 6.2% z geometric isomers." NMR indicated an approximate ratio of 9:1

with the alkane predominant.

rearranged alkene. Apparently, the sigmatropic shift is
considerably more facile than collapse to the unrearranged
isomer.10 This pathway also explains the reluctance of iso-
phorone tosylhydrazone to give the rearranged products.
Inspection of models reveal that the requisite correct posi-
tioning of the diazene over the ring is geometrically diffi-
cult, especially because of the blocking axial 5-methyl
group.1l

In summary, the reductive deoxygenations of a,/lI-unsat-
urated carbonyl tosylhydrazones offer a convenient, clean,
and synthetically useful tactic for preparing such otherwise
difficult olefins as exocyclic alkenes, unconjugated arenes,
and 1,4-dienes. The double-bond migration occurs predom-
inantly to give the more stable E isomer. The procedure is
less successful with cyclohexenones. The probable mecha-
nism involves a diazene intermediate which transfers hy-

drogen to the 8 carbon with concomitant jr-bond migration
via a 1,5-sigmatropic rearrangement.12

Experimental Section

Materials. NaBH3CN was obtained from Alfa Inorganics and
used without purification. Sulfolane and DMF were distilled from
CaH2 and stored over 4A molecular sieves. The ketones and al-
dehydes were commercial materials which were purified before
use. GLC analyses were performed on a Hewlett-Packard Model
5250B instrument equipped with a Disc Integrator using either
10% OV-1 or 10% Carbowax 20M on 80-100 Chromosorb W (AW-
DMCS) columns. Melting points were obtained on a Mel-Temp
apparatus and are uncorrected. Elemental analyses were deter-
mined by A. Bernhardt, West Germany, or Chemalytics, Inc.,
Tempe, Ariz. Drying of organic solvents was accomplished with an-
hydrous MgSCh. In all cases, the nmr and ir spectra were consis-
tent with the assigned structures.

Tosylhydrazone Formation. The carbonyl compound and a



Deoxygenation of «,/i-Unsaturated p-Tosylhydrazones

le Il
Carbonyl J_rg?yfhyd razones”

Yield,
Tosylhydrazone % Mp,°C Registry no.
/3-lonone 80 169-171 53941-08-5
1-Methyl-/3-ionone 91 130-131 53941-09-6
3-Methyl-/3-ionone 77 149-151 53941-10-9
a-lonone 83 188-189 dec 53941-11-0
1-Methyl-ft-ionone 80 144-146 dec 53941-12-1
1,5-Diphenyl-1,4-
pentadien-3-one 94 145-148 538-58-9
(+)-Pulegone 33 145-147 89-82-7
1,9-Diphenyl-1,3,6,8-
nonatetraene 68 143-150 622-21-9
9-Anthraldehyde 52 183-184 642-31-9

a Other tosylhydrazones listed in ref 2. All new tosylhydrazones
gave satisfactory elemental analyses the results of which have been
provided to the Editor.
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lutions were diluted with water and the cyclohexane solutions ana-
lyzed by GLC to determine yields. For preparative-scale reactions,
the aqueous phase was extracted twice with cyclohexane, and the
combined cyclohexane solution was washed with water, dried, and
concentrated on a rotary evaporator. Purification was accom-
plished by distillation at reduced pressure or recrystallization. All
new products exhibited expected spectral characteristics and pro-
vided satisfactory elemental analyses (Table I11).

As a representative preparative application, the reduction of
(E)-I-phenylbuten-3-one to I-phenyl-2-butene is described. A so-
lution of the tosylhydrazone (6.29 g, 20 mmol), NaBH3CN (5.02 g,
80 mmol), and a few milligrams of Bromocresol Green in 100 ml of
I:1,DMF-sulfolane was heated to 105° and concentrated HC1 was
added dropwise cautiously until the pH was <3.8 as indicated by a
color change from blue to tan. Approximately 40 ml of cyclohexane
was added and the reaction mixture was heated with stirring for 1
hr. A few milligrams of Bromocresol Green and a few drops of con-
centrated HC1 were added to maintain the pH below 3.8 and heat-
ing was continued for 1.5 hr; then the solution was diluted with 150
ml of water and the layers were separated. The aqueous phase was
extracted twice with cyclohexane, and the cyclohexane solution
was washed with three portions of water, dried, and concentrated.
The residue was flash distilled at 2.8 mm (Kugelrohr apparatus) to

: le I1P
Physical Data %?‘%%W Alkene Products

Alkene Bp,° C (mmHg)
58 (0.35)6 1.48106
76 (0.45) 1.4790
61 (0.15) 1.4811

NMR data, Hzc (60 MHz, CDC13) Registry no.

57,s (6 H), (CH3)2C 53941-13-2
93, broad s (3 H),CH3C=C

163, ind. m (2 H), (C=C)2CH2
321, m (2 H), HC=CHff

59, s (6 H), (CH3),C

ca. 60, ind. t (3 H),CH3CH2
164, ind. m (2 H), (C=C)2CH2
322, m (2 H), HC=CH

53, 56, two s (6 H), (CH3)2C

89,s (ca. 3 H),CH3C=C

ca. 95, 96, ind. s and d (ca. 6 H);
CH3C=C, ch3ch= c

160, ind. m (2 H), (C=C)2CH2
315, m (1 H),HC=CS

53, 56, two s (6 H), (CH3)2C

100, broad s (6 H),CH3C=C
322, m B3H),HC=C, HC=CH
52-65, singlets and ind. t (9 H),
(CH3)2C,CH3CH2

ca. 321, m B3H),HC=CH,HC=C
59, d, 6 Hz (6 H), (CH32C
ca. 58.ind. d (3 H),CHXH
326, broad m (1 H), HC=C

53941-14-3

53941-15-4

53941-16-5

53941-17-6

619-52-3

aAlkene products gave satisfactory elemental analyses the results of which have been provided to the Editor. bLit. bp 91.5-93° (11 mm),
n18D 1.4795 (ref 12). c Downfield from Me.iSi standard. d No signals attributable to conjugated alkene protons were observed. eFlash dis-

tilled at reduced pressure.

10% molar excess of p-toluenesulfonylhydrazine in absolute etha-
nol (ca. 2 ml per gram of carbonyl compound) were heated on a
steam bath until a clear solution resulted (15 min). Cooling afford-
ed crystalline products in good to excellent yields (Table I1). Re-
crystallization was accomplished from ethanol or aqueous acetone.
Reduction Procedure. For analytical reductions, the carbonyl
tosylhydrazone, a fourfold molar excess of NaBH3CN, and a small
amount of Bromocresol Green were dissolved in a 1:1 mixture of
sulfolane and DMF such that the solutions were 0.2 M in tosylhy-
drazone and 0.8 M in NaBH3CN. The mixtures were heated at
100-105° and concentrated HC1 was added cautiously dropwise
until a color change was indicated by the indicator (tan). An inter-
nal standard and 5-10 ml of cyclohexane were added and the solu-
tions were heated for the appropriate periods indicated in Table I.
For several cases, an additional portion of Bromocresol Green and
concentrated HC1 were added (Table I). After completion, the so-

obtain 1.42 g (54%) of I-phenyl-2-butene. Analysis by GLC (10 ft
10% Carbowax 20M column, 150°) indicated the product to be
composed of ca. 47.8% E and 6.2% Z13 geometric isomers.

Registry  No.—(£)-I-Phenylbuten-3-one  tosylhydrazone,
53941-18-7; CE)-l-phenyl-2-butene, 935-00-2; (Z)-1-phenyl-2-bu-
tene, 15324-90-0; sodium cyanoborohydride, 25895-60-7.
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tones. See, for example, R Fischer, G. Lardelli, and O. Jegar, Helv.
Chim. Acta, 34, 1577 (1951).

(13) An authentic sample of the Z isomer was prepared from the epoxide via
the procedure of Vedejs; cf. E Vedejs and P. Fuchs, J. Am. Chem.
Soc., 93, 4070 (1971).

Reaction of Lithium Aluminum Hydride with Hindered Phenols.

New Stereoselective Reducing Agents

Howard Haubenstock

Richmond College of the City University of New York, Staten Island, New York 10301

Received June 26,1974

A study involving the reaction of lithium aluminum hydride (LiAlIL) with hindered phenols and alcohols is de-
scribed. This has resulted in the preparation of a new series of stereoselective reagents for the reduction of substi-
tuted cyclohexanones. The most highly selective reagent was formed by the reaction of LiAIhLi with 2 molar equiv
of 2,6-di-ferf-butylphenol followed by 1 molar equiv of neopentyl alcohol. Several experiments involved the reac-
tion of lithium borohydride with hindered phenols in which different’results were obtained.

Lithium aluminum alkoxyhydrides have proven to be
useful selective reagents in the reduction of organic com-
pounds.l The preparation of these reagents by the reaction
of lithium aluminum hydride (LIAIH4) with alcohols has
been found to be a generally useful and convenient proce-
dure.12 These reagents are of interest not only because of
their ease of preparation and useful applications,l but also
because of their possible role as intermediate species in the
reduction of carbonyl compounds with LIAIH4.3 The stere-
oselective reducing properties of lithium aluminum alkox-
yhydrides and the stabilities of these species (to dispropor-
tionation) have recently been discussed.4 It was also found
that the hindered reagent formed from the reaction of 3
mol of di-terf-butyl ketone with 1 mol of LIAIH4 reduced
3,3,5-trimethylcyclohexanone to 98% of the trans-axial al-
cohol.4 However, this moderately hindered ketone is quite
sensitive to stereoselective reduction by bulky reagents,3'6'6
and a better test substrate for a selective reducing agent is
an unhindered ketone such as 4-tert-butylcyclohexanone
(1). Reduction of 1 with the above reagent (in 92 voi %
THF, 8% ether) gave 76% of axial cis-4-ierf-butylcyclohex-
anol (cis-2). This reagent is thus seen to be more highly
stereoselective than other aluminum alkoxyhydrides pre-
viously used. For example, reduction of 1 with lithium alu-
minum tri-fert-butoxyhydride gave only 10% of cis-2.5a’b’8
Lithium aluminum trimethoxyhydride is generally more

highly stereoselective than the tri-ieri-butoxyhydride
owing to its relatively high degree of association;50 but it af-
fords only 41% of cis-2 on reduction of |.5a

In view of the apparent relationship between steric bulk
and stereoselectivity of the reagent34 it was thought to be
of interest to prepare highly sterically hindered lithium
aluminum triaryloxyhydrides by the reaction of LiAIH,t
with phenols. It would be of considerable interest to have
highly stereoselective reagents easily prepared from rela-
tively inexpensive starting materials. It should be noted
that other procedures, most of which do not involve alumi-
num compounds, have been reported for the synthesis of
axial alcohols, in particular the use of lithium tri-sec-butyl-
borohydride,9 potassium triisopropoxyborohydride,10 iridi-
um tetrachloride-trimethyl phosphite,il isobornyloxyalu-
minum dichloride,12 and lithium dimesitylborohydride bis-
(dimethoxyethane).13

A study of the stereoselectivities of lithium aluminum
triaryloxyhydrides in the reduction of the ketone 1 was un-
dertaken. The general procedure (see Experimental Sec-
tion for details) involved the addition of a solution of the
phenol in tetrahydrofuran (THF) to a standardized solu-
tion of LiAIH4 (commercially available in THF or diethyl
ether) with measurement of hydrogen evolution. This was
followed by addition of 1. After hydrolysis of the reaction
mixture, the concentrated product mixture was analyzed
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Table I
Reduction® of 4-tert-Butylcyclohexanone with A

LiAIH
Reagent
Entry Ri R2 Registry no.
1 CH3 ch3 54081-36-6
2 (CH3)2CH (CH3)2CH 54003-97-3
3 (ch3)2ch (CH3)2CH
4 (ch3)X H 54003-98-4
5 (CH3)3C* (CH3)X™* 54004-00-1
6' (CH3)C (CH3)3C 54003-99-5

Stereose-

%yieldC of alcohols lectivity,
% yieldc % cis

Solvent Cis (axial) Trans ketoned isomer0
THF-ether 11 50 26 21
THF 58 42 ~0 58
THF/ -ether 70 28 0 72
THF 9 82 4 10
THF-ether h h ~0 58
THF-ether 49j 9j 31 85

0 Reaction times varied, 3-21 hr, reaction temperature ca. 25°. A65-75 vol % tetrahydrofuran (THF) in ether, or 100% THF. cYields de-
termined by GLC analysis using 3,3,5,5-tetramethylcyclohexanone as internal standard. d Yield of recovered 4-tert-butylcyclohexanone.
e Cis and trans alcohols normalized to 100%. Best values based on two or more analyses. f In 57 vol % THF in ether. « The reagent is lithium
diaryloxyhydride. h Not measured with an internal standard. ' Reaction mixture heated. JSome of the crude reaction product was removed

Table Il
Reduction” of 4-tert-Butylcyclohexanone with LiAIH(OAr)2(OR)A

Stereose-

before GLC analysis.
Entry Reagent>R Registry no.
1 (CH3)2CHCH?2 54004-01-2
2 (ch32ch 54004 -02-3
3 (CH3)3C-CH2 54004 -03-4
4 (CH3)C-CH2
5 (ch33%x -ch2
6 (ch3%X -ch?2

lectivity,

%yieIdAof alcohols oo

% yield6 (axial)

Solventc Cis (axial) Trans ketone isomer
THF-ether g g 26a 84
THF-ether 70 18 12 80
THF-ether 64 5 27 93
THF-ether g g 3la 89
THF 54 34 10 61
THF 56 36 9 61

OReaction times varied, reaction temperature ca. 25°. bAt = 2,6-di-ierf-butylphenyl. r 65-75 vol % THF in ether or pure THF. aYields
determined by GC analysis using 3,3,5,5-tetramethylcyclohexanone as internal standard. 'Yield of recovered 4-tert-butylcyclohexanone.
f Cis and trans alcohols normalized to 100%. g Not measured. h Area percent of ketone and alcohol isomers.

by gas chromatography, generally before and after the ad-
dition of a suitable internal standard.

Preparation and Stereoselectivities of Lithium Alu-
minum Triaryloxyhydride Reagents. Table | summa-
rizes the results of the reaction of LIAIH4 with hindered
phenols, and the reduction of 1 with the resulting lithium
aluminum triaryloxyhydrides. The 2,6-dimethyl, 2,6-diiso-
propyl, and 2-ierf-butylphenols (entries 1-4, Table I) react
readily with LIAIH4 in a 3:1 molar ratio at room tempera-
ture (ca. 25°) as evidenced by the liberation of 3 molar
equiv of hydrogen.

Presumably the reducing species formed is lithium alu-
minum triaryloxyhydride. In the reaction of 2,6-di-tert-
butylphenol with LIAIH4 in a 3:1 molar ratio at room tem-
perature (entry 5, Table I) hydrogen evolution ceased be-
fore addition of the phenol was complete. After addition of
1 mol of 1, hydrolysis of the reaction mixture led to the ev-
olution of 1 mol of hydrogen. Therefore only 2 molar equiv
of hydride was used in the reaction of LIAIH4 with this
highly hindered phenol, since at room temperature the
placement of the third aryloxy group about the aluminum
atom is slow owing to steric hindrance.14 It is possible to
react LIAIH4 with 3 molar equiv of 2,6-di-ferf-butylphenol
on heating. The resulting reagent (entry 6, Table 1) is seen
to be quite highly stereoselective. The degree of stereo-
selectivity is measured by the proportion of axial alcohol.

There appears to be a correlation between the size of the
ortho substituents in the phenol with the steric require-
ments of the reducing agent, as long as the solvent remains
constant. In THF-ether, stereoselectivity decreases with
decreasing size of ortho substituent: (CHs~"C > (CHs~CH
> CH3 (entries 6, 3, and 1, respectively). There is an inter-
esting solvent effect, in that these reagents prepared from
LiAIH4 in ether are consistently more selective than when
prepared fron LiAlIH4 in THF (compare entries 2 and 3,
Table 1). This same effect was observed again (vide infra)
and was reproducible, although its cause is unknown. With
one ortho tert-butyl substituent, the aluminum triarylox-
yhydride reagent (entry 4, Table I) shows the same selec-
tivity as lithium aluminum tri-ierf-butoxyhydride, giving
predominantly the more stable trans-2 alcohol isomer.

Preparation and Stereoselectivities of Lithium Alu-
minum Diaryloxyalkoxyhydride Reagents. Since 2,6-
di-ierf-butylphenol reacted with LiAIFLt in only a 21
molar ratio at room temperature, a series of experiments
was carried out in which the third hydride was replaced
with an alkoxy group by reaction with an alcohol. The re-
sulting reagents, assumed to be lithium aluminum diar-
yloxyalkoxyhydrides, were then used to reduce | in order to
test their stereoselective reducing properties. This ap-
proach has led to a number of new, highly selective re-
agents, as shown in Table II.
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Table 111
Reduction” of Ketones with LIAIH(OAr)2(OR)A

Reaction

Entry Registry no. time, hr

nReaction temperature ca. 25°, solvent 58-75 vol % THF in ether.

Ar = 2,6-di-feri-butylphenyl, R =

% yieldc of alcohols

% yield of Stereoselectivity,

ketoned % axial isomer0

<1 44 37 >99 (trans)
/ / 3H 89 (cis)

12 69 17 85 (trans)
64 5 27 93 (cis)

neopentyl. r Yields determined by

GLC analysis using the following internal standards: 3-methylcyclohexanone for entry 1; cyclohexanone for entry 3; 3,3,5,5-tetramethylcy-
clohexanone for entry 4. d Yield of recovered ketone. e Alcohols normalized to 100% .1 Not measured. gArea percent of ketone and isomeric

alcohols. h See entry 3, Table Il.

LIAIfT

The reaction of the diaryloxyhydride species 3 with iso-
butyl and isopropyl alcohols giving the respective species 4
occurred smoothly, with the reagents 4 showing quite high
stereoselectivities (entries 1 and 2, Table Il). The greatest
stereoselectivity was found with the reagent 4 formed by
reaction of 3 with neopentyl alcohol in THF-ether (entry 3,
Table II). In all cases, the measured hydrogen evolution
corresponded closely with that expected for the conversion
of 3 to 4. The satisfactory reproducibility in stereoselectivi-
ties is demonstrated for two cases in Table Il (entries 3 and
4, and entries 5 and 6). Again, the same solvent effect on
stereoselectivity as noted above was encountered (cf.
entries 3 and 5, Table II).

In order to evaluate the scope of these new reagents, the
best system was selected (entry 3, Table Il) and used to re-
duce several additional ketones. The results of these reduc-
tions are shown in Table Ill. The reagent shows extremely
high stereoselectivity in the reduction of the relatively
highly hindered 3,3,5-trimethylcyclohexanone (entry 1,
Table 111), giving the trans-axial epimer almost exclusive-
ly. The reduction of 2-methylcyclohexanone also is highly
stereoselective, giving 89% of the cis-axial epimeric alcohol
(entry 2, Table Ill). In contrast LiAlIH4 itself affords only
24% of the cis epimer,7 and lithium aluminum trimethox-
yhydride gives 69% of the same epimer. Lithium aluminum
tri-ierf-butoxyhydride gives 27% of the cis epimer.16 A sim-
ilar high selectivity (85% trans-axial epimer) is seen for the
reduction of 3-methylcyclohexanone (entry 3, Table I11). In
contrast, LiAIH4 reduction affords only 16% of the trans al-
cohol epimer16 while only 10% of the same epimer is formed
with lithium aluminum tri-ferf-butoxyhydride (at —23°).15

Thus the new reagent is seen to be highly stereoselective in
the reduction of these various ketones.

Several further observations should be made regarding
the data in Tables I—1l. In many of the reductions a con-
siderable amount of ketone was found in the product. This
appears to be a problem with the most selective highly hin-
dered reagents. A possible explanation is reduced reactivity
of the highly hindered reagents. An alternative explanation
is enolization of the ketones. Several attempts to measure
the infrared spectra of crude reaction mixtures (prior to
hydrolysis) have not been conclusive. Further work will be
directed toward improving the actual yields of the axial ep-
imers. Analyses using internal standards (as shown in Ta-
bles I—11) have indicated that in almost all cases these are
no significant products other than the alcohols and recov-
ered starting ketones. Finally, although the reaction times
employed in the reductions varied, equilibration of alcohol
epimers did not occur, as was shown by control experi-
ments involving the removal and analysis of aliquots dur-
ing reaction.

Reaction of Lithium Borohydride with Hindered
Phenols. Several experiments were carried out in which
lithium borohydride was treated with 2,6-di-terf-butylphe-
nol and with 2-ferf-butylphenol. It was found that lithium
borohydride did not react at room temperature (ca. 25°)
with 2,6-di-ieri-butylphenol in diethyl ether. On heating in
THF, lithium borohydride reacted with 3 molar equiv of ei-
ther of the above phenols (hydrogen evolution measured).
The reduction of 1in both cases afforded 20-22% of the cis-
axial alcohol. It is possible that in these experiments reduc-
tion was effected by lithium borohydride itself. The reduc-
tion of 1 with lithium borohydride in diglyme at 20° is re-
ported to give 15% of the cis-axial alcohol.17 It is known
that trialkoxyborohydrides are more reactive reducing
agents than borohydride itself,18-21 and the reaction of bor-
ohydride with the phenol may produce the tetraaryloxybo-
rohydride species and unreacted lithium borohydride
which is available for reduction.

Experimental Section

Solvents and Reagents. Tetrahydrofuran was refluxed over po-
tassium hydroxide, then distilled from LiAlIH4 through an 18-in.
helix-packed column. 4-teri-Butylcyclohexanone was distilled.
The phenols were obtained from Aldrich Chemical Co. 2-6-Di-ierf-
butylphenol was distilled and kept refrigerated. Isopropyl and iso-
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butyl alcohols were chromatoquality grade obtained from Mathe-
son Coleman and Bell, and neopentyl alcohol (99%) was obtained
from Aldrich. Lithium aluminum hydride was obtained from Ven-
trén Corp. as solutions in diethyl ether or THF. The solutions were
standardized by reaction with iodine according to the method of
Felkin,22 or by measurement of hydrogen on methanolysis.

Gas chromatographic analyses were done on a Hewlett-Packard
Model 5750 instrument using the following columns: 12 ft X 0.125
in. 5% Carbowax 20M at 145° for the separation of cis- and trans-
4-fert-butylcyclohexanols; 10 ft X 0.25 in. 10% Carbowax 20M
(acid washed, silanized) at 140° for cis- and trans-3,3,5-trimethyl-
cyclohexanols; 16 ft X 0.25 in. ethylene glycol succinate (acid
washed, silanized) at 105° for cis- and irans-2-methylcyclohexanol-
s; 12 ft X 0.25 in. diethylene glycol succinate (acid washed, silan-
ized) for cis- and trans-3-methylcyclohexanols.

Apparatus and General Procedure. The reactions were car-
ried out in a 250-ml glass reactor (Ace Glass Co.) stirred magneti-
cally and equipped with a condenser and equilibrated dropping
funnel. The apparatus was baked and flushed with dry nitrogen.
The general procedure is described in detail for the following two
reactions.

Reaction of L1AlIH4 with 2,6-Dimethylphenol. Reduction of
1. Fifteen milliliters of 0.90 M LIAIH4 in ether was transferred by
pipet to the reaction flask. Ten milliliters of THF (distilled freshly
from LiAIHj) was added dropwise with the apparatus attached to
a wet test meter. No hydrogen evolution occurred. A solution of
2,6-dimethylphenol (4.96 g, 0.0406 mol) in 10 ml of THF was
added dropwise over 6 min. The volume of hydrogen was recorded
(0.045 mol) by means of a wet test meter. The reaction mixture
was clear and colorless. The ketone 1 (1.994 g, 0.0129 mol) was
added dropwise as a solution in 10 ml of THF over 4 min. The
clear, colorless reaction mixture was stirred overnight under a ni-
trogen atmosphere. After 23 hr, the reaction mixture was hydro-
lyzed with 10% sulfuric acid, and hydrogen evolution measured.
After washing (saturated sodium bicarbonate and salt solution)
and drying over anhydrous MgSO<i, the product was concentrated
by distillation through a 17-in. helix-packed column, using an oil
bath. The concentrated product, 29 g, was clear and colorless, and
analyzed by GLC before and after the addition of 3,3,5,5-dimethyl-
cyclohexanone as an internal standard.

Reaction of LiAIHi with 2,6-di-ierf-Butylphenol and with
Neopentyl Alcohol. Reduction of 1 Twenty milliliters of 1.2 M
LiAIH4 in ether was transferred by pipet to the reaction flask. Fif-
teen milliliters of THF was added dropwise with no hydrogen evo-
lution. Distilled 2 ,6-di-terf-butylphenol (9.9155 g, 0.048 mol) in 10
ml of THF was added over 20 min, during which hydrogen evolu-
tion (0.045 mol) was measured with a wet test meter. The clear,
colorless reaction mixture was then stirred under nitrogen for 35
min, and a solution of neopentyl alcohol (2.1279 g, 0.024 mol) in 15
ml of THF was added over 8 min, again measuring hydrogen evolu-
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tion (0.021 mol). Hydrogen evolution continued after the addition
was complete, indicating a rather slow reaction. After 32 min, a so-
lution of 1 (3.0863 g, 0.020 mol) in 15 ml of THF was added drop-
wise under nitrogen over 8 min. The reaction mixture was clear
and pale yellow. It was stirred under nitrogen for 5 hr, cooled, and
hydrolyzed with 10% sulfuric acid, with hydrogen evolution mea-
sured with the wet test meter. The aqueous layer was extracted
with three portions of ether, and combined organic solution
washed twice with saturated sodium bicarbonate, twice with satu-
rated salt solution, and dried over anhydrous magnesium sulfate.
The filtered solution was concentrated by distillation through a
17-in. helix-packed column using an oil bath (bath temperature to
~90°, bp ~35°). The concentrated product was clear and colorless
and was analyzed by GLC before and after the addition of the in-
ternal standard, 3,3,5,5-tetramethylcyclohexanone.
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Investigation of the Wittig reaction of trialkylphosphonoacetate anions with several C-2 substituted cyclohexa-
nones has demonstrated the presence of a previously unrecognized steric constraint for this reaction. Cyclohexa-
nones with a C-2 alkyl group constrained to the equatorial orientation proved unreactive to normal treatment
with trialkylphosphonoacetate anions. Cyclohexanones which can undergo facile conformational inversion to give
an axial C-2 substituent react normally. Conformationally rigid cyclohexanones in which configurational inver-
sion to give an axial C-2 substituent is not energetically prohibitive react slowly and give a mixture of ester prod-

ucts with the alkyl group predominantly axial.

We wish to report some previously unrecognized steric
requirements of the Wittig reaction using trialkylphospho-
noacetate anions. The observations reported herein further
delineate the range of synthetic utility of reactions involv-

ing phosphonate anions and substituted cyclohexanones. In
the course of another synthetic problem! we attempted to
convert ketone 2 into the corresponding «/j-unsaturated
ester 3 by treatment with anion 1. Attempts to conduct this
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reaction under normal conditions (excess phosphonate
anion in glyme or dimethylformamide at room tempera-
ture) led to recovery of ketone 2 with no condensation
product observed. Since 2-methylcyclohexanone reacts
readily with 1,2 we hypothesized that the restriction of the
butenyl side chain to the equatorial position3 in ketone 2
may be responsible for the lack of reactivity. This hypothe-
sis has been tested by examination of the reaction of 1 with
several C-2 alkylated ketones. The ketones used in this
study were 2-(3-butenyl)cyclohexanone (4), 2,4,4-trimeth-
ylcyclohexanone (5), 2-methyl-4-ferf-butylcyclohexanone
(6), cis,cis- and cis,trans-2,6-dimethyl-4-fert-butylcyclo-
hexanone (7), and bicyclo[3.2.1]octan-2-one (8).

COR

a=cis

As expected, reaction with ketone 4 proceeded in a man-
ner similar to the reaction with 2-methylcyclohexanone to
give a mixture of the E and Z isomers of the expected a,/3-
unsaturated ester (9 and 10). Ketone 8, with an axial C-2
substituent, also reacted readily with anion 1 to give a mix-
ture of the two isomers of the expected o,d-unsaturated
ester (11 and 12). These results show that the reaction is
not hindered by the presence of an axial C-2 substituent or
an equatorial C-2 substituent if the alternative conforma-
tion with the substituent axial is readily obtainable.

Treatment of either ketone 5 or ketone 7 with anion 1 led
to recovery of the starting ketones. Each of these ketones is
expected to exist in conformations containing an equatorial
C-2 methyl group, since the alternative conformations are
quite unfavorable.34

The reactions with ketone Gproved to be the most com-
plex. Although the tert- butyl substituent at C-4 restricts
the cyclohexanone to a single chair conformation, the sub-
stituent at C-2 can be interconverted between axial and
equatorial orientations by base-catalyzed enolization.

The reactions of ketone G with an excess of anion la
(generated using sodium hydride or potassium ierf-butox-
ide as base) in dimethylformamide at room temperature
gave a mixture of esters in good yield. Vapor phase chroma-
tographic analysis showed five peaks with the last one as
the major peak (~72% of the total peak area). The individ-
ual components of the mixture were partially separated by
preparative gas chromatography.

The NMR spectra of these products were instrumental
in assigning structures to the isomeric products obtained.
The key data which allows differentiation of the isomers

Harding and Tseng

: Tabl
NMR Assignments ?oregsters 13 14,and 15

6 values

Compd Methyl Deshielded proton C—2 methinea
13a 1.12 3.84-4.30 -4.0
13b 1.14 -4.01 -3.94.0
l4a 1.16 3.58-3.98 -2.4
14b Not isolated pure
15a 1.05 3.80-4.20 2.18
15b 1.06 -4.01 -2.30

“ Assigned by determining position of decoupling irradiation
which collapsed methyl doublet.

was obtained by use of double-irradiation techniques. The
carboalkoxy group of cyclohexylideneacetic acid esters has
been shown to strongly deshield the equatorial ring proton
which is cis to the carboalkoxy group.6 In the products
from reaction of 1 with ketone 6, this downfield proton (6
3.5—4.3) can be established as a C-2 proton (coupled to C-2
methyl) or a C-6 proton (not coupled to C-2 methyl) by
double-irradiation techniques.

Specific structural assignments were made for com-
pounds 13, 14, and 15. The key spectral parameters for
these compounds are shown in Table I. Structure 13 is easi-
ly differentiated from 14 and 15 by the observation that the
deshielded ring proton is coupled to the C-2 methyl group.
Differentiation between 14 and 15 was made by ozonolysis
to the corresponding cis- and £ran.s-2-methyl-4-ieri-butyl-
cyclohexanones. Although the reaction with ketone 6 was
conducted with both la and Ib, the separation of isomers
was more effective with the products from la. The results
appeared essentially identical in the cases in which la and
Ib were compared.

:U;”Um

éa
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Of the five fractions observed for reaction of la with ke-
tone 6, fractions 1, 4, and 5 could be isolated in reasonable
purity. The spectral data for the first component (~4% of
total peak area) showed clearly that it was a 8,7 -unsatu-
rated ester. The structure and stereochemistry of this com-
ponent were not pursued further.7

The material in the last fraction (—72% of total peak
area) was assigned structure 15a and that in the fourth
fraction was assigned structure 14a on the basis of the
spectral properties (Table | and Experimental Section) and
on the observation that ozonolysis of the last fraction gave
cis-2-methyl-4-ier£-butylcyclohexanone while ozonolysis
of fraction 4 gave trans-2-methyl-4-ieri- butylcyclohexan-
one. Similar ozonolysis conditions have been used in earlier
studies for similar stereochemical assignments.89

The second and third fractions were not completely sep-
arated by gas chromatography. The ir spectrum of the mix-
ture showed absorption expected for an a,/3-unsaturated
ester. The individual components of the mixture could be
characterized by comparisons of relative intensities of
peaks in the NMR spectrum and in the gas chromatogram,
and use of the double-resonance technique. The spectral
data for the major component (higher retention time)
clearly indicated that it was the ester 13a. Ozonolysis of a
mixture of these two fractions gave irons-2-methyl-4-feri--
butylcyelohexanone. The minor component was not pres-
ent in sufficiently large amounts to allow characterization
in the mixture.

Although the major product (15a) observed in the above
reaction contained an equatorial C-2 substituent, it was
found that the stereochemistry of the product was quite
dependent upon reaction conditions. When ketone 6 was
treated with excess phosphonate anion, as above, ester 15a
was found to be the major isomer. However, when less than
the theoretical molar quantity of anion 1 was used, the es-
ters 13a and 14a were found to be the predominant prod-
ucts, and ester 15a was distinctly a minor component (~7%
of total peak area). The relative amount of ester 15a was
increased (still not the major product), when the amount of
phosphonate anion was raised to approximately the theo-
retical molar quantity. It was determined, however, that
the product distribution from this reaction was not af-
fected by the strength of the base used to generate the
phosphonate anion, because use of either sodium hydride
or potassium ferf-butoxide (using either la or Ib) was
found to give the same result. In all of the above experi-
ments, the phosphonate reagent, (R0 )2P0 CH2C02R, was
present in excess over the base used to generate anion 1. If
excess base was used, the major change observed was a sig-
nificant increase in the relative amount of the /3,7 isomer.

A complete rationalization of the stereochemistry of the
phosphonate Wittig reaction with cyclic ketones is not pos-
sible at this time. However, the above results clearly show
the previously unrecognized importance of an equatorial
substituent at C-2 upon the course of this reaction.

The key features to be noted from the results of the pres-
ent study are (a) the lack of reactivity of ketones 2, 5, and
7; (b) the complex stereochemical result obtained with ke-
tone 6; and (c) the ease of reactivity of ketone 8. The facile
reactions with 2-methylcyclohexanone and ketone 4
suggest that the conformers with an axial C-2 side chain
may be important in their reactivity. The two conforma-
tions of 2-methylcyclohexanone differ in energy by only
1.60 kcal/mol.10 Thus the significant amounts of product
with Z configuration obtained from reaction with this ke-
tone could be readily accounted for by reaction involving
intermediates with an axial methyl group.

Ketones 2 and 5 greatly prefer conformations with an
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equatorial C-2 substituent, since the alternative chair con-
formation is highly destabilized by a 1,3-diaxial interac-
tion. Thus, any reaction requiring the C-2 substituent to be
axial at the transition state would be quite unfavorable.

However, ketone 6a, in which conformational inversion is
blocked by the bulky tert-butyl group, can isomerize to its
isomer 6b with an axial C-2 substituent under basic condi-
tions (6a <* 6b, AG = —1.56 kcal/mol).11 Taking into ac-
count the aforementioned effect of the reagent ratio on
product distribution, one might propose the following
mechanism to rationalize this reaction. The condensation
reaction to give product is assumed to proceed only after
ketone 6a has isomerized to ketone 6b. The direct reaction
of 6a to give esters with an equatorial C-2 substituent is as-
sumed to be extremely slow, if it occurs at all. The facile
reaction of 6b would be consistent with the observed reac-
tivity of ketone 8. The reaction with ketone 6b then gives
as initial products the esters 13 and 14 with an axial methyl
group. In the presence of excess anion 1 these are isomer-
ized to ester 15 and other isomers.

Thus the present work demonstrates quite clearly that
reaction of phosphonate anion 1 with cyclohexanones is
subject to severe steric hindrance by the presence of an
equatorial substituent at C-2. Reaction will proceed satis-
factorily only if this substituent can readily attain a confor-
mational or configurational (epimerization) conversion to
an axial position.

Experimental Section

General Procedures. All compounds in this section containing
an asymmetric carbon atom are racemic; the prefix dl is omitted.
Infrared spectra were determined on a Perkin-Elmer grating in-
frared spectrophotometer, Model 237B, or a Beckman infrared
spectrophotometer, Model IR8. Nuclear magnetic resonance
(NMR) spectra were determined on Varian Associates Model HA-
100 or T-60 spectrometers. Carbon tetrachloride was used as the
solvent unless otherwise stated. Tetramethylsilane (MeiSi) was
used as the internal reference. Chemical shifts are reported as 3
values in parts per million (ppm) relative to TMS [3(Me,(Si) 0.0
ppm]. High-resolution mass spectra were determined on a CEC
Model 21-110 spectrometer under the supervision of Dr. R. Grigs-
by.

The vapor phase chromatographic analyses (VPC) were per-
formed on a Hewlett-Packard instrument, Model 700, equipped
with a thermal conductivity detector with a helium flow rate of
~fi0 ml/min. All percent-composition values are reported as rela-
tive peak areas (disk integrator) without correction for relative de-
tector response. Preparative vapor phase chromatographic separa-
tions were performed on the same instrument.

Unless otherwise indicated, the elution order used in column
chromatography was hexane (pentane, heptane), ether, ethyl ace-
tate. High-pressure liquid chromatographic analyses were per-
formed on a Waters Associates Model ALC 201 equipped with a
refractive index detector.

Microanalyses were performed by Chemalytics, Inc., Tempe,
Ariz. Melting points were determined On a Thomas-Hoover capil-
lary melting point apparatus.

Tetrahydrofuran was dried over sodium hydroxide pellets and
distilled from lithium aluminum hydride just prior to use. Glyme
and N,N-dimethylformamide were distilled from lithium alumi-
num hydride and barium oxide, respectively, just prior to use.

A 19-in. spinning band column, Nester-Faust Corp. Model
NFT-51, equipped with a Teflon band and rated at 75 theoretical
plates was used for fractional distillations. Evaporative distilla-
tions refer to bulb-to-bulb (Kugelrohr), short-path distillations in
which the bulb was heated by an oven. The temperatures cited for
these distillations refer to the maximum temperature attained by
the air chamber during the distillation.

The isolation procedure normally consisted of dilution of the
product with water and extraction with the solvent indicated. The
extractions were usually three in number. The combined organic
extracts were then washed with the stated solutions. “Acid” refers
to a 10% aqueous solution of hydrochloric acid. “Bicarbonate” re-
fers to a saturated aqueous solution of sodium bicarbonate.
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“Brine” refers to a saturated aqueous solution of sodium chloride.
After the solution was dried over the stated drying agent, the sol-
vent was removed at ca. 30 mm using a rotary evaporator (Rinco
Co.).

Apparatus similar to that described by Johnson and Schneider12
was used to maintain a nitrogen atmosphere in reactions requiring
an inert atmosphere.

Preparation of Materials. 2,4,4-Trimethylcyclohexanone
(5). A solution of 0.42 g (4.2 mmol) of cyclohexylamine in 5 ml of
dry benzene was added slowly to a solution of 0.5 g (4.0 mmol) of
4,4-dimethylcyclohexanonet3 in 25 ml of dry benzene at room tem-
perature. The mixture was heated to reflux for 12 hr in a flask with
a water-separation head. The solvent was removed and the imine
was evaporatively distilled (1.8 mm, 135°) to give 0.712 g (92%
yield) of colorless liquid. The imine was dissolved in 8 ml of anhy-
drous ether and added dropwise to a cold, stirred solution of 20 ml
of 1 M ethylmagnesium bromide over a period of 5 min. The reac-
tion mixture was then refluxed for 5 hr under nitrogen and cooled
in an ice bath, and 0.5 g (3.5 mmol) of methyl iodide in 5 ml of an-
hydrous ether was added dropwise to the reaction mixture. The
mixture was refluxed overnight; then the imine salts were decom-
posed by slow addition of 20 ml of 10% hydrochloric acid and
enough water to dissolve the precipitate. The resulting mixture
was extracted with ether. The combined ethereal extracts were
washed (water, bicarbonate, and brine), dried over anhydrous sodi-
um sulfate, concentrated, and evaporatively distilled (0.1 mm, 65°)
to give 0.27 g (48% yield) of ketone 5 [lit.14 bp 87-89° (30 mmHg)]:
ir (film) 1705 cm-1 (C=0); NMR (CCl4, 60 MHz) 6 0.91 (d, 3H,J
= 7.0 Hz, C-2 methyl), 0.97 (s, 3 H, C-4 axial methyl), 1.27 (s, 3 H,
C-4 equatorial methyl), 1.42-2.25 ppm (broad absorption, 6 H).

2-Methyl-4-tert-butylcyclohexanone (6). A solution of 1.78 g
(18 mmol) of cyclohexylamine in 10 ml of dry benzene was added
to a solution of 2.5 g (16 mmol) of 4-teri-butylcyclohexanone in 30
ml of dry benzene at room temperature. The mixture was heated
to reflux for 12 hr in a flask with a water-separation head. The sol-
vent was removed and the imine, without further purification, was
dissolved in 20 ml of tetrahydrofuran and added dropwise to a
cold, stirred solution of 32 ml of 1 M méthylmagnésium bromide
over a period of 10 min. The reaction mixture was refluxed for 5 hr
under nitrogen. Then 2.56 g (18 mmol) of methyl iodide in 10 ml of
tetrahydrofuran was added dropwise to the cooled reaction mix-
ture, and the solution was refluxed overnight. The imine salts were
decomposed by dropwise addition of 20 ml of 10% hydrochloric
acid and enough water to dissolve the precipitate, and the aqueous
layer was extracted with ether. The combined ethereal extracts
were washed (water, bicarbonate, and brine), dried over anhydrous
sodium sulfate, concentrated, and distilled to give 2.33 g (86%
yield) of ketone 6, bp 130° (0.7 mm). VPC analysis on a 10% SE-30
column at 150° indicated the presence of two components with rel-
ative peak areas of 94% (retention time 3.4 min) and 6% (retention
time 4.0 min). The former fraction proved to be a mixture of ke-
tone 6a and 6b; the latter proved to be the mixture of ketones 7a
and 7b. The two fractions could be separated preparatively by pre-
parative VPC on a 20-ft 20% SE-30 column at 160° or by liquid
chromatography (40:1 hexane-ethyl acetate as the solvent). Spec-
tral data for ketone 6: ir (film) 1710 cm-1 (C—O); NMR (CCl4, 60
MHz) 50.92 (s, 9 H, fcri-butyl), 0.93 (d, 3H,J = 8.0 Hz, C-2 equa-
torial methyl1516), 1.10 ppm (d, 3 H, J = 7.0 Hz, C-2 axial meth-
yl11516).

Enamine Equilibration of 2-Methyl-4-ieri-buty[cyclohexa-
none (6).15 A solution of 202 mg (1.2 mmol) of ketones 6a and 6b
(=—18:1) and 142 mg of freshly distilled pyrrolidine in 50 ml of dry
benzene was refluxed under nitrogen for 24 hr using a water sepa-
rator. After removal of the solvent under reduced pressure, the
mixture was distilled to give the enamine, bp 80-86° (0.15 mm).
Then 10 ml of 50% aqueous acetic acid was added dropwise to a so-
lution of the enamine in 25 ml of dry 1,2-dimethoxyethane with
stirring under nitrogen over a period of 2 min. The mixture was
stirred for 10 min and poured into a mixture of 100 ml of water
and 100 ml of ether. The aqueous layer was extracted with ether,
and the combined ethereal extracts were washed (water, bicarbon-
ate, and brine), dried over magnesium sulfate, and concentrated.
The residue was evaporatively distilled (0.15 mm, 95°) to give 160
mg of a mixture of ketones 6a and 6b. The NMR spectrum indicat-
ed that the ratio of the two isomers was about 1:1.

2,6-Dimethyl-4-tert-butylcyclohexanone (7).15 A solution of
1.08 g (15 mmol) of freshly distilled pyrrolidine in 20 ml of dry
benzene was added dropwise to a solution of 2.00 g (13 mmol) of
4-ierf-butylcyclohexanone in 20 ml of dry benzene over a period of
15 min. The reaction mixture was heated to reflux in a 200-ml
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flask with a phase-separation head under nitrogen for 12 hr. The
solvent was removed at reduced pressure and the residue was
evaporatively distilled (0.15 mm, 90°) to give 2.4 g of the enamine,
N-(4-fert-butylcyclohex-l-enyl)pyrrolidine. A solution of 2.84 g
(20 mmol) of methyl iodide in 20 ml of dry benzene was added
slowly to a solution of the aforementioned enamine in 20 ml of dry
benzene. The mixture was refluxed overnight; then the enamine
salt was decomposed by slow addition of 40 ml of 10% hydrochloric
acid and water. The reaction mixture was extracted with ether.
The ethereal extracts were washed (water, bicarbonate, and brine),
dried over anhydrous sodium sulfate, and concentrated. The resi-
due was evaporatively distilled (0.15 mm, 100°) to give 1.43 g of
colorless liquid. VPC analysis on a 10% SE-30 column at 135°
showed that the product contained 40% starting ketone, 35% ke-
tone 6, and 25% ketone 7. Ketone 7 was isolated by preparative
VPC on a 20-ft 20% SE-30 column at 150°.

The NMR spectrum of ketone 7 indicated the presence of both
isomers, 7a and 7b, in a ratio of 2:1. The structural determination
was performed by use of lanthanide shift reagent, Eu(fod)3, and
was further confirmed by mass spectra. Spectral data follow: ir
(film) 1710 cm- 1 (C=0); NMR (CC14, 60 MHz) 52.70-1.20 (broad
absorption, 7 H), 1.13 (d, 3, J = 10 Hz, axial CH3), 1.01 (d, 3,J =
7.0 Hz, equatorial CH3), and 0.88 ppm [5, 9 H, C(CH3)3]; mass
spectrum (6 kV) m/e (rel intensity) 182 (25), 126 (50), 57 (100),
and 41 (41). The above spectra are consistent with values reported
in the literature.16

Triethyl Phosphonoacetate. Freshly distilled ethyl bromoace-
tate (35 g, 0.21 mol) was added dropwise to 35 g (0.21 mol) of
triethyl phosphite. After a 30-min induction period the tempera-
ture rose and ethyl bromide began to distil. The remainder of the
ethyl bromoacetate was then added at a rate to maintain the reac-
tion. After complete addition, the mixture was refluxed at 170° for
9 hr and distilled to give 37 g (80% yield) of triethyl phosphonoace-
tate, bp 90° (0.2 mm) [lit. bp 152-153° (20 mm),17 109-109.5° (0.8
mm)18].

Trimethyl Phosphonoacetate. This material was prepared
using the same method as described above but using trimethyl
phosphite and methyl bromoacetate as reagents.19

Phosphonate Wittig Reactions. Reaction with 2-(3-Buten-
yl)cyclohexanone (4). A solution of 0.9 g (4 mmol) of triethyl
phosphonoacetate in 10 ml of dry 1,2-dimethoxyethane was added
in a fast stream of drops to a stirred suspension of 192 mg (4
mmol) of 50% sodium hydride in 5 ml of dry 1,2-dimethoxyethane.
The mixture was stirred for 30 min under nitrogen at room tem-
perature; then a solution of 0.5 g (3.3 mmol) of ketone 4 in 10 ml of
dry 1,2-dimethoxyethane was added over a period of 5 min at room
temperature. The mixture was allowed to stand for 30 hr; then 300
ml of water was added to the mixture and the reaction mixture was
extracted with ether. The ethereal extracts were washed (water
and brine), dried over anhydrous sodium sulfate, and concentrat-
ed. The crude product was eluted through a column (silica gel)
using the mixture of hexane-ether (4:1) as the eluting solvent to
remove excess phosphonate. The resulting material was evapora-
tively distilled (0.4 mm, 120°) to give 0.51 g (70% yield) of a,j3-un-
saturated ester. VPC analysis on a 10% SE-30 column at 165° indi-
cated the presence of two components with relative peak areas of
30% (retention time 6.3 min) and 70% (retention time 7.6 min).
The two components were separated by preparative VPC. Spectral
analysis showed that the former is ester 9 with Z stereochemistry
and the latter is ester 10 with E stereochemistry.

Spectral data for ester 9 follow: ir (film) 1710 (C=0), 1640 (con-
jugated C=C), 3025, 910, 795 cm-1 (terminal-CH=CH2); NMR
(CCl4, 60 MHz) 65.58 (s, 1 H, conjugated vinyl proton), 5.30-6.25
(m, 1H,-CH=CH2), 4.70-5.20 (m, 2 H, -CH=CH2), 4.06 (9, 2 H,
J = 7.0 Hz, ethoxy methylene, superimposed on a broad multiplet
attributable to one a-methine proton), and 1.28 ppm (t, 3H,J =
7.0 Hz, ethoxy methyl).

Spectral data for ester 10 follow: ir (film) 1710 (C=0), 1640
(conjugated C=C), 3050, 910, 795 cm-1 (terminal -CH=CH?2);
NMR (CCl4, 60 MHz) 6 555 (s, 1 H, conjugated vinyl proton),
5.30-6.25 (m, 1 H, "CH=CH2), 4.70-5.20 (m, 2 H, -CH=CH2),
4.06 (g, 2H,J = 7.0 Hz, ethoxy methylene), and 1.28 ppm (t, 3 H,
J = 7.0 Hz, ethoxy methyl).

Reaction with 2,4,4-Trimethylcyclohexanone (5). A solution
of 182 mg (1.0 mmol) of trimethyl phosphonoacetate in 10 ml of
dry dimethylformamide was added in a fast stream of drops to a
stirred suspension of 48 mg (1.0 mmol) of 50% sodium hydride in
10 ml of dry dimethylformamide. The mixture was stirred for 30
min under nitrogen at 5°, and then a solution of 68 mg (0.49 mmol)
of ketone 5 in 5 ml of dry dimethylformamide was added over a 5
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min period at 5°. The reaction mixture was stirred at room tem-
perature for 48 hr. Then 100 ml of water was added to the mixture,
and the reaction mixture was extracted with ether. The ethereal
extracts were washed (water and brine), dried over anhydrous so-
dium sulfate, and concentrated. The residue was eluted through a
column (silica gel) by using a mixture of hexane-ether (4:1) as the
eluting solvent. The resulting material was evaporatively distilled
(0.1 mm, 120°) to give 60 mg of colorless oil which was identified as
the starting ketone 5.

Reaction with 2-Methyl-4-ierf-buty[cyclohexanone (6). I.
Reactions Using Trimethyl Phosphonoacetate. A. Reaction
with Excess Phosphonate Anion (NaH). A solution of 3.5 g (19.2
mmol) of trimethyl phosphonoacetate in 25 ml of dry dimethylfor-
mamide was added in a fast stream of drops to a stirred suspension
of 888 mg (18.5 mmol) of 50% sodium hydride in 25 ml of dry di-
methylformamide. The mixture was stirred for 30 min under nitro-
gen at 5°; then a solution of 750 mg (4.5 mmol) of ketone 6 in 20 ml
of dry dimethylformamide was added over a period of 15 min at 5°.
The reaction mixture was stirred at room temperature for 48 hr.
Then 300 ml of water was added to the mixture, and the reaction
mixture was extracted with ether. The ethereal extracts were
washed (water and brine), dried over anhydrous sodium sulfate,
and concentrated. The ester product and unchanged ketone were
eluted through a column (silica gel) using the mixture of hexane-
ether (4:1) as the eluting solvent. The eluate was evaporatively dis-
tilled (0.15 mm, 110°) to give 804 mg (80% vyield) of ester products.
VPC analysis on a 20-ft 20% SE-30 column at 125° showed that
the product contained 4% ketone 6 and had five peaks for the ester
products with retention times of 2.4, 2.63, 2.75, 3.1, and 3.4 hr. The
last fraction was the major isomer (72% relative to total peak area),
and the second and third fractions were not completely separated.

The first fraction was isolated and identified as a /3,7 -unsatu-
rated ester. The ir spectrum of this ester shows the carbonyl ab-
sorption at 1735 cm-1 and the absence of conjugated double bond
absorption; the NMR spectrum exhibited a vinyl proton absorp-
tion at b 5.50 ppm (broad singlet), a sharp singlet for the methyl
ester at b 3.60 ppm, a singlet at b 2.88 ppm for the a-methylene
group, a doublet at b 1.00 ppm with coupling constant J = 7.0 Hz
for the C-2 methyl group, and a sharp singlet at b0.86 ppm for the
tert-butyl group.

The ir spectrum of the last fraction shows carbonyl absorption
at 1710 cm-1 and conjugated double bond absorption at 1640
cm-1. The NMR spectrum exhibits a vinyl proton absorption at b
5.48 ppm, a broad multiplet at 6 4.20-3.80 ppm for a C-2 methy-
lene proton, a sharp singlet at b 3.60 ppm for the methyl ester, a
doublet at &1.05 ppm with coupling constant J - 7.0 Hz for the
C-2 methyl group, and a singlet at 5 0.86 ppm for the tert-butyl
group. The methyl doublet collapsed to a singlet upon decoupling
irradiation at b 2.32 ppm, which indicates that the downfield pro-
ton is not coupled to the C-2 methyl group. Ozonolysis of this frac-
tion in a 50:50 mixture of ethyl acetate-acetic acid (see below) gave
ketone 6a, as indicated by the presence of a doublet at b0.93 ppm
in the NMR spectrum. The above data proved that the last frac-
tion is ester 15a.

The ir spectrum of the fourth fraction shows carbonyl absorp-
tion at 1710 cm-1 and conjugated double bond absorption at 1640
cm-1. The NMR spectrum exhibits a vinyl proton absorption at b
5.58 ppm, a broad multiplet at b 3.98-3.58 ppm for an equatorial
methylene proton, a singlet at b 3.60 ppm for the methyl ester, a
doublet at b 1.16 ppm with a coupling constant of J = 7.0 Hz for
the C-2 methyl group, and a tert-butyl group absorption at b 0.86
ppm. The methyl doublet collapses to a singlet upon decoupling ir-
radiation at b 2.40 ppm, which indicates that the downfield proton
is not coupled to the C-2 methyl group. Ozonolysis of this fraction
in a 50:50 mixture of ethyl acetate-acetic acid gave ketone 6b,
which shows a doublet at b 1.10 ppm in the NMR spectrum. Thus,
this fraction is proven to be ester 14a.

The ir spectrum of the mixture of second and third fractions
with the latter as the major component shows carbonyl absorption
at 1710 cm-1 and conjugated double bond absorption at 1640
cm"1l The NMR spectrum of the mixture shows absorptions at-
tributable to both the major and the minor components. Absorp-
tions assigned to the major component are a vinyl proton absorp-
tion at b 5.48 ppm, a broad multiplet at b 4.30-3.84 ppm for an a-
methine proton, a sharp singlet at b 3.60 ppm for the methyl ester,
and a doublet at b 1.12 ppm with coupling constant J = 7.0 Hz for
the C-2 methyl group. The methyl doublet collapsed to a singlet
upon decoupling irradiation at b 4.00 ppm, indicating that the
downfield proton was coupled to the C-2 methyl group. Ozonolysis
of this mixture in a 50:50 mixture of ethyl acetate-acetic acid gave
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predominantly ketone 6b with small amounts of ketone 6a indicat-
ed by the NMR spectrum. Thus the third fraction was assigned
structure 13a.

The NMR spectrum of the minor component in this mixture of
the second and third components exhibits a vinyl proton absorp-
tion at b5.56 ppm, a C-2 methine proton absorption at b2.92 ppm,
a doublet at b 1.08 ppm with coupling constant J = 7.0 Hz for the
C-2 methyl group, and also a sharp singlet at b 0.86 ppm for the
tert-butyl group. The methyl doublet collapsed to a singlet upon
decoupling irradiation at b 2.92 ppm, indicating that the downfield
proton was coupled to the C-2 methyl group. The structure of this
ester cannot be ascertained with certainty from available data.

B. Use of Potassium ierf-Butoxide as Base. A solution of 328
mg (1.8 mmol) of trimethyl phosphonoacetate in 5 ml of dry di-
methylformamide was added in a fast stream of drops to 202 mg
(1.8 mmol) of potassium ferf-butoxide in 5 ml of dry dimethylfor-
mamide with stirring. The mixture was stirred for 30 min under ni-
trogen at 0°, and then a solution of 150 mg (0.9 mmol) of ketone 6
in 5 ml of dry dimethylformamide was added over a period of 5
min. The reaction mixture was stirred at room temperature for 30
hr. Then 100 ml of water was added to the mixture, and the reac-
tion mixture was extracted with ether. The ethereal extracts were
washed (acid, bicarbonate, and brine), dried over anhydrous mag-
nesium sulfate and concentrated. The residue was distilled evapo-
ratively (0.12 mm, 90°) to give 126 mg (63% yield) of ester prod-
ucts. VPC analysis on column A at 130° showed some starting ke-
tone and five peaks for the isomeric ester products with the same
retention times as described above. The last fraction was the major
isomer.

C. Reaction with One-Half of the Theoretical Molar Quan-
tity of Anion. A solution of 219 mg (1.2 mmol) of trimethyl phos-
phonoacetate in 5 ml of dry dimethylformamide was added in a
fast stream of drops to a stirred suspension of 15 mg (0.3 mmol) of
50% sodium hydride in 5 ml of dry dimethylformamide. The mix-
ture was stirred for 30 min under nitrogen at 5°, and then a solu-
tion of 101 mg (0.6 mmol) of ketone 6 in 5 ml of dry dimethylfor-
mamide was added over a period of 5 min at 5°. The reaction mix-
ture was stirred at room temperature for 72 hr; then 100 ml of
water was added to the mixture, and the reaction mixture was ex-
tracted with ether. The ethereal extracts were washed (water and
brine), dried over anhydrous sodium sulfate, and concentrated.
The ester product and unchanged ketone 6 were eluted through a
column (silica gel) using the mixture of hexane-ether (4:1) as the
eluting solvent. The eluate was evaporatively distilled (0.15 mm,
110°) to give 104 mg (77% yield) of products. VPC analysis on a
20-ft 20% SE-30 column at 140° showed starting ketone and five
peaks for the ester products. The third and fourth fractions were
the predominant isomeric products (~45 and ~46%, respectively,
relative to total peak area of ester products), and the last fraction
was a minor isomeric product (~7% relative to total peak area of
ester products.)

D. Reaction with Approximately Equal Theoretical Molar
Quantity of Anion. A solution of 219 mg (1.2 mmol) of trimethyl
phosphonoacetate in 5 ml of dry dimethylformamide was added in
a fast stream of drops to a stirred suspension of 30 mg (0.6 mmol)
of 50% sodium hydride in 5 ml of dry dimethylformamide. The
mixture was stirred for 30 min under nitrogen at 5°, and then a so-
lution of 101 mg (0.6 mmol) of ketone 6 in 5 ml of dry dimethylfor-
mamide was added over a period of 5 min at 5°. The reaction mix-
ture was stirred at room temperature for 48 hr. Then 100 ml of
water was added to the mixture, and the reaction mixture was ex-
tracted with ether. The ethereal extracts were washed (water and
brine), dried over anhydrous sodium sulfate, and concentrated.
The ester product and unchanged ketone 6 were eluted through a
column (silica gel) using the mixture of hexane-ether (4:1) as the
eluting solvent. The eluate was evaporatively distilled (0.15 mm
110°) to give 114 mg (85% yield) of products. VPC analysis showed
the same five peaks for ester products. The third and fourth frac-
tions were the predominant isomeric products (~40 and ~39%, re-
spectively, relative to total peak area of ester products), and the
last fraction was a minor isomeric product (~19%).

E. Reaction with Excess Sodium Hydride. A solution of 728
mg (4.0 mmol) of trimethyl phosphonoacetate in 20 ml of dry di-
methylformamide was added in a fast stream of drops to a stirred
suspension of 288 mg (6.0 mmol) of 50% sodium hydride in 10 ml
of dry dimethylformamide. The mixture was stirred for 30 min
under nitrogen at 5°, and then a solution of 340 mg (2.0 mmol) of
ketone 6 in 15 ml of dry dimethylformamide was added over a pe-
riod of 10 min at 5°. The reaction mixture was stirred at room tem-
perature for 48 hr. Then 300 ml of water was added to the mixture,
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and the reaction mixture was extracted with ether. The ethereal
extracts were Washed (water and brine), dried over anhydrous so-
dium sulfate, and concentrated. The ester product and unchanged
ketone Gwere eluted through a column (silica gel) using the mix-
ture of hexane-ether (4:1) as the eluting solvent. The eluate was
evaporatively distilled (0.15 mm, 95°) to give 343 mg (77% yield) of
products. VPC analysis showed some starting ketone and five
peaks for the ester products. The last fraction was the major one
(70% relative to total peak area), but the first fraction (8% relative
to total peak area) was increased over the amounts observed in run
A

1. Reaction Using Triethyl Phophonoacetate. A. Use of So-

dium Hydride as Base. A solution of 291 mg (1.3 mmol) of trieth-
yl phosphonoacetate in 5 ml of dry 1,2-dimethoxyethane (glyme)
was added in a fast stream of drops to a stirred suspension of 58
mg (1.2 mmol) of 50% sodium hydride in 5 ml of dry 1,2-dime-
thoxyethane. The mixture was stirred for 30 min under nitrogen at
room temperature, and then a solution of 101 mg (0.6 mmol) of ke-
tone 6 in 4 ml of dry 1,2-dimethoxyethane was added over a period
of 5min at 25°. The reaction mixture was stirred at room tempera-
ture for 12 hr. Then 200 ml of water was added to the mixture, and
the reaction mixture was extracted with ether. The ethereal ex-
tracts were washed (water and brine), dried over anhydrous sodi-
um sulfate, and concentrated. The ester product and unchanged
ketone were eluted through a column (silica gel) using the mixture
of hexane-ether (4:1) as the eluting solvent. The eluate was evapo-
ratively distilled (0.25 mm, 90°) to give 128 mg (90% yield) of
product. VPC analysis on a 10% SE-30 column at 130° showed
some starting, ietone (24% of total peak area) and five peaks for
the isomeric ester products with retention times of 30.5, 37.5, 45,
50, and 60 min. The last fraction was the major isomer (~75% rela-
tive to total peak area of ester products). Three of the components
were isolated pure by preparative VPC. The second and fourth
fractions were not isolated owing to the overlapping with the third
and fifth fractions, respectively.

The ir spectrum of the first fraction shows carbonyl absorption
at 1730 cm-1 and the absence of conjugated double bond absorp-
tion; the NMR spectrum shows one vinyl proton absorption as a
multiplet at $5.33-5.69 ppm, ethoxy methylene absorption as a
quartet at 54.06 ppm (J = 7.0 Hz), two a-methylene protons ab-
sorption as a singlet at b 2.86 ppm, ethoxy methyl absorption as a
triplet at b 1.24 ppm (J = 7.0 Hz), a-methyl absorption as a dou-
blet ati 1.00 ppm (J = 7.0 Hz), and fert-butyl absorption as a sin-
glet at b 0.88 ppm. The above spectral data indicated that the iso-
mer is ad,Y-unsaturated ester.

Anal. Calcd for Ci5H2602 238.193270. Found: 238.192453.

The ir spectrum of the third fraction shows carbonyl absorption
at 1710 cm-1 and conjugated double bond absorption at 1640
cm_1; the NMR spectrum of this isomer shows one vinyl proton
absorption as asinglet at b 5.46 ppm, ethoxy methylene absorption
as a quartet at b 4.08 ppm (J = 7.0 Hz) superimposed on a broad
multiplet attributable to one C-2 methine proton, ethoxy methyl
absorption as a doublet at b 1.16 ppm (J = 8.0 Hz), and ieri-butyl
absorption as a singlet at b 0.88 ppm. Decoupling irradiation at b
3.9 ppm caused collapse of the methyl doublet to a singlet. The
above spectral data indicate that the isomer is a,/3-unsaturated
ester 13b.

Anal. Calcd for Ci5H260 2 288.193270. Found: 238.193621.

The ir spectrum of the last fraction shows carbonyl absorption
at 1710 cm-1 and conjugated double bond absorption at 1640
cm-1; the NMR spectrum of this isomer shows a vinyl proton ab-
sorption as asinglet at b5.46 ppm, ethoxy methylene absorption as
a quartet at b4.08 ppm (J = 7.0 Hz) superimposed on a broad mul-
tiplet attributable to one a-methylene proton (equatorial), ethoxy
methyl absorption as a triplet at 5 1.16 ppm (J = 7.0 Hz), C-2
equatorial methyl absorption as a doublet at b 1.06 ppm (J = 6.0
Hz), and ieri-butyl absorption as a singlet at b 0.88 ppm. The
methyl doublet was collapsed to a singlet by decoupling irradiation
at b~2.30 ppm. The above spectral data indicate that the isomer is
the a,/3-unsaturated ester 15b.

Anal. Calcd for Ci6H260 2: 238.193270. Found: 238.193387.

B. Use of Potassium ieri-Butoxide as Base. A solution of 2.02
g (9.0 mmol) of triethyl phosphonoacetate in 15 ml of dry di-
methylformamide was added in a fast stream of drops to 672 mg
(6.0 mmol) of potassium teri-butoxide in 15 ml of dry dimethylfor-
mamide with stirring. The mixture was stirred for 30 min under ni-
trogen at 0°; and then a solution of 0.50 g (3.0 mmol) of ketone Gin
20 ml of dry dimethylformamide was added over a period of 10
min. The reaction mixture was stirred at 0° for 30 min and at room
temperature for 30 hr. Then 200 ml of water was added to the mix-
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ture, and the reaction mixture was extracted with ether. The eth-
ereal extracts were washed (3N hydrochloric acid, bicarbonate,
and brine), dried over anhydrous magnesium sulfate, and concen-
trated. The excess phosphonate was removed by passage through a
column (silica gel) using the mixture of hexane-ether (4:1) as the
eluting solvent. The eluate was evaporatively distilled (0.12 mm,
90°) to give 355 mg (50% yield) of ester products. VPC analysis on
column A at 130° showed some starting ketone (~5% of total peak
area) and five peaks for the isomeric ester products with same re-
tention times as described above. The last fraction was the major
isomer (~70% relative to total peak area of ester products). The
spectral data were the same as described above.

Reaction with 2,G-Dimethyl-4-tert-butylcyclohexanone (7).
A solution of 291 mg (1.3 mmol) of trimethyl phosphonoacetate in
10 ml of dry dimethylformamide was added in a fast stream of
drops to a stirred suspension of 62 mg (1.3 mmol) of 50% sodium
hydride in 5 ml of dry dimethylformamide. The mixture was
stirred for 30 min under nitrogen at 5°, and then a solution of 85
mg (0.49 mmol) of a mixture of ketones 7a and 7b (about 2:1 ratio)
in 10 ml of dry dimethylformamide was added over a period of 5
min at 5°. The reaction mixture was stirred at room temperature
for 48 hr. Then 150 ml of water was added to the mixture, and the
reaction mixture was extracted with ether. The ethereal extracts
were washed (water and brine), dried over anhydrous sodium sul-
fate, concentrated, and evaporatively distilled (0.15 mm, 110°) to
give 56 mg of product identified as the starting ketone 7.

Reaction with Bicyclo[3.2.1]Joctan-2-one (8). A solution of
405 mg (1.8 mmol) of triethyl phosphonoacetate in 10 ml of dry di-
methylformamide was added in a fast stream of drops to a stirred
suspension of 86 mg (1.8 mmol) of 50% sodium hydride in 10 ml of
dry dimethylformamide. The mixture was stirred for 1.5 hr under
nitrogen at room temperature, and then a solution of 200 mg (1.6
mmol) of bicyclo[3.2.1]Joctan-2-one (8) (Aldrich) in 5 ml of di-
methylformamide was added. The reaction mixture was stirred at
room temperature for 48 hr, diluted with 200 ml of water, and ex-
tracted with ether. The ethereal extracts were washed (water and
brine), dried over anhydrous sodium sulfate, and concentrated.
The ester product and unchanged ketone were eluted through a
column (silica gel) by using the mixture of hexane-ether (4:1) as
the eluting solvent. The eluate was evaporatively distilled (0.25
mm, 86°) to give 235 mg (76% yield) of a,/3-unsaturated esters.
VPC analysis on a 10% Apiezon L column at 160° showed two
peaks in a ratio of 2:3 with the retention times of 15.2 and 17.2
min; the former fraction was shown to be ester 11 and the latter to
be ester 12.

Anal. Calcd for Ci2Hig02 (ester 11) 194.130670; (ester 12)
194.130670. Found: (ester 11) 194.129943; (ester 12) 194.129943.

Spectral data for ester 11 follow: ir (film) 1710 (C=0), 1640
cm-1 (conjugated double bond); nmr (CCl4, 100 MHz) b5.34 (s, 1
H, vinyl proton), ethoxy methylene superimposed on a broad mul-
tiplet (4.10-4.50 ppm) attributable to a methine proton, and 1.22
ppm (t, 3H, J = 7.0 Hz, ethoxy methyl).

Spectral data for ester 12 follow: ir (film) 1710 (C=0), 1640
cm-1 (conjugated double bond); nmr (CCI4, 100 MHz) b 5.46 (s, 1
H, vinyl proton), 4.1 (q, J = 3.5 Hz, ethoxy methylene), 3.55-3.88
(m, 1 H, equatorial methylene proton), and 1.22 ppm (t, 3 H, J =
7.0 Hz, ethoxy methyl).

When the above reaction was performed in 1,2-dimethoxyethane
for 12 hr, a 68% yield of the same products was obtained.

Ozonolysis of Methyl 2-Methyl-4-tert-butylcyclohexyli-
deneacetate (15a).89 A solution of 10 mg of ester 15a in 15 ml of
ethyl acetate and 15 ml of acetic acid at ~20° was treated with an
excess of ozone. This solution was allowed to stand cold for 20 min
and was then stirred for 30 min with 0.4 g of powdered zinc at
room temperature. Filtration and concentration of the filtrate
under reduced pressure afforded an oily residue which was evapo-
ratively distilled to give cis-2-methyl-4-tert-butylcyclohexanone
(6a). The structure and stereochemistry of ketone 6 were con-
firmed by VPC and NMR spectroscopy in this and the following
ozonolyses.

Ozonolysis of Ester 14a. Ester 14a (=5 mg) was subjected to
ozonolysis in a manner as described above to give trans-2-methyl-
4-feri-butylcyclohexanone (6b).

Ozonolysis of the Mixture of Esters Containing Predomi-
nantly 13a. A mixture containing mainly 13a and some of the sec-
ond ester component (~7 mg) was subjected to ozonolysis in a
manner as described above to give ketone 6 with the axial methyl
doublisiof trans-2-methyl-4-terf-butylcyclohexanone (6b) very
distinct. A small amount of equatorial methyl doublet of cis-2-
methyl-4-feri-butylcyclohexanone (6a) was also present.
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The polyfluorobenzalacetophenones 1, 2, and 3 have been prepared and the effects of pentafluorophenyl groups
on infrared and ultraviolet spectral properties evaluated. When the carbonyl is flanked by CgFs, haloform-type
cleavage occurs readily in alkaline medium. The subject compounds undergo Michael addition of diethyl malo-
nate with difficulty, but react with CeHsMgBr and CeFsMgBr to give 1,4-addition products, although in two cases

the bimolecular compounds 8 and 9 are formed.

As part of studies on the effects of polyfluoroaryl substi-
tution on the reactivity of neighboring functional groups,
we have examined a variety of carbonyl compounds.2 In
this paper we report our observations on the chemistry of
polyfluorobenzalacetophenones. The discussion is divided
into three parts: preparation, spectral properties, and
chemical reactions.

Preparation. Compounds 1, 2, and 3 were all prepared
by the Claisen-Schmidt reaction3 (eq 1). Pentafluoro-

ArCHO + Ar'COCHj - »ArCH=CHCATr' + HD (1)

(6]
Ar = C6H5 CsF5
Ar' = CeH5 C6F5

cb6f5ch= ch— cctb cbhSich= chccbfb

o o

c6f5ch= chcc6f5

o
3

benzaldehyde reacted with acetophenone in aqueous etha-
nolic alkali to give pentafluorobenzalacetophenone (1)4 in
50% yield.

2,3,4,5,6-Pentafluoroacetophenone, required for the
preparation of benzalpentafluoroacetophenone (2) and
2,3-dihydryl-F-benzalacetophenone5 (3), was obtained in
56% yield by reaction of bis(pentafluorophenyl)cadmium
with acetyl chloride (eq 2). In the subsequent condensation

2C6F5MgBr + CdCl2 — *

CHjcoc
[(CF5)2Cd] —-nmmemee * C6FsCOCH3 (2

reactions, the concentration of sodium hydroxide was re-
duced from the usual 6-7% to 1.5% and 2 and 3 were ob-
tained in excellent yield (84-87%). At higher concentra-
tions of alkali, a significant side reaction occurred, which
will be discussed later. Compound 3 was prepared pre-
viously in 50% yield by a Wittig reaction.6

Spectral Properties. Infrared and ultraviolet spectral
data for the benzalacetophenones are listed in Table I. The
influence of neighboring fluorine atoms on carbonyl
stretching frequencies has been reported previously.7 The
effect of the pentafluorophenyl group in shifting the ester
carbonyl band to higher frequencies has been described.2
This trend is also evident in the present study.

Whereas benzalacetophenone exhibits t<c=o0 1667 cm" 1
the pentafluorophenyl group in 1 (v 1674 cm-1) causes an
increase in double-bond character of the carbonyl group by
minimizing charge delocalization, e.g., 4. Although the para
fluorine alone would enhance the contribution of 4, the
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Table |
Infrared and Ultraviolet Data for
Fluorinated Benzalacetophenones"

cthbich= chc (= o)cthb 1667 (vs) 310 23,400

cbfich—chc(=o)cth5 (1) 1674 (s) 287 25,500

CeFSCH=CHC U=0)C6F5(3) 1689 (s) 287 20,500
1677 (m)

cbhich= chc(==0)c6f5(2) 1678 (s) 307 21,600
1666 (vs)

a Carbon tetrachloride was the solvent for the infrared studies;
95% ethanol was used for the ultraviolet spectra

F 0"

-CH-+ O -Ar

total effect of the CeFs group is to destabilize the positive
charge on the benzylic carbon.82,3-Dihydryl-F-benzalaceto-
phenone (3) exhibits two carbonyl bands. The absorption
at higher frequency (1689 cm-1) is attributed to the addi-
tive effects of two pentafluorophenyl groups, the inductive
influence of the Cé6F5 adjacent to >C =0, and destabiliza-
tion of structure 4. The lower frequency band (1677 cm-1)
probably arises as a result of charge-dipole repulsion be-
tween carbonyl oxygen and the ortho fluorines of the
neighboring fluoroaryl ring, which forces the ring out of the
plane of the >C =0 group. Similar considerations would
also explain the dual absorption in 2.

It is evident from the ultraviolet data that the cinnamoyl
systems 5 and 6 are the chromophores which absorb in the

— CH=CHC—

287-310-nm region. The nature of the aryl group attached
to carbonyl is of little consequence, in agreement with pre-
vious reports9,10 for benzalacetophenone, but contrary to
the claimil that the entire molecule is responsible for these
absorptions. In 5, ~-electron delocalization makes an im-
portant contribution, while the Cé6F5 group, by destabiliz-
ing structures, such as 4, causes a hypsochromic shift.
Thus, the ultraviolet and infrared spectra of these com-
pounds are totally consistent.

Benzalacetophenones usually exist as the trans iso-
mers.12 To obtain evidence of the configuration in the fluo-
rinated compounds, proton magnetic resonance spectra
were obtained for 2 and 3. Since all seven protons in 2 ex-
hibit peaks in the same region, interpretation is difficult.
However, the spectrum of 3 revealed two doublets located
at 57.62 and 7.22, Jhh = 16 Hz, indicative of a trans con-
figuration.13 The doublet at 5 7.22 is further split into a
triplet, indicating coupling of the benzylidene proton with
the ortho fluorines of the adjacent pentafluorophenyl ring.

Reactions. With Alkali. As mentioned earlier, com-
pounds 2 and 3 were prepared in excellent yield when the
concentration of alkali was carefully controlled. In an at-
tempt to prepare 3 by using a 6.5% solution of sodium hy-
droxide in aqueous ethanol, the sole products isolated were
2,3,4,5,6-pentafluoro-frans-cinnamic acidi4 and pentafluo-
robenzene (detected by GC). This observation provides an-
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other example of what is now well established,14'15 that the
CeFs group adjacent to carbonyl behaves as a pseudo-halo-
gen which undergoes haloform-type cleavage to pentafluo-
robenzene in alkaline medium (eq 3). Compound 2 behaves
similarly to give cinnamic acid, while benzalacetophenone
and 1, in which the carbonyl is flanked by phenyl, are un-

reactive under these conditions.
1.5% NaOH
CcFcCHO + CeFcCOCHQ --—-—----—-- » CfiFRCH— CHCCrF,
I

0

6.5% NeCH 3
6.5% NeOH

c6f5ch = chco?2 1 ’
OH
1/\

ol AT e c6f5ch= ch— c” c6f5

0"

il

3
With Bromine. Addition of bromine to 1 gave the ex-
pected dibromide (7) in 93% yield, but the subsequent reac-

CgF5CH— CHCOCBH5

Br Br

tion of 7 with sodium methoxide, followed by acidification,
failed to yield the dibenzoylmethane, a reaction which pro-
ceeds readily with benzalacetophenone dibromide.16 The
material isolated in low yield was not characterized, other
than to establish the presence of weak -C = C - absorption
in the infrared.

With Grignard Reagents. Since conjugate addition of
phenylmagnesium bromide to benzalacetophenone to yield
RB3-diphenyl propiophenone is a classic reaction,l7 we ex-
amined the behavior of the fluorinated chalcones 1-3 with
phenylmagnesium bromide and all four chalcones with
pentafluorophenylmagnesium bromide. The reactions were
conducted by normal addition, with the Grignard reagent
in 25% molar excess. The results are summarized in Table
I1. All of the reactions proceed by 1,4-addition to the a/3-
unsaturated carbonyl systems to give saturated ketones.
There was no evidence of the presence of tertiary alcohols
due to 1,2-addition. However, in two cases, both involving
the fluorine-containing Grignard, reaction proceeded be-
yond the initial 1,4-addition. On the basis of analytical
data and infrared spectra, we believe that the products pos-
sess structures 8 and 9 (Table I1), formed by reaction of 2
mol of the appropriate chalcone per mole of organometal-
lic.

The formation of these bimolecular products from ben-
zalacetophenone and 1 can be explained by the preferential
attack on unreacted chalcone by the initially generated
carbanion in successful competition with the weakly nu-
cleophilic pentafluorophenylmagnesium bromide (Scheme
1). Only when this carbanion is consumed after 1,4-addition
to a second molecule of chalcone does the Grignard reagent
again attack unreacted starting material to regenerate
more of the carbanion. Bimolecular compounds are not ob-
served in corresponding reactions with phenylmagnesium
bromide because the phenyl anion is a better nucleophile
than the intermediate carbanion. The failure to form
biomolecular products by reaction of CeFsMgBr with 2 and
3 might be due to low nucleophilicities of the carbanions
(vis-a-vis CeFs<~(MgBr)5+) when flanked by the pentaflu-
orobenzoyl group. In such cases, the anion probably exists
primarily in the enolate form.2%

Michael Addition. All three polyfluorinated benzalace-
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Table 11
Reactions of Benzalacetophenones with Grignard Reagents
Reactants Product Yield, % "c=0> cm 1

ceH5MgBr +

CeHECH=CHCOC®6H5 (CeH5)2CHCH2COC6H5 81 1690
ceH5MgBr +

C6FECH=CHCOC®@H5 see Experimental Section 1685
C6H5MgBr +

CBHSCH=CHCOCG6F5 (CgH52CHCH2COC6F5 83 1720
CceH5MgBr

C6FECH=CHCOCG6F5 (CgH5)(CgF5)CHCH2COC6F5 60 1720
CgFjMgBr *

CBHsCH=CHCOC®6H5 (CeH5)(CgF5)CHCHCOCHH5 36 1680, 1690

CeHCHCH2CcOCeH5
g

ceFsMgBr T

C6FECH=CHCOC®6H5 (CeF52CHCHCOCHHS 42 1690

cb6f5chch2cocbh5
9

C6F5SMgBTr +

CEHECH=CHCOCgF5 (C6H5)(C6F5) CHCH2COC6F5 45 1720
C6F5MgBTr

C6FECH=CHCOCG5 (C6F5)2CHCH2COC6F5 40 1720

° Proposed structure.

Scheme |

CeF5MgBr
+

ArCH=CHCOCHH5

c 6F 6
\
CHCHCOC6H6

ArCH*C HOOCHy

c6f5
CH—CHCOCOH5

/1
Ar ArCHCH2COC8HS

8,Ar = C6H5
9, Ar = CeF5

tophenones failed to undergo the Michael reaction with di-
ethyl malonate under the same experimental conditions in
which benzalacetophenone gives the addition product in
90% yield.18 Neither piperidine nor triethylamine were ef-
fective catalysts and the chalcones were recovered almost
quantitatively. However, when 1 was mixed with 1 molar
equiv of sodium diethyl malonate in ethanol at room tem-
perature, reaction occurred. Although we were unsuccessful
in isolating a solid product, we found that the infrared
spectrum of the crude material was compatible with the
Michael addition product, 10, since both this material and

C6F5CHCH2COCJHS
ch(coZ 52

10

the compound obtained from benzalacetophenone exhib-
ited w=0 1696 cm-1.

Experimental Section

Except where noted, melting points are corrected and were ob-
tained with a total immersion thermometer in an oil bath. Infrared
spectra were obtained in carbon tetrachloride on a Perkin-Elmer
Model 21 spectrophotometer. Ultraviolet spectra were measured in
95% ethanol using a Cary Model 11 PM spectrophotometer.

With carbon tetrachloride as the solvent, proton magnetic reso-
nance spectra were obtained at 60 MHz on a well-calibrated Var-
ian A-60 spectrometer. The precision of line frequencies was esti-
mated to be +0.5 Hz. The probe temperature was approximately
25°. The results are reported as bvalues.

The elemental analyses were carried out by Micro-Tech Labora-
tories, Skokie, 111

Pentafluorobenzaldehyde was both synthesized13and purchased
from Imperial Smelting Corp. Ltd., Bristol, England. Bromopen-
tafluorobenzene and pentafluorobenzoyl chloride were obtained
from Imperial Smelting Corp., and malonyl dichloride was pur-
chased from Aldrich Chemical Co., Milwaukee, Wis.

Benzalacetophenone. Benzalacetophenone was prepared ac-
cording to a previously described procedure.19 After recrystalliza-
tion from 95% ethanol, the product, mp 55.0-56.0°, was obtained
in 58% yield.

Pentafluorobenzalacetophenone (1). A solution of 6.6 g (0.165
mol) of sodium hydroxide in 60 ml of water and 30 ml of 95% etha-
nol was placed in a 100-ml beaker equipped with a magnetic stir-
rer. Freshly distilled acetophenone (16.4 g, 0.135 mol) was added,
the beaker was surrounded with crushed ice, and the stirrer was
started. Pentafluorobenzaldehyde (26.4 g, 0.135 mol) was added at
once (temperature rise) and a yellow solid immediately precipitat-
ed. The mixture was stirred at 20° for 1 hr, and the solid was fil-
tered off, washed several times with water until all of the base had
been removed, and finally washed with cold 95% ethanol. After air
drying, the product, mp 144-146°, weighed 20.0 g (50%). It was re-
crystallized three times from an absolute ethanol-benzene solution
(55% alcohol, 45% benzene v/v). After drying in vacuo, the light
yellow powder melted at 144.6-145.8° (lit4mp 142-143°); 2,4-dini-
trophenylhydrazone, mp 217.8-218.4° (lit4 mp 187-189°). Anal.
Calcd for CieH7F50: C, 60.42; H, 2.37. Found: C, 60.74; H, 2.52.
Are* (EtOH) 287 nm (c 25,500); ir 1674 cm*“ 1(s).

2,3,4,5,6-Pentafluoroacetophenone. In a 250-ml, three-necked,
round-bottomed flask fitted with an efficient stirrer, a reflux con-
denser, and a dropping funnel with a nitrogen inlet tube were
placed 3.0 g (0.12 mol) of magnesium turnings and 30 ml of anhy-
drous ether (dried over sodium). Bromopentafluorobenzene (30 g,
0.12 mol) in 45 ml of dry ether was added over a 60-min period.
After addition was complete, the mixture was stirred at room tem-
perature for 1 hr. The flask was cooled in ice, the dropping funnel
was removed, and 11.7 g (0.064 mol) of anhydrous cadmium chlo-
ride (dried at 100°) was added over a 5-min period. The funnel was
replaced, the ice bath was removed, and the mixture was heated
under reflux for 75 min. At this point the Gilman test for the pres-
ence of Grignard reagent was negative. The flask and condenser
were arranged for distillation and ether was removed by distilla-
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tion as stirring was continued until the residue became very vis-
cous. Anhydrous, thiophene-free benzene (45 ml) was added, and
15 ml of liquid was removed by distillation. An additional 45 ml of
benzene was added and the reflux condenser replaced. The mix-
ture was refluxed with vigorous stirring for a few minutes, then
cooled to 5° and a solution of 8.3 g (0.11 mol) of freshly distilled
acetyl chloride in 25 ml of dry benzene was added during 2-3 min.
After addition was complete, the mixture was stirred at room tem-
perature for 18 hr, poured into 150 g of crushed ice containing 75
ml of 25% sulfuric acid, and the resulting two-phase mixture
stirred for 5 min. The dark brown benzene layer was separated,
and the water layer extracted with two 30-ml portions of benzene.
The combined benzene layers were washed successively with 45 ml
of saturated sodium chloride solution, 45 ml of saturated sodium
bicarbonate solution, 45 ml of water, and 25 ml of saturated sodi-
um chloride solution. The benzene layer was dried over anhydrous
sodium sulfate and the benzene removed on a flash evaporator at
room temperature. The dark residue was distilled in vacuo to give
14.0 g (56%) of 2,3,4,5,6-pentafluoroacetophenone, bp 65-66° (5
Torr), 'H NMR « 2.67 (g5).

2,3,4,5,6-Pentafluorocinnamic Acid. A solution of 0.60 g
(0.015 mol) of sodium hydroxide in 5.2 g of water and 4.0 ml of 95%
ethanol was placed in a 30-ml beaker equipped with a magnetic
stirrer. The solution was stirred and cooled with ice; then 2.5 g
(0.012 mol) of 2,3,4,5,6-pentafluoroacetophenone was added at
once. This was followed by the immediate addition of 2.36 g (0.012
mol) of pentafluorobenzaldehyde. The mixture quickly turned yel-
low, then red-brown. In a few minutes, two liquid phases were evi-
dent. After an additional 1.5 hr of stirring at 25°, the mixture was
left in a refrigerator for 15 hr. No precipitate formed. On acidifica-
tion of the mixture with dilute hydrochloric acid, the white
2,3,4,5,6-pentafluorocinnamic acid precipitated, mp 146-148°,
Xmex (EtOH) 260 nm.13This material rapidly decomposed on expo-
sure to air.

2,3-Dihydryl-F-benzalacetophenone (3). A solution of 0.10 g
(0.0025 mol) of sodium hydroxide in 4.2 g of water and 3.2 ml of
95% ethanol was placed in a 30-ml beaker equipped with a magnet-
ic stirrer. The solution was stirred and cooled with ice; then 2.0 g
(0.0095 mol) of 2,3,4,5,6-pentafluoroacetophenone was added at
once. This was followed by the immediate addition of 1.89 g
(0.0096 mol) of pentafluorobenzaldehyde. The mixture rapidly
turned yellow, and after a few minutes of stirring, two yellow lig-
uid phases were evident. After nearly 2 hr of stirring at room tem-
perature, a yellow solid formed which was filtered off, washed with
water to remove alkali, and air dried. The yellow powder weighed
3.1 g (84%). After a double sublimation the product was in the
form of white leaflets, mp 58.4-59.0° (lit.5mp 56-57.5°); 2,4-dini-
trophenylhydrazone, mp 208.4-209.0°. Anal. Calcd for C15H2F 100:
C, 46.41; H, 0.52. Found: C, 46.85; H, 0.73. Xmex (EtOH) 287 nm (e
20,500); ir 1689 (s), 1677 cm“1 (m); [H NMR &§7.62 (d), 7.22 (d),
further splitinto atriplet.

Benzalpentafluoroacetophenone (2). A solution of 0.10 g
(0.0025 mol) of sodium hydroxide in 4.2 g of water and 3.2 ml of
95% ethanol was placed in a 30-ml beaker equipped with a magnet-
ic stirrer. The solution was stirred and cooled with ice; then 2.1 g
(0.01 mol) of 2,3,4,5,6-pentafluoroacetophenone was added at once.
This was followed by the immediate addition of 1.06 g (0.011 mol)
of benzaldehyde. A two-phase yellow mixture quickly formed.
After a few minutes a solid precipitated, and after 1 hr of stirring
at room temperature, the yellow solid was removed by filtration.
The solid was washed with water to remove alkali and air dried.
The product weighed 2.6 g (87%). Three recrystallizations from
95% ethanol gave white needles, mp 102.2-102.9°; 2,4-dinitrophen-
ylhydrazone, mp 246.8-248.0°. Anal. Calcd for C15H7F50: C, 60.42;
H, 2.37. Found: C, 60.43; H, 2.51. Arex (EtOH) 307 nm (e 21,600); ir
1678 (m), 1666 cm* 1(s).

Pentafluorophenylmagnesium Bromide and Benzalaceto-
phenone. To 1.43 g (0.0585 g-atom) of magnesium turnings just
covered with a layer of ether was added at once an approximately
10-ml portion of the solution containing 12 g (0.0488 mol) of
bromopentafluorobenzene and 60 ml of ether, while the reaction
mixture was being stirred magnetically under a nitrogen atmo-
sphere. After reaction had started and spontaneous refluxing en-
sued, the remainder of the solution of bromopentafluorobenzene
was added dropwise to maintain a gentle reflux. An ice bath was
employed to cool the flask whenever the reaction became too vig-
orous. After addition was complete, the mixture was stirred at
room temperature for 2-3 hr, until most of the magnesium had
reacted. At this point, the Grignard solution, which was virtually
black, was cooled in an ice bath, and a solution containing 8.1 g
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(0.039 mol) of benzalacetophenone and 81 ml of ether was added
dropwise to the solution of Grignard reagent. After addition, the
mixture was stirred at room temperature under a nitrogen atmo-
sphere for approximately 18 hr, then decomposed with ice and a
saturated solution of ammonium chloride to obtain a clear aqueous
phase under the dark organic layer. After the ether layer was sepa-
rated, the aqueous phase was extracted with ether (3 X 50 ml), and
the combined ether layers dried (MgSCW, filtered, and evaporated
under reduced pressure. The dark oily residue was kept in a vacu-
um desiccator overnight. The ir spectrum of this oily residue re-
vealed a strong band at 1685 cm-1, but no band in the hydroxyl re-
gion. When the residue was treated with a small amount of alcohol,
a solid appeared after a few days. After two recrystallizations from
alcohol-benzene, 4.1 g (36%) of white needles, mp 183-184°, was
obtained. Anal. Calcd for C36H25F502 C, 73.97; H, 4.31; mol wt,
584. Found: C, 73.86; H, 4.35; mol wt (Rast), 570.

The ir spectrum displayed a partially resolved doublet at 1680
and 1690 cm-1. The above data indicate that this compound is
probably 3,5-diphenyl-5-pentafluorophenyl-4-benzoylvalerophen-
one (8).

Pentafluorophenylmagnesium Bromide and Pentafluo-
robenzalacetophenone (1). The reaction was carried out accord-
ing to the procedure described for the reaction between pentafluo-
rophenylmagnesium bromide and benzalacetophenone.

Pentafluorobenzalacetophenone (5.96 g, 0.02 mol) in 40 ml of
ether was treated with pentafluorophenylmagnesium bromide,
prepared from bromopentafluorobenzene (6.18 g, 0.025 mol) in
ether (31 ml) with 0.73 g (0.03 g-atom) of magnesium. The ir spec-
trum of this crude product did not show any hydroxyl band. The
viscous, dark residue, after treatment with decolorizing carbon and
alcohol, gave a light-colored solid, mp 152-155°. Recrystallization
from alcohol-benzene (4:1) yielded approximately 3 g (42%) of
needles, mp 158-159°. Anal. Calcd for C36H15~1502 C, 56.56; H,
1.97; mol wt, 764. Found: C, 56.25, 56.69; H, 1.87, 2.20; mol wt
(Rast), 710. The ir spectrum displayed bands at 1690 (C=0), 1525
and 1505 cm-1 (aromatic ring). The data indicated that this com-
pound is probably 3,5,5-tris(pentafluorophenyl)-4-benzoylvalero-
phenone (9).

Pentafluorophenylmagnesium bromide with Benzalpenta-
fluoroacetophenone (2). This reaction was carried out according
to the method described above. The Grignard reagent, prepared
from 1.02 g (0.00413 mol) of bromopentafluorobenzene and 0.12 g
(0.005 g-atom) of magnesium, was treated with 1 g (0.0033 mol) of
benzalpentafluoroacetophenone. The ir spectrum of the crude
solid product did not exhibit hydroxyl absorption. After two crys-
tallizations from alcohol, 0.7 g (45%) of product was obtained, mp
63-64.5°. Anal. Calcd for C2IH8F100: C, 54.09; H, 1.73. Found: C,
53.94; H, 1.70. Ir 1720 (C=0), 1525 and 1500 cm-1 (aromatic ring),
in accord with the structure of 2,2,3 trihydryl-3-phenyl-I,3-F-di-
phenyl-1-propanone.

Pentafluorophenylmagnesium Bromide with 2,3-Dihydryl-
F-benzalacetophenone (3). The procedure employed for the
reaction between pentafluorophenylmagnesium bromide and ben-
zalacetophenone was used. Bromopentafluorobenzene (3.09 g,
0.0125 mol) in 15 ml of ether, 0.364 g (0.015 g-atom) of magnesium,
and 3.88 g (0.01 mol) of 2,3-dihydryl-F-benzalacetophenone in 20
ml of ether were used. The dark oily product gave no evidence of
hydroxyl absorption in the ir spectrum. This material was dis-
solved in hot absolute ethanol, treated with Norite, and filtered.
On cooling, white plates precipitated which were crystallized from
absolute ethanol. In this manner, 2.2 g (40% yield) of 2,2,3-trihy-
dryl-1,3,3-F-triphenyl-l-propanone was obtained, mp 63.5-64.5°.
Anal. Calcd for C2IH3F150: C, 45.34; H, 0.54. Found: C, 45.37; H,
0.77. Ir 1720 (C=0), 1525 and 1500 cm-1 (aromatic ring).

Phenylmagnesium Bromide with Benzalacetophenone. This
reaction was carried out using 0.365 g (0.015 g-atom) of magne-
sium, 1.98 g (0.0125 mol) of bromobenzene in 6 ml of ether, and
2.08 g (0.01 mol) of benzalacetophenone in 20 ml of ether, accord
ing to the procedure described previously for reaction of pentaflu-
orophenylmagnesium bromide and benzalacetophenone. The oily
residue, upon treatment with a small amount of alcohol, gave a
white solid. The ir spectrum of this crude product in carbon tetra-
chloride showed no evidence of a hydroxyl group. After recrystalli-
zation from ethanol, 2.3 g (81%) of 1,3,3-triphenyl-lI-propanone
was obtained, mp 95-96° (lit.17mp 96°), ir 1690 cm-1 (C=0).

Phenylmagnesium Bromide and Pentafluorobenzalaceto-
phenone (1). Pentafluorobenzalacetophenone (5.96 g, 0.02 mol)
was treated with phenylmagnesium bromide, prepared from 0.73 g
(0.03 g-atom) of magnesium and 3.93 g (0.025 mol) of bromoben-
zene, following the usual procedure. From this mixture was ob-
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tained a light brown, oily material which after thorough drying in a
vacuum desiccator did not reveal the presence of a hydroxyl band
in the infrared spectrum. All attempts to isolate a solid product
from this oily material were unsuccessful. The ir spectrum of this
oil showed strong carbonyl absorption at 1685 cm-1.

Phenylmagnesium Bromide and Benzalpentafluoroaceto-
phenone (2). Benzalpentafluoroacetophenone (2 g, 0.0067 mol)
was treated with phenylmagnesium bromide prepared from 0.24 g
(0.01 g-atom) of magnesium and 1.31 g (0.0084 mol) of bromoben-
zene, following the usual procedure. About 2.3 g of crude product,
which melted around 110°, was obtained readily. This solid gave
no evidence of a hydroxyl group in the ir spectrum. Colorless nee-
dles (2.1 g, 83%) were obtained after crystallization from absolute
ethanol, mp 116.5-118°. Anal. Calcd for C21H13F50: C, 67.02; H,
3.48. Found: C, 67.59; H, 3.46. The ir spectrum of this compound,
I-pentafluorophenyl-3,3-diphenyl-lI-propanone: 1720 (C=0), 1530
and 1502 cm-1 (aromatic ring).

Phenylmagnesium Bromide and 2,3-Dihydryl-F-benzalace-
tophenone (3). 2,3-Dihydryl-F-benzalacetophenone (1.25 g,
0.00323 mol) was treated with phenylmagnesium bromide pre-
pared from 1.14 g (0.00403 mol) of bromobenzene and 0.12 g
(0.00485 g-atom) of magnesium, following the usual procedure.
The ir spectrum of the crude product did not show any hydroxyl
band. Colorless needles (0.9 g, 60%) were obtained after two crys-
tallizations from absolute ethanol, mp 63-64.5°. The infrared spec-
trum and melting point were identical with those of 2,2,3-trihy-
dryl-3-phenyl-I,3-F-diphenyl-I-propanone, prepared by reaction
of pentafluorophenylmagnesium bromide with benzalpentafluo-
roacetophenone. There was no depression in mixture melting point
of the two products.

Reactions of Benzalacetophenones with Diethyl Malonate
and Piperidine. A previously described procedurel7 was followed.
An alcoholic solution of ketone, diethyl malonate, and piperidine
was refluxed in an oil bath for 3 days. The reaction mixture was
cooled and enough water was added to precipitate solid material.
The solid was collected by filtration and washed with water, then
with cold 95% ethanol, and crystallized from ethanol.

All of the materials used were thoroughly purified before use.
Diethyl malonate was distilled under reduced pressure, piperidine
was distilled from potassium hydroxide, and alcohol was distilled
from magnesium ethoxide.

All compounds isolated were identified by mixture melting
points and infrared spectra.

With Benzalacetophenone. Ethyl a-carbethoxyd-phenyl-y-
benzoylbutyrate (0.94 g, 85%), mp 70-71° (lit.1I7 mp 70-71°), was
isolated from the reaction of 0.625 g (0.003 mol) of benzalacetophe-
none, 0.48 g (0.003 mol) of diethyl malonate, and 0.0255 g (0.003
mol) of piperidine in 3 ml of alcohol.

With Pentafluorobenzalacetophenone (1). Pentafluoroben-
zalacetophenone 0.894 g (0.003 mol), 0.48 g (0.003 mol) of diethyl
malonate, 0.0255 g (0.0003 mol) of piperidine, and 3 ml of alcohol
were used. About 0.8 g of pentafluorobenzalacetophenone was re-
covered.

With 2,3-Dihydryl-F-benzalacetophenone (3). This ketone
(3, 0.388 g, 0.001 mol), 0.16 g (0.001 mol) of diethyl malonate,
0.0282 g (0.0003 mol) of piperidine, and 3 ml of alcohol were used.
About 0.25 g of purified 3 was recovered.

With Benzalpentafluoroacetophenone (2). Benzalpentafluo-
roacetophenone (0.894 g, 0.003 mol), 0.48 g (0.003 mol) of diethyl
malonate, 0.0255 g (0.0003 mol) of piperidine, and 3 ml of alcohol
was used. About 0.7 g of the starting ketone was recovered.

Pentafluorobenzalacetophenone (1) with Sodium Diethyl
Malonate. Sodium diethyl malonate was prepared from sodium
ethoxide (0.01 mol in 10 ml of alcohol) and diethyl malonate (0.60
g, 0.01 mol) by refluxing the mixture for 3 hr. Then pentafluo-
robenzalacetophenone (2.98 g, 0.01 mol) was mixed with the sodi-
um diethyl malonate in ethyl alcohol (40 ml) and stirred at room
temperature for approximately 24 hr. The orange-colored reaction
mixture was acidified with a sufficient amount of acetic acid, and
most of ethyl alcohol was removed under vacuum. The resulting
syrup was mixed with 150 ml of carbon tetrachloride and 50 ml of
n-hexane, and filtered to remove insoluble material. A viscous resi-
due was obtained from the filtrate when solvent was removed. All
attempts to obtain a solid product from the residue were unsuc-
cessful. The infrared spectrum of this crude product (residue) in
carbon tetrachloride showed a band at 1696 cm-1.

Pentafluorobenzalacetophenone (1) with Diethyl Malonate
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and Triethylamine. Pentafluorobenzalacetophenone (2.98 g, 0.01
mol) was dissolved in a minimum amount of ethyl alcohol (40 ml)
and mixed with diethyl malonate (0.01 mol, 1.6 g), triethylamine
(0.28 ml, 0.02 mol), and 1drop of acetic acid. After 24 hr of heating
under reflux, 2.5 g of starting material was recovered.

Pentafluorobenzalacetophenone Dibromide (7). Pentafluo-
robenzalacetophenone (5.0 g, 0.017 mol) was dissolved in 50 ml of
carbon tetrachloride and 100 ml of chloroform and the mixture
was cooled to 0°. Bromine (2.7 g, 0.017 mol) was added with stir-
ring and, after addition was complete, stirring at 0° was continued
for 1 hr. The mixture was then allowed to warm to room tempera-
ture over a 1-hr period and the solvent stripped off on a flash evap-
orator. The white pentafluorobenzalacetophenone dibromide re-
mained, 7.13 g (93%), mp 115-118°.

Reaction of 7 with Sodium Methoxide. Pentafluorobenzalace-
tophenone dibromide (3.5 g, 0.0074 mol) in 5.0 ml of absolute
methanol was heated to reflux with stirring in a three-necked flask
fitted with a condenser, a dropping funnel, and a magnetic stirrer.
A solution of 0.825 g (0.0153 mol) of sodium methoxide in 6.0 ml of
absolute methanol was added over 50 min,13 a yellow solution
being formed. Refluxing was continued for an additional 10 min.
The mixture was acidified with 0.2 ml of concentrated hydrochlo-
ric acid and refluxed for 5 min. Cold water (5.0 ml) was then added
and the mixture was rapidly cooled in ice, forming a yellow solid.
This was removed by filtration, washed with water, and recrystal-
lized from methanol to give 0.6 g of a white solid, mp 95-110° after
three recrystallizations, ir 2200 cm-1 (w, -C=C-). The material
was not examined further.

Registry No.—1, 54081-32-2; 12,4-DNP, 54053-74-6; 2, 54081-
33-3; 2 2,4-DNP, 54019-70-4; 3, 32782-50-6; 3 2,4-DNP, 54003-52-
0; 7, 54003-53-1; 8, 54003-54-2; 9, 54003-55-3; benzalacetophenone,
614-47-1; acetophenone, 98-86-2; pentafluorobenzaldehyde, 653-
37-2; 2,3,4,5,6-pentafluoroacetophenone, 652-29-9; bromopentaflu-
orobenzene, 344-04-7; 2,3,4,5,6-pentofluorocinnamic acid, 34234-
46-3; benzaldehyde, 100-52-7; phenyl bromide, 108-86-1; 2,2,3-
trihydryl-3-phenyl-1,3-F-diphenyl-1 -propanone, 54036-73-6;
2,2,3-trihydryl-1,3,3-F-triphenyl-1-propanone, 54003-56-4; 1-pen-
tafluorophenyl-3,3-diphenyl-l-propanone, 54003-57-5; 1,3,3-tri-
phenyl-l-propanone, 606-86-0; diethyl malonate, 105-53-3; piperi-
dine, 110-89-4; sodium diethyl malonate, 996-82-7; triethylamine,
121-44-8; sodium methoxide, 124-41-4.
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The analysis of the pmr spectrum of cyclooctanone-2,2,7,7-d4 at —160° provides two values of geminal coupling
constants: 2] = -11.0 and -16.0 Hz. The least negative value is associated with the methylene protons on C(2) of
the BC conformation (1) and demonstrates unambiguously that the prediction of the Barfield-Grant relationship
is wrong in the vicinity of 8 = 120° and, further, provides an order of magnitude for the positive contribution to 2J
from a carbonyl group predicted by molecular orbital calculations. The angular dependence of 2J is discussed in

light of these results.

In connection with another conformational studyl12 we
became interested in the precise relationship of the angular
dependence of the geminal coupling constant characteristic
of the methylene protons in the -CHaG (=0)- fragment. A
brief review of the literature3-10 has revealed that the
graphical relationships obtained from semiempirical calcu-
lations45 were generally valid but that uncertainties still
persisted in the vicinity of 6 = 120° 11 for which the two
methods of calculations predict opposite effects— negative
by the valence-bond approach4 and positive by the molecu-
lar orbital approach.5

It appears that experimental verification of theory has
been hampered by the fact that relatively few compounds
of known rigid conformation have the particular geometry
of interest. This situation led us to investigate cycloocta-
none, whose stable conformation is known to be a boat-
chair (BC, 1)12 for which molecular models suggest perti-
nent geometrical dispositions between the carbonyl group
and the adjacent methylene groups at positions 2 and 4.

Consequently the partially deuterated cyclooctanone-
2,2,7,7-di (2), having a simplified 4H NMR spectrum, was
prepared from cycloheptanone as shown above through ct-
deuteration followed by ring expansion with diazo-
methane.13

Results and Discussion

The 100-MHz deuterium-decoupled 1H NMR spectrum’
of 2 at 25° shows a singlet at S2.36 (a-CtD), a band cem
tered at S1.9 (2 H), and a broad band centered at S1.5 (6
H). Figure 1 illustrates the spectral changes occurring as
the temperature is lowered. At —135°, the AB quartet (Av
~ 48 Hz and 2J ~ —14 Hz) observed at low field is easily
recognized as arising from the a-CH?2 protons; the apparent
asymmetric intensities observed are caused partly by great-
er exchange broadening of the downfield doublet and part-
ly by the superposition of the upfield doublet on a very
broad band arising from a change in the signal originally at

5 1.9. The left half of the quartet is seen to broaden signifi-
cantly at —145°, whereas the lines of the right half remain
much narrower. Eventually at —160°, two AB are easily
recognized as characteristic of the «<-CH 2 protons of 2 (the
line diagrams under the spectrum identify each quartet).
Overlapping with the broad signal again accounts for the
observed departure from symmetric intensities.

The spectral lines of the AB patterns are naturally broad
at this low temperaturel4 but it is nevertheless possible to
determine precise values for the 4H NMR parameters.
Analysis provides Av = 73.0 + 0.5 Hz and 2J = —11.0 + 0.3
Hz for one quartet and Av = 29.5 + 0.5 Hz and 2] = —16.0
+ 0.2 Hz for the other quartet.

The spectral changes observed are characteristic of the
slowing down of both pseudo-rotation (AG1= 6.3 kcal/mol)
and ring inversion (AG1l = 7.5 kcal/mol) for cycloocta-
nonel2 such that at —160° the spectrum contains signals
characteristic of the two different methylene groups in the
two possible diastereomeric BC forms of 2, namely 2a and
2b. Consequently each of the two 2J values measured must

be assigned to one of these diastereomers [;.e., to the meth-
ylene protons on either C(2) or C(4) of the BC conforma-
tion].

Molecular models reveal that the relationships between
the a-CH2protons and the carbonyl group in 2a and 2b are
as shown by structures 3a and 3b, respectively. The first

H(2a) H(4e)

one represents the projection about the G(2)-C(3) bond of
BC and shows that the ir-orbital lobe and methylene pro-
tons are essentially staggered; thus the expected 2J value is
equal to that predicted for a dihedral angle (8) near 120°.
On the other hand, 3b illustrates the projection about the
C(4)-C(3) bond and shows that the %-orbital lobe and
H(4e) are essentially eclipsed; the expected 2J value is then
predicted for 8 near 0°.4 It is therefore clear3-10 that the
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Figure 1. The 100-MHz deuterium-decoupled X4 NMR spectrum
of the two lower field signals of 2 at 25° and the spectral change
observed at lower temperatures.

less negative coupling constant (—11.0 Hz) must be associ-
ated with the C(2) methylene protons while the more nega-
tive coupling (—16.0 Hz) must be associated with the C(4)
protons.

There exists ample evidence6,7 illustrating that 2J is also
dependent on the magnitude of the C-CH2C angle. Ac-
cordingly it must be noted that this angle is undoubtedly
larger in cyclooctanone than in either methane or cyclohex-
ane. Estimates of 115-117° are realisticl5 and consequently
the reference value to which contributions (AJ) from the
eir-bond orientation are to be referred should be more nega-
tive than —12.4 (methane) or —13.0 Hz (cyclohexane).34
The value of —14.3 Hz determined for cyclooctane-di416 is
probably the most appropriate reference on which a semi-
guantitative rationalization of our results can be based.
Consequently the empirical value of AJ = —1.7 Hz for the
protons on C(4) shows excellent agreement with an esti-
mate for 8 = 0° predicted theoretically from the Barfjeld-
Grant relationship.4 On the other hand, the value of =
+3.3 Hz for the protons on C(2) definitely contradicts the
prediction for 8 a> 120°. This positive contribution to 2, in
fact, agrees with the qualitative prediction of the molecular
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Figure 2. Graphical representation of the effect of the dihedral
angle (0) between a methylene group and the x lobes of an adjacent
carbonyl group on 2J. The small drawings illustrate the projection
of the methylene protons on the ir bond for several values of 6.

orbital theory5 and essentially fixes the order of magnitude
for such a positive contribution by a carbonyl group.

Because of the uncertainty in depicting the absolute dis-
position of the carbonyl group in 1 from molecular models,
the above AJ values must not be interpreted in the most
guantitative sense. The important significance is that, in
the range of 0 to 180° for 8, AJ = -2 Hz is a good estimate
of the carbonyl contribution for 8 in the vicinity of 0, 60,
and 180°, while AJ = +3 Hz is a good estimate of the car-
bonyl contribution for# in the vicinity of 120°.

Molecular, orbital calculations5have shown that the neg-
ative contribution (8 = 0 to ~90°) is caused by hyperconju-
gative electron withdrawal from the antisymmetric orbitals
of the CH2group, whereas the positive contribution (8 ~ 90
to ~150°) is caused by electron withdrawal from the sym-
metric orbitals. The theory also predicts that both effects
should be essentially null at 90°.

Although the absolute values of AJ for 8 = 30 and 90°
are not known with great precision, the value of —6 Hz has
been proposed as an estimate for 6 = 30° from a consider-
ation of experimental data.4,6,7 Experimental evaluation of
AJ near 90° has involved the analysis of cyclohexanone de-
rivatives for which 8» 86° 7 and it has been found that AJ
is indeed close to zero.

The ambiguity in the vicinity of 120° having been re-
moved convincingly by our results, it is therefore tempting
to draw a curve as in Figure 2 to illustrate graphically the
angular dependence of AJ with 8 Two possibilities are
shown near 90° (solid and dotted lines) and it is difficult to
choose between them at the present. It is, however, reassur-
ing that the difference between both lines is within 1 Hz.
Since experience67 has shown that such a curve should in
practice be visualized as a narrow band to reflect uncer-
tainties arising from factors not related to the presence of
the carbonyl group, the difference between the two lines is
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not very significant for practical applications. On the other
hand, analytical expressions describing the precise behav-
ior are dependent on the AJ value at 90° and it appears de-
sirable to wait for more experimental results before at-
tempting to evaluate empirically the constants involved in
such expressions.4>10b

Accordingly, the relationship shown in Figure 2 illus-
trates clearly that many structural alternatives involving a
carbonyl group can be identified confidently in a practical
way and the great insight into the local environment of the
carbonyl group of the BC conformation of cyclooctanone
provided by the 23 values of 2 further stresses the power of
geminal couplings as a sensitive probe for specific confor-
mational relationships.

Experimental Section

The VPC analyses and separation were carried out on a Varian
Aerograph A90-P3 instrument using helium as carrier gas.

The 1H NMR spectra were obtained at 100 MHz on a 5% solu-
tion of cyclooctanone-2,2,7,7-di (2) in chlorodifluoromethane con-
taining a small quantity of MeiSi in a tube which had been de-
gassed and sealed. The instrumental details and procedures are as
described earlierl7 with the exception that temperatures are re-
ported to +1° since greater precision was not necessary in this
work.

Preparation of Cyclooctanone-2,2,7,7-d4 (2). Cycloheptanone
(1.5 g), 60 ml of D20, and 6.0 g of K2CO3 were refluxed for 5 hr.
After cooling, the ketone was extracted with ether. The ether solu-
tion was then dried with MgS04and its volume was adjusted to 30
ml.

Freshly distilled boron trifluoride etherate (1 ml) was added to
the solution followed by portions of a diazomethane solution in
ether13 while stirring adequately. Aliquots of the reaction mixture
were taken periodically and analyzed by VPC using a Carbowax
20M column at 175° in order to monitor the extent of ring expan-
sion. The reaction was stopped when the chromatogram suggested
that about 60% of the mixture was cyclooctanone. Water (20 ml)
was added and the ether layer was then separated and washed with
a saturated solution of NaHCOs and with water and then dried
over MgSO04. The solution was concentrated and the cyclooctanone
present was isolated by preparative VPC using a UC-W-98 column
(15 ft X 0.375 in., 165°).

Miller

Reinjection of the isolated product on a Carbowax column
showed it to be free of other ketones and to have the same reten-
tion time as an authentic commercial (Aldrich) sample of cyclooc-
tanone. The NMR spectrum (Figure 1) shows that the isotopic
purity of the cyclooctanone-2,2,7,7-d4 (2) thus prepared is suffi-
cient for the planned study.
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Formation and Interconversion of Aliéné Dimers via Bisallyl Diradicals.
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Sidney I. Miller

Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 60616

Received June 20, 1974

A coding system is developed to handle interconversions among 1,2-dimethylenecyclobutanes (D) and associ-
ated planar (P) and orthogonal (O) bisallyl diradicals. In the most general case, a graph of 320 edges links the 64
D’s, 32 P’s, and 32 O’s. Compact labels for the species and algorithms for interconversion steps DO, OP, etc., have
been devised. Relationships among those D’s, P's, and O’s which formally originate in the aliéné KHC=C=CHK

are summarized in several graphs.

Graph theory or systems analysisl has recently been ap-
plied to isomerizations. That is, given species ML, e.g., a
trigonal bipyramid or octahedral complex, one can describe
all of the permutational isomers and their isomerization
paths either by a graph or in a topological representation.2-
For example, the graph of the 1,2 rearrangements of the
carbocation RiRjRsC-CI~Rs4 involves 30 distinct inter-
conversions (edges) among the 20 isomers (points).2®Here
we wish to focus on an example of complex genealogy irval-
lene dimer chemistry in which three different structural
types, each with its set of permutational isomers, are var-

iously connected by bond-making, bond-breaking, and con-
formational interconversions. A graph derived for this sys-
tem may be regarded as a projection of the energy hyper-
surface on which these species lie, through which reactant
coordinates pass, and with which mechanisms must be con-
sistent. The important feature that deserves emphasis is
that the present approach can be generalized to even more
complex systems in which groups of species of different
symmetries are interconvertible.

A common entry into the 1,2-dimethylenecyclobutanes is
via allene dimerization.3
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D

There are, of course, other Cg species which are isomeric
with D, e.g., 1,3-dimethylenecyclobutane, biscyclopropyli-
dene, 3,4-dimethylene-lI-hexene, methylenespiropentane,
etc., and other paths to D, e.g., from Al4-bicyclo[2.2.0]hex-
ene.4 These possibilities are all interesting and often chem-
ically significant but will be excluded to keep the problem
at hand manageable. As it is, numerous isomeric dimers
can be derived from various allenes in process 1. K2C =
C=CH2 (3); HKC=C=CH2 (10); KLC=C=CH2 (10);
KHC=C=CKH (10); KHC=C=CLH (36); JHC=
C=CKL (36); abC=C=Ccd + efC=C=Cgh (64). This di-
versity is by no means hypothetical, since there are numer-
ous examples of D mixtures resulting from the dimerization
of allenes.3

Evolution of a Typical Graph. The allene, HKC=
C=CKH, leads to a dimer set of intermediate complexity,
which will be used as the focus of this section. The isomers
are set out in detail in Chart I. It is generally agreed that

Chart |

1,2-Dimethylenecyclobutanes, D, Derived
from the Dimerization of KCH=C=CHK. Labels are
R, Rectus; S, Sinister; E, Sequential Trans; Z,
Sequential Cis

B R \EBRH 0D REE

(BRI = 0O &E

O R 2 RRE > HEE

process 1 as well as the interconversions among D probably
occur via 2,2'-bisallyl diradicals.4-7 These radicals may take
up an infinite number of conformations but we arbitrarily
designate the wholly planar (P) and orthogonal (O) forms
of bisallyl as the primarily interesting or pertinent ones for
the problem at hand. To facilitate visualizing and manipu-
lating 0, we use a hybrid Fischer-Newman projection: the
2 and 2' carbon atoms are represented in projection at the
center of the large circle, the 1 and 3 carbon atoms are at
the centers of the top and bottom circles, respectively, and
the V and 3' carbon atoms are at the centers of the left and
right circles, respectively; as is customary, a circle defines a
projection plane and lines (bonds) which cross the circle
are projected from the front and those which do not cross
are projected from behind onto the plane.6 All of the P and
O isomers are given in Chart Il. With the aid of these pro-
jection formulas it is easily seen that, except for the enan-
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Chart 11

Planar (P) and Orthogonal (O) Bisallyl
Diradicals Derived from KCH=C=CHK

Pizza R zZE Qzz Q zE

B ZFE =

0

tiomeric pair 04 and 05, the O’s have a plane of symmetry
perpendicular to the projection plane: no optical isomers
are possible.

We proceed now to “connect” the isomers. That is, inter-
conversions among them result from rotations about the
middle (2,20 or end (1,2 or 2,3, etc.) bonds of the bisallyl
diradical. Specifically, rotation around the middle bond in-
terconverts P’s and O'’s, while rotations around end bonds
interconvert P’s to P'sor O’sto O’s. Either by inspection or
the use of models one can find all of the rotation between
the pairs of isomers. These are summarized in a PO graph
(Figure 1). Note that the 14 species are linked by 25 edges.

Among the numerous processes open to the bisallyl dira-
dical, e.g., dissociation, rearrangement, etc., we confine our
attention to its collapse to 1,2-dimethylenecyclobutane (D).
There are, however, several stereoelectronic restraints on
the accessible modes of ring closure. The molecular orbitals
of the P and O forms have been characterized8and ring clo-
sure to or ring opening from D have been specified as disro-
tatory for P and conrotatory for 0.8a9 Four conrotatory
least motion conversions of an O species, which involve ca.
ir/4 changes of the bonds, are given in Figure 2. (Non-least-
motion closure involving ca. 37¢4 bond changes were reject-
ed.)

In Figure 1 we give the three PD graphs for the allowed
disrotatory cyclizations from all P's to D’s and two OD
graphs for O to D openings. There are 16 PD and 18 OD
edges or reaction steps represented in Figure 1.

The reaction steps in Figure 1 are, of course, energy lim-
ited. Because of electron delocalization in the allylic halves
of P and O, barriers to end rotations (Be) are somewhat
higher than the usual single-bond barriers in hydrocarbons:
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Figure 1 Graphs of the interconversions of dimeric species
formed from the allene, HKC=C=CHK: 1,2-dimethylenecyclobu-
tanes (D); planar (P) and orthogonal (O) bisallyl diradicals.

12 to 13 + 2 kcal/mol has been suggested.10 Secondly, it is
probable that the O’s are at, or close to, local energy mini-
mums. Molecular orbital calculations indicate an energy
difference (Bm) which places unsubstituted P ca. 4 or 10
kcal/mol above 0.8 Depending on the method of calcula-
tion, one may have to adjust Bmfor the interaction of the
1,1' and 3,3' inward-facing hydrogen atoms. For unsubsti-
tuted bisallyl, crude limits on this steric energy can proba-
bly be set at <3.75 and >1 kcal/mol by the rotational bar-
riers of 2,3-dimethylbutane and biphenyl.11 (These consid-
erations only permit one to assume a skew structure—we
use the orthogonal geometry because of its simplicity and
symmetry.) Thirdly, ring formation from diradicals, e.g., to
cyclobutane, appears to have an energy barrier (Ec) of ca. 8
kcal/mol.12 If such a barrier also holds for bisallyl, then it
appears that Be > Ec > Bm All of these barriers become
important when one confronts the complete graph of a
given system and must make decisions relevant to specific
reaction paths.3'5

Documentation of the Supergraph. In this section we
consider P, 0, and D and their interconversions as a topolo-
gical problem. In the background is also the notion of stor-
ing in and retrieving from a computer sets of related
species and reactions.21113 The supergraph, which includes
graphs of conformational (PP, PO) as well as chemical
changes (PD, OD) and also contains this information, is too
complex to picture, but one can obtain it or portions of it
by means of a computer. Previous analyses of this type
have often dealt with a single set of permutational isomers,
but systems involving several kinds of isomerism and con-
version processes are also on record. 271

Each species consists of a basic carbon framework and
eight peripheral groups. There are a variety of representa-
tions of such structures.14 However, by labeling the gross
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Table |
1,2-Dimethylenecyclobutane (D) Structures and
Descriptive Labels

D(1) Configuration Code 0J Configuration Code
1 abcdefgh RZ'rz' 1 abcdabcd RZ'RZ'
2 abcdefhg RZ're' 2 abcdabdc RZ'RE'
3 abcdfegh RZ'sz'
4 abcdfehg RZ'se’ 8 abcddcba RZ'S'E
5 abcdghef RZ'r'z 9 abdcabdc RE'RE’
8 abcdhgfe RZ's'e 15 abdcdcba RE'S'E
9 abdcefgh RE'rz' 16 bacdbacd Sz'sz'
16 abdchgfe RE's'e 21 bacddcba SZ'S'E
17 bacdefgh SZ'rz' 22 badcbadc SE'SE’
64 dcbahgfe S'Es'e 26 badcdcba SE'S'E
27 cdbacdba R'ZR'E
36 dcbadcba S'ES'E

framework D, P, and 0, and by adopting certain IUPAC
stereochemical conventions, we can code each species con-
cisely. The following rules are used:15 a has priority over b,
¢ has priority over d, etc.; ab has priority over cd, which has
priority over ef, etc; all of these substituents have priority
over carbons; ab, cd, ef, and gh are associated with R, R', r,
and r' or Z, Z', z, and Z' configurations, respectively, de-
pending on whether they are bonded to the ring or the
methylene groups, ba, dc, fe, and hg are associated with S,
S, s, and s' or E, E', e, and €' configurations, respectively,
depending on whether they are bonded to the ring or the
methylene groups. For a normal or standard label, ab and
cd precede ef and gh; labels for the ring substituents of
each pair precede those for the methylene substituents. To-
gether with the letter D a four-letter label is adequate to
characterize all of the isomers (Octal numbers could also
have been used.16) Since it is sometimes useful to index D,
we also use D(l) as a label, but this is simply a guide for
listing rather than an indicator of structure.

In some of the interconversions, species may turn up
with a nonstandard D label, e.g., Z'Ser’; this is equivalent to
the standard label, SZ'r'e. Since the rules for interconver-
sion were formulated for the standard format, normaliza-
tion should be performed as soon as a nonstandard label
appears. Captions in Figure 2 illustrate three labeling sys-
tems. In Table | we give the coding for the general case as
well as for a simpler dimer set.

A related priority system holds for P(l) and 0(1). Groups
of higher priority which face outward are labeled Z or z,
otherwise E or e. Primes on these letters distinguish cd
from ab and gh from ef. One can always arrange to have the
ab pair in the upper left quadrant and label from left to
right across the top and then left to right across the bot-
tom. The coding for Q(I) is identical with that of P(l), ex-
cept that the potential chirality of the structure must be
taken into account. We follow the IUPAC rules for a
species with a chiral axis, that is, we use the Fischer con-
vention, for an R structure.15

gh

ef

The four-letter label then follows the priority rules with
the appropriate unprimed letter in the third position for R-
and in the fourth position for S-bisallyl. 022 EZ'z'e and
019 EZ'ez', for example, are enantiomers. A typical struc-
ture is illustrated in Figure 2. Detailed coding is given in
Table II. Incidentally, if a nonstandard label turns up for
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Table Il
Planar (P) or Orthogonal (O) Bisallyl Structures and
Descriptive Labels

(Da Configuration Code )4 Configuration Code
1 abcdefgh 27'zz' 1 abcdabcd 272'27'
2 abcdefhg ZZ'ze' 2 abcdabdc ZZ'ZE'
3 abcdfegh ZZ7'ez' 3 abcdbacd ZZ'EZ'
4 abcdfehg ZZ'ee' 4 abcdbadc ZZ'EE'
5 abcdghef Z27'2'z 5 abcdcdab 22'2'Z
8 abcdhgfe ZZ'e'e 8 abcddcba ZZ'E'E
9 abdcefgh ZE'zZ' 9 abdcabdc ZE'ZE'

16 abdchgfe ZE'e'e 12 abdccdba ZE'Z'E

17 bacdefgh EZ'zz'

15 bacdbacd EZ'EZ'
24 bacdhgfe EZ'e'e
25 badcefgh EE'zz' 18 bacddcba EZ'E'E
19 badcbadc EE'EE'
32 badchgfe EE'e'e 20 badcdcba EE'E'E

aP(l) or 0(1). 6P(J) or O(J).

0, e.g., Z'Eez', this indicates that the normal projection
formula can be recovered by an inplane rotation of ir:. effec-
tively this operation interchanges the order of the letters in
each pair and yields the normal label for 022. Finally, by
identifying the species deriving from KHC=C=CKH dis-
cussed earlier with those from abC=C=Cab and by using
the conventions of Tables | and Il, one can obtain the codes
for D(K), P(K), and 0(K) of Charts | and II.

We denote interconversions between species by two-let-
ter terms, e.g., DO (0601) indicates D6 —* 01. It will also be
convenient to use the following definitions for specific label
pairs.

a (RS), (R'S"), (rs), (r's'), (ZE), (Z'E") (ze), (z'e")
b (Rz), (R'z"), (rz), (r'z'), (SE), (S'E"), (se), (s'e")
c (RE), (R'E"), (re), (r'e"), (SZ), (S'Z2'), (sz), (s'z")

“Conjugates. 6Relates. “Inverts.

The main problem here is to formulate the interconversion
rules in a manner consistent with the way the species have
been coded. These are given first in words and then more
compactly in symbolic form.

PP or OO. These involve a rotation of an outside bond
in bisallyl: each 0 or P has access to four such steps. This
isomerization, e.g.,, eq 2, is described by interchanging a
and b or c and d, etc., i.e., change one of the four-letter la-
bels to its conjugate.

—» EZ'e'e
EZ'z'e ®)
—mEZ'2'z

Z7'7'e ~«—
EE'z'e “*—

OP or PO. Each bisallyl has two such steps, e.g., eq 3: ei-
ther retain the label or interchange the last two letters.

(;Z' ' P22‘ ‘ 0 o ®
z'e EZ'z'e EZ'ez

PD. There are two disrotatory interconversions, PD,
e.g., eq 4. Keeping either the first and third or second and
fourth letters the same, substitute one relate and one invert
for the other two letters.

DRZ'r'e & P22 —* DER'Z'r or R'Erz’ @
D SZ's'e — EZ'z'e —» D ES'z's or S'Esz'

OD. The four conrotatory closures (OD) of Figure 2 are
given in eq 5 as follows. Retain either the first and fourth
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(J19 SzZ'sz’ JJ8 S'Erz’
bacdfegh cdbaefgh
f e
2 EZ*z*e
bacdghfe
£ e a b

R8. RZ's'e D53 R'Er'e
abcdhgfe cdbaghfe

Figure 2. Least Motion (ir/4) conrotatory closures of an orthogon-
al bisallyl diradical to give four dimers. The labeling code is ex-
plained in the text.

or second and third letter labels and interchange the other
two with relates; or retain the first and third or second and
fourth letter labels and interchange the other two with in-
verts.
D ER'r'e or R'Er'e *— 022 —™aD ES'z'r or S'Erz’
D SZ'z's or SZ'sz' *— EZ'z’e —*DRZ'se (5)

DP. The disrotatory ring openings, DP, are illustrated in
eq 6. Retain letters 2 and 4 of the label; invert one of the re-
maining letters and replace the other by the relate.

E'Ez'e D

S'Es'e

Z'Ee'e
P (6)

or EE'ez' or EZ'ee’

DO. For the two conrotatory ring openings DO, retain
letters 2 and 4 and either invert letters 1 and 3 or insert
their relates; finally interchange the last two letters, e.g.

E'Ee'e D
S'Es'e

Z'Ez'e
or EZ'ez’

™

or EE'ee’

The preceding statements may be expressed concisely,
providing it is understood that 1234 is the four-letter label
which is to be changed, that the slant (/) means “or”, and
that cnj, rel, and inv are read as “replace with the conju-
gate, relate, and invert”, respectively, the letters that fol-
low.

PP or OO cnj (1/2/3/4)
PO or OP 1234/1243
PD [13(rel 2 inv 4)/(rel 4 inv 2)]/
[24(rel 1inv 3)/(rel 3 inv 1)]
OD (14 rei 23)/(23 rel 14)/(13 inv 24)/(24 inv 13)
DP 24[(rel 1 inv 3)/(inv 1 rel 3)]
DO [24(inv 13)]/[(rel 1) 2 4 rel 3]
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Some comments on the graph of our general case are of
interest. The degree or valencylb of each vertex (species) is
4 for D and 10 for each of P and 0. The total number of
edges is 32 X 4 (OD) + 32 X 2 (OP) + 32 X 42(00) + 32 X
2 (PD) or 320. A minimum pathlh (edge sequence) between
Di and Dj can be evolved as follows. Open each D up along
its OD’s and compare the configurations of the 0 ’s deriving
from each dimer. The maximum difference could be one in
which each letter in the four-letter label as well as the order
(chirality) for a pair, say Oi and On, are different. Of neces-
sity, any other pairing of O’s will have fewer differences
and would be chosen. Suppose then that Oj and Om are to
be linked. If their chirality is identical, three more edges, or
less, will be needed; if their chirality is different, one P will
have to be interposed in the sequence. Thus, a minimum
path could consist of as few as two and as many as six
edges.

Oi— Di
A0 j— Pi

Ok— 01 On
Thn— Dn

The reader is now in a position to compare the pictorial
with the formal approach to this system of three type of
species and their interconversions. Certainly, the pictorial
approach is worth retaining in those systems with the sim-
pler substitution patterns. At the level of the graphs which
include D(l) or D(J), we believe that the formal approach
has become a necessity. In any case, chemical information
and/or judgments can now be introduced to analyze the
problem further.
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The synthetic utility of the gentle olefin-forming syn
elimination of alkyl phenyl selenoxides has recently been
demonstrated by usl and others.2 However, attempts at
forming terminal olefins via the decomposition of primary
alkyl phenyl selenoxides have been less successful.3 We
now report a modification that provides for facile elimina-
tion of primary alkyl aryl selenoxides to olefins.

In a study4 on the pyrolysis of a series of para-substitut-
ed aryl alkyl sulfoxides, Emerson observed that electron-
withdrawing substituents increased the rate of olefin for-
mation, whereas electron-donating substituents decreased
the rate. These rates were correlated by a Hammett plot
giving p = +0.51. In light of this, we prepared several sub-
stituted aryl lauryl selenoxides. Each selenoxide decom-
posed to olefin at room temperature, and the effect of dif-
ferent substituents on the rate of elimination is shown in
Table I. We observed the same pattern as Emerson, in that
electron-withdrawing substituents facilitated the selenox-
ide elimination.5

Table | reveals that electron-withdrawing substituents
on the aromatic ring increased both the rate of elimination
and the final yield of olefin. Since the aryl-substituted sele-
nium reagents are generally more difficult to prepare on a
large scale than diphenyl diselenide, use of the former re-
agents is probably not necessary for simple cases such as
lauryl phenyl selenide.6 However, we and others3 have
found that when there are substituents on the (j and/or y
carbons in the alkyl chain, the yield of olefin can be low
with the unsubstituted aryl reagent even after several days.

Table |
Selenoxide Decomposition*

Selenide Temp/C Time,chr Yield,%
2-N02C6H4-SeR (1) 0 0.5 91
2-CF34-N02C6H3SeR (2) 25 0.5 88
4-N02C6H4-SeR (3) 25 1.5 93
3-CF3C&H4-SeR (4) 25 2 70
4-Cl-CeH4-SeR (5) 25 6 77
CgHj-SeR (6) 25 20 77"
4-CH30-C 6H4-SeR (7) 25 7 60

“The selenide was dissolved in THF and excess (10 equiv) 30%
H20 2 was added. Yields of 1-dodecene were determined by GLC
relative to an internal standard. 6 The selenides [R = (CH2)nCH 3]
were prepared by treating 1-bromododecane with the corresponding
ArSeNa species, prepared in situ by reduction of the diselenide6
(2, 4, 5, 6, 7) or selenocyanate? (1, 3) with sodium borohydride in
ethanol. cThese are the approximate times after which further
production of olefin was negligible, measured from completion of
oxidation as determined by TLC. d It should be noted that there is
a difference between this yield (77%) and that (6%) previously
reported13 for this same substrate. We have not been able to re-
produce the earlier low yield and at present have no explanation for
this discrepancy.
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Table 11
Selenoxide Decomposition*
Temp, Time, Yield,
Selenide k C hr % Registry no.

CeH5Se-CH2 9.5 47

cyclohexyl 25 48 46 53973-68-5
4-Cl-C6H4Se-CH2

cyclohexyl 25 95 85 53973-69-6
2-N02C6H4-Se-CH ,-

cyclohexyl 25 95 92 53973-70-9

“ Reactions were run as given in Table I, footnote a. Time was
measured from the addition of H20 2. Yields of methylenecyclo-
hexane were determined by GLC. 6The selenides were prepared by
treating the tosylate of cyclohexanemethanol with the correspond-
ing selenide anion.

In such cases, use of the aryl substituted reagent is essen-
tial for a high yield. For example, Table Il shows that the
o-nitro substituted reagent afforded twice the yield of
methylenecyclohexane as the unsubstituted reagent.

The selection of the best substituted reagent is a com-
promise between ease of preparation, yield in the alkyla-
tion step, and yield in the elimination step. In view of this,
o-nitrophenyl selenocyanate (13)8 and 4,4'-dichlorodiphen-
yl diselenide (14)9 are among the better reagents. The di-
chloro diselenide 14 is particularly attractive since it is as
easy to prepare as diphenyl diselenide. Although there will
undoubtedly be cases where the potent effect of the o-nitro
substituent will be needed to facilitate elimination, in most
instances the of the p- chloro substituent should suffice.

A typical procedure is illustrated in Scheme | for the o-
nitro case. The selenide anion 10 was treated with bromide

Scheme |

CH,(CH2sCH=CH?2

11 to afford selenide 1. The selenide was not isolated, but
was oxidized by excess hydrogen peroxide to the unstable

selenoxide 12, which decomposed readily to 1-dodecene.

Results of this one-pot sequence are presented in Table I11.

Although o-nitrophenyl lauryl selenoxide (12) decomposes

in higher yield (91%, Table 1), the overall yield of olefin is
not much higher than that obtained from the other sys-
tems. This is due to the lower yield in the alkylation step

(step a, Scheme 1).

The effect of electron-withdrawing substituents on those
synthetic transformations that employ electrophilic seleni-
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Table 111
Conversion of 1-Bromododecane to I-DodeceneG
Anion precursor Step a Step b Yield, %
2-N02-C 6H4SeCN (13) 8 hr 10 hr, 25° 76 (62)
(4-Cl-C6HsSe)2 (14) 8 hr 10 hr, 25° 70 (62)
(CeH5Se)2 (15) 8 hr 10 hr, 25° 59

“ Reactions were run on a 5-mmol scale, analogous to the pro-
cedure given in the Experimental Section. Yields of 1-dodecene
were determined by GLC, except for those in parentheses, which
were determined by isolation.

um reagentslc’'d’2a“°’'f'gis currently being investigated in our
laboratory.

Experimental Section

Preparation of 1-Dodecene. To acooled (ice bath) suspension
6f & nitrophenyl selenocyanate (13, 10.26 g, 0.045 mol) in absolute
ethanol (200 ml) in a 500-ml, three-necked, round-bottom flask
under nitrogen, sodium borohydride (1.9 g, 0.05 mol) was added in
small batches while stirring magnetically. A dark red solution re-
sulted. (Caution! Reduction of the selenocyanate is exothermic and
vigorous hydrogen evolution occurs.) 1-Bromododecane (11.15 g,
0.045 mmol) was added and the solution was stirred at room tem-
perature for 8 hr. Tetrahydrofuran (100 ml) was added; and after
cooling again in an ice bath, 30% hydrogen peroxide (39 ml, 0.45
mol) was added dropwise over a period of 1 hr. The ice bath was
removed and the solution stirred for an additional 8 hr. The mix-
ture was diluted with water and extracted with hexane. The hex-
ane layer was washed with aqueous sodium carbonate and brine,
dried (MgSCL), filtered, and concentrated under reduced pressure
to give a dark orange oil. Filtration through alumina (hexane) gave
upon removal of the solvent a colorless oil, which upon vacuum
distillation (83-85°, 7 mm) gave 1-dodecene (4-65 g, 62%).

Preparation of o-Nitrophenyl Selenocyanate (13). Accord-
ing to the procedure of Bauer,80-nitroaniline (20.7 g, 0.15 mol) was
added to 6 M HC1 (90 ml) contained in a 1-1., three-necked, round-
bottom flask fitted with a mechanical stirrer and addition funnel.
After stirring for 5 min, the suspension was cooled to 0° and a so-
lution of sodium nitrite (12.4 g, 0.18 mol) in water (60 ml) was
slowly added. Urea (3.5 g) was added after 20 min and the reaction
was checked with starch-iodide paper. Sodium acetate (25 g) was
added to give pH ~ 6 on pH paper. A solution of potassium seleno-
cyanatel0in water (100 ml) was added slowly, giving a mushy, dark
brown solid. The solid was collected, washed with water, recrystal-
lized from 95% ethanol (700 ml), and dried in vacuo to give light
brown crystals (22.4 g, 66%), mp 139-141° (lit. mp 142°).

Preparation of Diphenyl Diselenide 15. (All
should be carried out in awell-ventilated hood.)

In a 3-1,, three-necked, round-bottom flask, equipped with a re-
flux condenser, mechanical stirrer, 2-1 addition funnel, and nitro-
gen inlet, were placed 58 g (2.43 mol) of magnesium turnings and a
crystal of iodine. The apparatus was flamed out under a stream of
dry nitrogen and allowed to cool to room temperature.

A solution of bromobenzene (380 g, 2.43 mol) in 1280 ml of an-
hydrous ether (two 1-1b cans) was placed in the addition funnel.
The magnesium was covered with a layer of anhydrous ether and
several milliliters of neat bromobenzene were added to initiate the
reaction. Once initiated, the reaction was stirred vigorously and
the halide added at such a rate as to maintain a gentle reflux (2-
2.5 hr). Stirring of the brown solution was continued for 0.5 hr, and
the dropping funnel was replaced with a glass stopper.

Powdered black selenium [192 g, 2.43 mol (B & A)] was added in
1- 2-g portions (exothermic) to the vigorously stirred solution, over
a 2.5-hr period; the resulting gray-green suspension was stirred for
0.5 hr. i

The mixture was poured into a 6-1. erlenmeyer flask containing 4
1 of crushed ice; concentrated hydrochloric acid (375 ml) was then
slowly added with swirling until all of the ice had melted. The con-
tents of the flask were poured into a 6-1 separatory funnel, the
aqueous layer was removed and extracted once with 400 ml of
ether, and the combined organic layers were filtered through a Cel-
ite pad into a 4-1. filtration flask. To the dark orange solution, in
the same flask, 1600 ml of 95% ethanol, five pellets of potassium
hydroxide, and a 3-in. magnetic stirring bar were added. The flask
was stoppered with a one-hole cork, and a glass tube inserted, until
it just reached the surface of the liquid. Air was drawn rapidly over

operations
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the vigorously stirred solution until a thick yellow precipitate was
formed and the odor of selenophenol had disappeared. For conve-
nience, the oxidation was allowed to prbceed overnight, permitting
most of the ether to evaporate.

The yellow slurry was filtered on a 160-mm Buchner funnel,
washed several times with cold 95% ethanol, sucked as dry as pos-
sible, then dried overnight under a high vacuum at 40° to afford
286 g (75%) of the bright yellow diselenide (mp 63-65°).

The ethanol filtrate may be concentrated on a rotary evaporator
to yield a second crop of diselenide; the total yield is then raised to
77-80%. The residual red oil may be vacuum distilled to afford di-
phenyl selenide (167°, 16 mm), a by-product of this preparation.

Diphenyl diselenide prepared in this manner is a bright yellow,
crystalline, air-stable compound, with a faint odor. It is sufficiently
pure for all subsequent reactions; purer material may be obtained
by recrystallization from hexanes.

The above procedure is a modification of a procedurell for the
preparation of selenophenol.

Preparation of 4,4'-Dichlorodiphenyl Diselenide (14). This
light-orange solid was prepared in 75% yield from p-bromochloro-
benzene following exactly the same procedure as given above for
the preparation of diphenyl diselenide.
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4,4'-Dimethoxydiphenyl diselenide (ref 7, p 1095) and bis(2-trifluoro-
methylphenyl) diselenide were prepared on a 25-mmol scale (based on
the corresponding aryl bromide) analogous to the procedure for diphenyl
diselenide. Bis(2-trifluoromethyl-4-nitrophenyl) diselenide was prepared
by refluxing a solution of KSeCN (prepared in situ by heating potassium
cyanide and gray selenium powder in DMAC) and 2-chloro-5-nitrobenzo-
trifluoride in DMAC for 4 hr. The mixture was poured into water and the
solid collected by filtration. The dark brown solid was extracted into hot
Chl2CI2 and filtered. After the solvent was removed, the resulting green
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The mechanisms of the acid-catalyzed hydrolysis of cy-
clic sulfites, e.g., ethylene sulfite (1), have been studied in
some detail.1 Only recently have successful syntheses been
described of the analogous cyclic amidosulfites.2'3 They hy-
drolyze in strong acid to the corresponding amino alcohol.3
We now report the first kinetic study of the acid-catalyzed
ring opening of this class of compound on 3-tert-butyl-
1,2 ,3-0xath,i?zolidine 2-oxide (2).

ch2— <X
1 >
ch2— Ck CH e
1 X $=0 1
1
ch2— o Bu-£
1 2

The rate of hydrolysis of 2 in acid solution at room tem-
perature is much higher than that of 1 and its kinetic be-
havior had to be studied using stopped-flow spectropho-
tometry. The first-order rate constants, k for the hydroly-
sis of 2 in aqueous solutions of mineral acids at fairly low
acidity (<2 M) are shown in Table I. All of the acids stud-
ied showed similar catalytic effects at the same molar con-
centration. This is in marked contrast to the effect of acids
on the hydrolyses of 1. In this latter case the catalytic effect
of the acids falls in the order HBr > HCI > HCI04 because
ethylene sulfite hydrolyzes by both a bimolecular (A2) and
a nucleophilic catalysis mechanism.

Table |
Hydrolysis Rate, lu (sec-1), of 2
in Aqueous Mineral Acids

hcio4 Concn, M, at 22°

0.10 0.20 0.52 0.72 1.04 1.56 2.06

0.59 1.09 2.85 4.36 6.84 11.0 15.4
HC1 Concn, M, at 22°

0.10 0.20 0.50 0.70 1.00 1.50 2.00

0.49 1.17 292 4.18 6.29 10.7 15.1
HBr Concn, Af, at 220

0.16 0.40 056 0.80 0.96 1.20 1.60

0.91 2.37 3.36 5.21 6.40 8.21 12.0

HCIO4 (0.52 M) at Various Temp, °C
14.2 21.0 25.0 28.9 33.9 39.7
1.99 2.85 3.96 4.93 6.39 9.85

Analysis of the kinetic data for the hydrolysis of 2 shown
in Table | in terms of the Bunnett approach4 leads to a w
value of 6.8, suggesting that water is acting both as a nu-
cleophile and a proton transfer agent. The entropy of acti-
vation, AS* (-19.1 + 1.4 eu), calculated from the data in
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Acid, M

Figure 1 Hydrolysis of 2 in water at 22°: =, HCIO4; m, HCIO4 +
NaC104 (3.0 Af).

Table I also falls in the range associated with a bimolecular
rate-determining step.5

At higher concentrations of perchloric acid (>2 Af) the
rate of hydrolysis of 2 goes through a maximum, as shown
in Figure 1. Such rate maxima can arise in two common
ways, either as a result of extensive protonation of a basic
substrate as in the hydrolysis of amidesé or the superposi-
tion of a specific salt effect on an acid-catalyzed reaction
such as observed in the hydrolysis of some sulfites,7 phos-
phates,8 and phosphinates.9 In mixtures'of perchloric acid
and sodium perchlorate at constant ionic strength (Figure
1) the rate at first increases linearly with increase in acid
concentration and then curves over. Similar behavior has
been observed in the hydrolysis of amides and related com-
pounds, e.g., hydroxamic acids, and has been attributed to
extensive protonation of the substrate.10 Such a view is
supported by the values of the Kkinetic solvent isotope ef-
fect, feiDz°//leiH? (KSIE), which are 1.16, 0.67, and 0.58 at
0.516, 4.26, and 4.61 Af perchloric acid, respectively (com-
pargd at the same molar concentration of acid). A similar
fall of the KSIE with increasing acidity observed for the
hydrolysis of amides has been discussed by Bellil and
Wiberg12 in terms of the increasing extent of protonation of
the substrate and the weaker nucleophilic reactivity of D20
compared to H20.

The kinetic behavior of 2, in particular the absence of
nucleophilic catalysis, the occurrence of a rate maximum,
and the high reactivity of 2 in acid solution, contrasts
markedly with that of ethylene sulfite and suggests a dif-
ferent mechanism. One possible mechanism consistent with
such behavior assumes a rapid preequilibrium protonation
of 2 in which protonation is assumed to occur on nitrogen
followed by slow rate-determining attack of a water mole-
cule at sulfur (eq 1 and 2). The high reactivity of 2 and the

S=0 + H+ N o\ g= )
1 / \
£Bu H 1Bu
H.ojslow
OSO+0OH,
*NHBu-i .NHBu-i
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nature of the product are consistent with such a mecha-
nism.

Experimental Section

The tert-butyl amidosulfite 2 prepared by the method of Dey-
rup and Moyer2 had bp 60-62° (0.4 mm) [lit.2 bp 70-75° (0.3
mm)]. Kinetics were followed at 276 nm using a Durham-Gibson
stopped-flow spectrophotometer. Optical densities were measured
on the photograph of the oscilloscope trace and rate constants de-
termined graphically. The values of in Table | are the average
of several runs at each acid concentration. Average deviation from
the mean is less than 5%. Initial concentration of amidosulfite in
kinetic runs was ca. 10-3 M.

Registry No.—2,18366-45-5.
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The synthesis of unsymmetrical disulfides via sulfenyl-
thiocarbonates has been reported by Brois et al.4 In com-
parison to sulfenyl thiocyanates or sulfenyl iodides, these
derivatives of thiols offer the advantage of often being crys-
talline, stable molecules that yield carbonyl sulfide, metha-
nol, and the disulfide when treated with thiols. Recently,

CISCOj CHj
R'—S—X R'— S—S—CO02CH3 - *

R'-r-s—S—R + COS + CHjOH
X = H, Tr, Bzh, Bzl, Acm

Kambers has shown not only that carbomethoxysulfenyl
chloride can be utilized to convert cysteine to the interme-
diate S-carbomethoxysulfenyl derivativeé but also that the
S-trityl and S-acetamidomethyl derivatives are cleaved by
the sulfenyl chloride. Kamber also utilized the method to
prepare fully protected open-chain cystine derivatives as il-
lustrated by the conversion of | or Il to IlI.

The present report concerns our studies with the S-car-
bomethoxysulfenyl (Scm) group; these experiments estab-
lish that the group is stable to many of the conditions em-
ployed for deblocking and coupling operations used in pep-
tide synthesis. Thus, the Scm group can serve as an S-pro-
tective group as well as a labile intermediate useful for the
selective conversion of a cysteine residue to cystine in the
late stage of a synthesis.

Our preliminary experiments established that the S-
benzhydryl, S-trityl, and (in low yield) the S-benzyl

Notes

Acm

|
Boc— Cys— Asn— OBu-f
1
Tr
1
Boc— Cys— Asn— OBu-t

1
Scm

|
Boc— Cys—Asn— OBu-f
~Boc-Wal—Cys-Gly-Glu-(O-f-Bu)
Boc— Cys— Asn—OBu-I

Boc— Val— Cys— Gly— Glu(O—/-Bu)2
m

thioethers of cysteine could be converted to the corre-
sponding Scm derivative. However, these experiments also

Z—Cys—OH

IVa, X = Bzh
b, X = Bzl
c,X = H

ijem
Z— Cys—OCH3 Z— Cys—OCH3
Va, 77%

b, 25%

c,
indicated that esterification of free carboxyl groups or
transesterification were potential problems. A study of con-
ditions designed to circumvent this problem indicated that
esterification or ester interchange could be avoided by con-
ducting the reaction at 0° or by the addition of calcium car-
bonate to the reaction mixture.7 The preparation of the di-

Tr Scm
cisco2ch3

I |
Z—Cys—Gly—OEt \ hicHa Z—Cys—Gly—OCHs
Vi wn, 72

peptides IX and XIl (both containing acid-labile ester
groups) as well as the salt of the carboxylic acid, X, indicat-
ed that the undesirable reactions could be suppressed. The

Bzh

0,
! ACHOH-CHClg VI, 61%
Z—Cys—Gly- -0OTMB = Sem
VIHI \ cisco2ch3 |
aoH-cHelp 2 CYs—Gly—O0TMB
1X, 75%
C1"H+~Gly—OTVB  NVM DOC
1 cisco2ch3 Scm
CHOH-EHC 1 ‘ .
IVa 2 DCHA Z—Cys— O'DCHA
X
Bzh Scm

|
Z—Cys— Ala—OBu-/ Z—Cys— Ala— OBu-i
X1 xn, 73%

stability of other acid-labile protective groups, used to
block certain side-chain functionalities in peptides, toward
carbomethoxysulfenyl chloride was indicated by the con-
version of the octapeptide derivative (XVI1I11) to the corre-
sponding Scm peptide (X1X).

The fact that coupling reactions could be successfully
conducted in the presence of the Scm group without cleav-



Notes

Bu-/ Bu-/ /-Bu Tr

" | | 1 |
Bpoc— Tyr—Gin—Leu—Glu—Asn—Tyr—Cys—Asn—OTMB

XVIII
CHjOjCSCI
-14°
Bu-/ Bu-/ /-Bu Scm

1 1 1 1
Bpoc—Tyi*-GlIn—Leu—Glu—Asn—Tyr—Cys—Asn—OTMB

XIX, 86.5%

age of the sulfur-sulfur bond was established by the prepa-
ration of IX from X and 2,4,6-trimethylbenzyl glycinate.
The conversion of XIIlI to XIV by coupling with N-tert-
butyloxycarbonyl-L-phenylalanine iV-hydroxysuccinimide
ester indicated that the amino group of S-carbomethoxy-
sulfenyl-L-cysteine could also be acylated without loss of
the Scm group.

Scm
! TFA
Boc— Cys— OCH3 ------ —»
xm
Scm sem
e ¢ OCH W !
—Cys—OCH3 o raG WBoc—Phe—Cys—OCHj
X1V, 64.6%
1 CISCOjCH,

Boc—Phe—Cys— OCH3

Although intermediate sulfenyl iodides8 or sulfenyl thio-
cyanates9 generated from cysteine derivatives react readily
with various thioether, hemithioacetal, and S-acetamido-
methyl derivatives of cysteine, as well as with cysteine it-
self, the S-carbomethoxysulfenyl derivatives are converted
to unsymmetrical disulfides only when treated with thiols.
Thus the Scm derivatives are considerably more selective
in their reactivity with sulfur nucleophiles than sulfenyl
thiocyanates or sulfenyl iodides.

The preparation of the unsymmetrical cystine derivative,
XVII, from XV1 and methyl /V-carbobenzoxy-L-cysteinate
was also studied in various solvents. In chloroform-metha-

Scm ?
| Z-Cys-OCH,
Z— Cys—Gly—OR  --—----mmmmm- U
XVla, R = C2H5
b,R = TMB

Z— Cys— Gly—OR Z— Cys—OCH3
XVlla,R = C2Hs5
b,R = TMB

nol (1:1) solvent a 79% yield of XV II1b was obtained in 4 hr;
using pyridine 50% of XVlla resulted in 24 hr together with
some iV-carbobenzoxy-L-cystine methyl ester. Similar re-
sults were obtained in trifluoroacetic acid-acetic acid (1:1).
When the reaction was conducted in JV,/V-dimethylacetam-
ide for 30 hr a 50% yield of XVIIb was obtained together
with a 40% recovery of unreacted XVI1b; in DMF only a
small amount of XVIIb was produced with substantial
amounts of symmetrical disulfide.

Experimental Section

Melting points are uncorrected. Combustion analyses were per-
formed by Atlantic Microlab, Inc., Atlanta, Ga. Optical rotations
were measured using a Perkin-Elmer Model 141 polarimeter. Col-
umn chromatography was performed on 0.05-0.20 mm silica gel.
Thin layer chromatography was conducted on silica gel GF 254
using the following solvent systems: (A) chloroform-methanol, 9:1;
(B) 9.5:0.5; (C) 9.8-.0.2; (D) 9.9:0.1. Unless otherwise stated prod-
ucts were dried in vacuo over phosphorus pentoxide.
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Methyl 1V-Benzyloxycarbonyl-S-carbomethoxysulfenyl-
L-cysteinate (V). A. From Methyl /V-Benzyloxycarbonyl-L-
cysteinate. A solution of 2.69 g (0.01 mol) of IVc10in 50 ml of ab-
solute methanol was treated with 1.38 g (0.011 mol) of carbo-
methoxysulfenyl chloridell in one portion at room temperature
and the reaction mixture was stirred for 2 hr. The solvent was re-
moved in vacuo and the residue was triturated, with hexane. The
hexane was decanted and the resulting gum recrystallized from
ethyl acetate-hexane to provide 2.98 g (83%) of V: mp 61°; homo-
geneous system A, Rf 0.66; [a]25D + 17.6° (c 1, CHC13).

Anal. Calcd for Ci4Hi7NO06S2: C, 46.78; H, 4.70; N, 17.84. Found:
C, 46.90; H, 4.80; N, 17.70.

B. From JV-Benzyloxycarbonyl-L-cysteine. To a solution of
255 g (0.01 mol) of V-benzyloxycarbonyl-L-cysteinel2 in 50 ml
of absolute methanol was added 1.38 g (0.011 mol) of carbo-
methoxysulfenyl chloride in one portion at room temperature. The
reaction mixture was stirred for 3 hr and worked up as described
above to yield 3.12 g (87%) of V, identical in all respects with the
material produced in A.

C. From 1V-Benzyloxycarbonyl-S-benzhydryl-L-cysteine
(IVa). A suspension of 3.01 g (5.0 mmol) of Af-benzyloxycarbonyl-
S-benzhydryl-L-cysteine dicyclohexylamine saltl3 in 100 ml of
ethyl acetate was converted to the free acid by washing with 100
ml of 10% citric acid. The oily acid was dissolved in 50 ml of abso-
lute methanol and treated with 0.69 g (5.5 mmol) of carbomethox-
ysulfenyl chloride in one portion. After 3 hr the reaction mixture
was worked up in the manner described above to yield 2.76 g (77%)
of V, identical with the material obtained in A.

D. From 1V-Benzyloxycarbonyl-S-benzyl-L-cysteine (1Vb).
To asolution of 1.7 g (5.0 mmol) of 1Vb14in 100 ml of 2,2,2-trifluo-
roethanol-methanol (25:5) solvent was added 0.69 g (5.5 mmol) of
carbomethoxysulfenyl chloride in one portion. The reaction mix-
ture was stirred at 25° for 4 days; work-up in the usual manner
provided 0.43 g (25%) of product identical with that obtained in A.

Methyl /V-ieri-Butyloxycarbonyl-S-carbomethoxysulfen-
yl-L-cysteinate. A suspension of /V-ieri-butyloxycarbonyl-S-
trityl-L-cysteine dicyclohexylammonium salt15 in 200 ml of ethyl
acetate was converted to the free acid with 100 ml of 10% citric
acid solution. The resulting gum was dissolved in 50 ml of chloro-
form-methanol (1:1) and treated with 1.38 g (0.011 mol) of car-
bomethoxysulfenyl chloride in one portion at 0°. The reaction
mixture was stirred for 6 hr and worked up in the usual manner
and the solid recrystallized from hexane to yield 2.1 g (66%) of the
ester: mp 78°; [a]25D +27.7° (¢ 1, CHCI3); homogeneous system D.

Anal. Calcd for C1iH19N 0652: C, 46.60; H, 5.89; N, 4.30; S, 19.70.
Found: C, 46.70; H, 5.89; N, 4.20; S, 19.50.

2,4,6-Trimethylbenzyl JV-Benzyloxycarbonyl-S-benzhy-
dryl-L-cysteinylglycinate (VIII). A suspension of 6.02 g (0.01
mol) of V-benzyloxycarbonyl-S-benzhydryl-L-cysteine dicyclohex-
ylamine salt and 2.44 g (0.01 mol) of 2,4,6-trimethylbenzyl glyci-
nate hydrochloride16 in 100 ml of a chloroform-1,2-dimethoxy-
ethane (1:1) solvent was cooled to -10° and treated with 1.15 g
(0.01 mol) of Af-hydroxysuccinimide and 2.1 g (0.01 mol) of DCC.
The stirred suspension was allowed to warm to room temperature
and stirred for 2 hr. The suspension was filtered, the filtrate evap-
orated in vacuo, and the residue dissolved in ethyl acetate and
washed with cold solutions of 10% citric acid, 1 M sodium bicar-
bonate, and saturated sodium chloride solution. The dried organic
layer was evaporated; chromatography of the crude product (4.5 g)
on silica gel using chloroform as the eluent provided 4.0 g of solid.
Recrystallization from chloroform-hexane provided 3.9 g (64%) of
the dipeptide derivative: mp 126°; homogeneous, system B, Rf 0.5;
[0]25d -22.4° (c 1, DMF).

Anal. Calcd for CseHagNsOsS: C, 70.78; H, 6.22; N, 4.58; S, 5.25.
Found: C, 70.88; H, 6.22; N, 4.64; S, 5.11.

Methyl iV-Benzyloxycarbonyl-S-carbomethoxysulfenyl-
L-eysteinylglycinate (VII). A. From 2,4,6-Trimethylbenzyl
1V-Benzyloxycarbonyl-S-benzhydryl-L-cysteinylglycinate. To
a solution of 1.5 g (2.5 mmol) of VIII in 50 ml of chloroform-meth-
anol (1:1) was added 0.37 g (2.75 mmol) of carbomethoxysulfenyl
chloride. The reaction mixture was stirred at 25° for 48 hr; the sol-
vent was removed in vacuo and the residue triturated with hot
hexane. The residue was chromatographed on silica gel using chlo-
roform as the eluent. The solid was recrystallized from a chloro-
form-hexane mixture to yield 0.8 g (61%) of the dipeptide deriva-
tive: mp 109°; homogeneous, system A, Rf 0.8; [«]25D —92.6° (c 1,
CHCI3).

Anal. Calcd for CIBH20N207S2 C, 46.14; H, 4.84; N, 6.72; S,
15.40. Found: C, 46.11; H, 4.87; N, 6.63; S, 15.50.

B. From Ethyl /V-Benzyloxycarbonyl-S-trityl-L-cysteinyl-
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glycinate (VI1). A solution of 2.9 g (5 mmol) of VI was treated with
0.69 g (0.011 mol) of carbomethoxysulfenyl chloride under the con-
ditions described above. After 6 hr removal of the solvent and
chromatography of the residue provided 1.5 g (72%) of VII identi-
cal with the material obtained in A.

2,4,6-Trimethylbenzyl N-Benzyloxycarbonyl-S-carbome-
thoxysulfenyl-L-cysteinylglycinate (1X). A. From 2,4,6-Tri-
methylbenzyl 1V-Benzyloxycarbonyl-S-benzhydryl-L-cystein-
ylglycinate. To a solution of 1.5 g (2.5 mmol) of VIII in 50 ml of
chloroform-methanol (1:1) at 0° was added 0.37 g (2.75 mmol) of
the sulfenyl chloride. The reaction mixture was stirred at 0° for 6
hr. The solvent was removed and the residue worked up in the
manner previously described. Recrystallization of the solid from
petroleum ether (bp 30-60°) provided 0.98 (75%) of IX: mp 144-
146°; homogeneous, system B; [crj*D —69.9° (c 1, CHCI3).

Anal. Calcd for CBH30N207S2 C,'56.15; H, 5.66; N, 5.24; S,
11.99. Found: C, 55.88; H, 5.71; N, 5.13; S, 12.14.

B. From N-Benzyloxycarbonyl-S-carbomethoxysul-
fenyl-L-cysteine (Iva).  Al-Benzyloxycarbonyl-S-carbome-
thoxysulfenyl-L-cysteine Dicyclohexylamine Salt (X). A sus-
pension of 5.9 g (0.01 mol) of the dicyclohexylamine salt of 1Va in
100 ml of ethyl acetate was washed with 100 ml of 10% citric acid
solution. The dried oily acid was dissolved in 50 ml of chloroform-
methanol (1:1) solution containing 1.1 g (0.011 mol) of calcium car-
bonate and treated with 1.38 g (0.011 ml) of the sulfenyl chloride
at 0°. The reaction mixture was stirred for 3 hr and worked up in
the usual manner to provide a gum which was treated with 1.83 g
(0.01 mol) of dicyclohexylamine. Recrystallization of the precipi-
tated solid from chloroform-petroleum ether provided 4.29 g
(77.7%) of X as a white solid: mp 139-140; [a]2D —30.1° (c 1,
CHCI3).

Anal. Calcd for CasHssNsOeS* C, 57.00; H, 7.27;N, 5.32; S, 12.81.
Found: C, 56.73; H, 7.23; N, 5.34; S, 12.20.

Coupling of X with 2,4,6-Trimethylbenzyl Glycinate. A sus-
pension of 2.9 g (5.5 mmol) of X was converted to the free acid as
previously described. The acid was suspended in 50 ml of chloro-
form-methylene chloride (1:1) solution, cooled to 0°, and treated
with 1.22 g (5-0 mmol) of 2,4,6-trimethylbenzyl glycinate hydro-
chloride, 0.51 g (5.0 mmol) of Af-methylmorpholine, and 1.11 g (5.5
mmol) of DCC. The solution was stirred at 0° for 12 hr and for 6 hr
at room temperature. The reaction mixture was filtered and the
filtrate evaporated. A solution of the residue in ethyl acetate was
washed with 10% citric acid solution and water. Evaporation of the
organic layer and recrystallization of the residue from ethyl acetate
provided 2.29 g (86%) of IX: mp 142°; [a]2D —71.4° (c, 1, CHCI3).

Anal. Found: C, 56.39; H, 5.79; N, 5.34; S, 11.89.

tert-Butyl 1V-Benzyloxycarbonyl-S-benzhydryl-L-cystein-
yl-L-alaninate (X1). A suspension of 6.02 g (0.01 mol) of the dicy-
clohexylamine salt of IVa and 1.8 g (0.01 mol) of tert-butyl L-alan-
inate hydrochloride in 50 ml of methylene chloride was cooled to
—10° and treated with 1.15 g (0.01 mol) of N-hydroxysuccinimide
and 2.1 g (0.01 mol) of DCC. The stirred suspension was allowed to
warm to 25° and stirred for 2 hr. Work-up in the manner previous-
ly described provided a gum which was recrystallized from chloro-
form-hexane to yield the desired ester: mp 73°; homogeneous, sys-
tem B; [a]25D +9.0° (c 1, CHCI?J).

Anal. Calcd for C31H36N205S: C, 67.86; H, 6.70; N, 5.10; S, 5.84.
Found: C, 67.93; H, 6.76; N, 5.08; S, 5.93.

teri-Butyl jV-Benzyloxycarbonyl-S-carbomethoxysulfen-
yl-L-cysteinyl-L-alaninate (XII). To a solution of 136 g (2.5
mmol) of X1 in 50 ml of chloroform-methanol at 0° was added 0.37
g (2.7 mmol) of the sulfenyl chloride. The reaction mixture was
stirred at 0° for 6 hr and worked up in the usual manner to provide
a gum. The gum was chromatographed on silica gel using chloro-
form as eluent. Recrystallization of the resulting solid from chloro-
form-petroleum ether yielded 0.86 g (73%) of XIl: mp 70°; homo-
geneous, system C, Rf 0.6; [cv]25D -75.2° (c 1, CHCI3).

Anal. Calcd for C20H28N207S2: C, 50.83; H, 5.97; N, 5.92; S,
13.51. Found: C, 50.80; H, 5.97; N, 5.81; S, 13.42.

Methyl Ai-tert-Butyloxycarbonyl-L-phenylalaninyl-S-car-
bomethoxysulfenyl-L-cysteinate (XIV). A. From Methyl S-
Carhomethoxysulfenyl-l-cysteinate. A solution of 0.715 g (2.2
mmol) of X111 in 2 ml of cold methylene chloride was treated with
1 ml of cold trifluoroacetic acid. After 30 min the reaction mixture
was evaporated to dryness; the last traces of acid were removed by
the addition of toluene and evaporation. The resulting gum was
dried, dissolved in 5 ml of methylene chloride, cooled to 0°, and
treated with 0.242 g of iV-methylmorpholine and 0.724 g (2.0
mmol) of the 7V-hydroxysuccinimide ester of iV-ieri-butyloxycar-
bonyl-L-phenylalanine. The reaction mixture was stirred for 24 hr

Notes

at 0° and 2 hr at 25° and filtered and the filtrate was evaporated in
vacuo. The product was extracted from the resulting gum with hot
hexane and obtained as 0.61 g (64.6%) of white solid: mp 112-113°;
homogeneous, system C; [a]26D +5.0° (¢ 1, CHCI3).

Anal. Calcd for C20H28N20752: C, 50.82; H, 5.97; N, 5.93; S,
13.57. Found: C, 50.96; H, 5.98; N, 6.03; S, 13.58.

B. From Methyl jV-tert-Butyoxycarbonyl-L-phenylalan-
inyl-S-benzhydryl-L-cysteinate (XV). To 0.549 g (1.0 mmol) of
XV in 2.5 ml of chloroform-methanol (1:1) was added 0.14 g (1.1
mmol) of the sulfenyl chloride. The reaction was conducted at 0°.
Work-up in the usual manner provided 0.354 g (75%) of XIV: mp
113°; [«]26D +4.6° (c 1, CHCI?J).

Anal. Found: C, 50.83; H, 6.03; N, 5.96; S, 13.64.
JV-terf-Butyloxycarbonyl-S-carbomethoxysulfenyl-L-cys-
teinyl-L-asparagine 2,4,6-Trimethylbenzyl Ester. To a solution
of 0.710 g (1 mmol) of iV-ferf-butyloxycarbonyl-S-trityl-L-cys-
teinyl-L-asparagine 2,4,6-trimethylbenzyl ester (17) in 4 ml of
chloroform-methanol (2:1) at 0° was added 0.176 (2 mmol) of the
sulfenyl chloride. The reaction mixture was stirred at 0° for 50 min
and then treated with 2.2 ml of 1 N aqueous diethylamine followed
by 100 ml of chloroform. The chloroform solution was washed with
10% citric acid and twice with water. After drying over sodium sul-
fate, the solvent was concentrated to 3 ml, and the product was
precipitated with petroleum ether. Recrystallization from chloro-
form-petroleum ether (30-60°) provided 0.46 g (82.5%) of product:
homogeneous, system A, Rf 0.56; mp 125-127°; [a]2D —50.0° (c

0.5, methanol).

Anal. Calcd for C24H3508N352 C, 51.68; H, 6.32; N, 7.53; S,
11.49. Found: C, 51.60; H, 6.33; N, 7.47; S, 11.42.

N-2-(p-Diphenylyl)isopropyloxycarbonyl-0-tert-butyl-I-
tyrosyl-L-glutaminyl-L-leucyl-y-terf-butyl-L-glutamyl-L-
asparaginyl-O-tert-butyl-L-tyrosyl-S-carbomethoxysulfen-
ylcysteinyl-L-asparaginyl 2,4,6-Trimethylbenzyl Ester (X1X).
To a solution of 0.183 g (0.1 mmol) of the protected octapeptide
XVII117in 4 ml of chloroform-methanol (2:1) at —14° was added
17.6 pi of the sulfenyl chloride and the reaction mixture was stirred
at —10° for 28 min. The reaction mixture was then stirred with
0.22 ml of 1 AT aqueous diethylamine for 5 min below 0°. The sol-
vent was evaporated and the residue was triturated with cold 10%
citric acid. The solid was filtered, washed with water, and dried.
Recrystallization of the solid from chloroform containing a few
drops of methanol-petroleum ether provided 145 mg (86.5%) of
product: mp 235-238°, homogeneous system A, Rf 0.4; [0]23D
—44.4° (e 0.5, chloroform-methanol, 9:1).

Anal. Calcd for C8H116020N11S2 C, 60.85; H, 6.97; N, 9.18; S,
3.82. Found: C, 60.62; H, 6.93; N, 9.19; S, 3.95.

Registry No.—IVa, 53957-20-3; IVa dicyclohexylamine salt,
54062-81-6; IVb, 3257-18-9; IVc, 53907-29-2; V, 53907-34-9; VI,
3695-78-1; VII, 53907-35-0; VIII, 53907-17-8; 1X, 53907-18-9; X,
53907-20-3; X, 53907-21-4; XII, 53907-22-5; XIIl, 53907-23-6;
X1V, 53907-24-7; XV, 53907-25-8; XVIII, 53907-26-9; XIX,
53907-27-0; methyl N-benzyloxycarbonyl-L-cysteinate, 53907-28-
1; carbomethoxysulfenyl chloride, 26555-40-8; Al-benzyloxycar-
bonyl-L-cysteine, 53907-29-2; Af-teri-butyloxycarbonyl-S-trityl-
L-cysteine dicyclohexylammonium salt, 26988-59-0; 2,4,6-trimeth-
ylbenzyl glycinate hydrochloride, 6645-08-5; iert-butyl-L-alani-
nate hydrochloride, 13404-22-3; N-t.erl-butyloxycarbonyl-I.-phe-
nylalanine, 13734-34-4; IV-ierf-butyloxycarbonyl-S-carbomethox-
ysulfenyl-L-cysteinyl-L-asparagine 2,4,6-trimethylbenzyl ester,
53907-30-5; N-tcrt-butyloxycarbonyl-S-trityl-L-cysteinyl-L-aspar-
agine 2,4,6-trimethylbenzyl ester, 30806-18-9.
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We have prepared derivatives of «<-methyl amino acids
that are suitable for use in peptide synthesis because it ap-
pears that peptide hormone analogs containing them might
be of special interest. Marshall and Bosshard2®and Mar-
shall et al.2b have shown by theoretical studies on the al-
lowed dihedral angles of model peptides that the replace-
ment of the a proton of an amino acid residue with a meth-
yl group results in a dramatic reduction of the conforma-
tional space available to the backbone of the peptide chain
at the position where that residue occurs. These calcula-
tions have subsequently been confirmed by others.34 Pep-
tide hormone analogs containing «-methyl amino acid resi-
dues should therefore have a sterically rigid backbone con-
formation at those positions and would correspond closely
to “conformational analogs” of the hormone, i.e., analogs
which have a primary structure essentially identical with
that of the native hormone but which are capable of adopt-
ing conformations that would comprise only a small subset
of the total set available to the parent molecule.

Should such an analog be biologically active, important
constraints might thereby be placed on evolving models of
the conformation assumed by the hormone as it interacts
with its receptor. In addition, if side-chain interactions
were essential for binding, such analogs, which retain all of
the native hormone’s side chains, might offer a route to in-
hibitors which bind to the receptor but which are not capa-
ble of inducing subsequent events necessary to activity
owing to their conformational inflexibility. This sort of in-
hibitor might be missed by schemes of analog generation
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which involve varying only the character or position of side
chains.

Analogs bearing «-methyl groups would also be expected
to be metabolized slowly, since model compounds contain-
ing «<-methyl amino acids are known to be resistant to
chemical hydrolysis56 and to enzymatic attack by both en-
dopeptidases?7 and exopeptidases.89 The synthesis of such
analogs might therefore result in the generation of either
long-acting agonists or antagonists or of peptides which
lack either property but which nonetheless potentiate the
effect of endogenous hormone by interfering with its degra-
dation.

We chose to resolve and protect a-methylphenylalanine
(2-amino-2-methyl-3-phenylpropionic acid) and «-methyl-
valine (2-amino-2,3-dimethylbutyric acid) because both
phenylalanine and valine occur in angiotensin Il, a mole-
cule of current interest. In achieving optical resolution of
amino acids, enzymatic digestion of their acylated deriva-
tives is often the method of choice, since it is less tedious
and more rapid than many chemical resolution procedures.
Since it is known that one enzyme commonly used for such
purposes, hog renal acylase |, is unable to catalyze the hy-
drolysis of iV-acetyl-«<-methylphenylalanine,7 we decided
to use commercially available bovine carboxypeptidase A
(CPA). We prepared the N-trifluoroacetyl derivatives of
the amino acids because they are generally far superior
substrates for CPA when compared to the N-acetyl deriva-
tives10 and because such a procedure had proven conve-
nient for the resolution of other amino acids in our labora-
tory. 11

We followed described procedures in synthesizing «-
methylphenylalanine (1) and a-methylvaline (2) (Scheme
1) from the corresponding ketones, phenylacetone and 2-
methyl-3-butanone, respectively.1213 These amino acids
can be trifluoroacetylated readily with trifluoroacetic anhy-
dride in trifluoroacetic acid by the method of Weygand and
Geiger,14 though not by the milder method of Schallenberg
and Calvinlswhich employs S-ethylthiol trifluoroacetate in
aqueous solution and is an excellent procedure for many
amino acids.

Both N-trifluoroacetyl-«<-methylphenylalanine (3) and
N-trifluoroacetyl-a-methylvaline (4) are digested stereos-
pecifically by CPA, releasing the L isomers of 1 and 2 and
leaving the D isomers of 3 and 4 intact. The protected de-
rivatives can easily be separated from the amino acids by a
simple extraction procedure and the D isomers of 1 and 2
can be generated from D isomers of 3 and 4 by mild saponi-
fication. The absolute configuration of a-methylphenylala-
nine has been determined previously,1617 and the direction
and magnitude of the optical rotation of the free amino

Scheme
R (e} R
trifluoroacetic |
CF. — NH—C—COH
1
ch3
3or4
o carboxypeptidase A
ierf; xy- 1nNEH
(CH3)3 Ho - i free 1isomer + acyl disomer --—-—-- * free disomer
azide of 1or 2
ch3 of 1or 2 of Tor 2
50r 6
1, 3,5,R = CH2C6H5
2, 4,6,R = CH(CH3)2
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acid appearing in solution after the treatment of racemic 3
or 4 with CPA confirm the expectation that the enzyme se-
lectively digests the L isomers and not the D isomers of
these compounds. In this regard, we are grateful to Dr. F.
W. Bollinger of Merck Laboratories for supplying us with a
sample of chemically resolved L-a-Me-Phe «HC1 with
which to compare our material. To our knowledge, a-Me-
Phe has not been resolved enzymatically before, and nei-
ther chemical nor enzymatic resolution of «-Me-Val has
been achieved previously.

The susceptibility of these derivatives to degradation by
CPA is consistent with the side-chain specificity of the en-
zyme and with its ability to slowly degrade acyl derivatives
of D-alanine. This suggests that this resolution procedure is
generally applicable to «-methyl amino acids whose side
chains are compatible with the specificity of CPA. In this
regard, preliminary studies on the resolution of «-methyl-
leucine by polymer-bound CPA indicate the utility of the
enzyme in that form and the general applicability of the
procedure. To date, however, the procedure has been ap-
plied only to the three «-methyl amino acids mentioned.

Protecting the amino groups of 1 and 2 with a function
suitable for use in solid-phase peptide synthesis, such as
the tert-butyloxycarbonyl function (i-Boc),18is a more dif-
ficult problem. Other investigators have encountered diffi-
culty in preparing t-Boc-a-methylalanine (f-Boc-2-amino-
2-methylpropionic acid), citing optimum yields of from
8.719 to 12%20 under conditions which result in over 80%
yields for amino acids routinely used in peptide synthesis.
Apparently the problem of steric hindrance due to the
extra a-alkyl substituent which complicates the synthesis
of i-Boc-a-methylalanine is magnified when the amino
acid side chain is bulkier than a methyl group. Our yields of
f-Boc-L-a-methylphenylalanine (5) and i-Boc-L-«<-methyl-
valine (6) were less than 2% and essentially 0%, respective-
ly, under a variety of standard conditions. Procedures
which proved to be ineffective in our hands in generating 5
and 6 include that of Schnabel,2l which employs f-Boc
azide in aqueous solution, that of Ragnarsson et al.,2which
employs f-Boc phenylcarbonate in dimethyl sulfoxide
(DMSO), and a variation on the latter procedure which em-
ploys t-Boc p-nitrophenylcarbonate and hydroxybenzo-
triazole in dimethylformamide.23

Compounds 5 and 6 can be synthesized from 1 and 2 in
DMSO at an elevated temperature with an excess of organ-
ic base and periodic additions of i-Boc azide (to counteract
the decomposition of that reagent) over a prolonged period.
The yield of 5 so obtained was excellent (70%), and al-
though the yield of 6 was five times lower owing to the
added steric problem of the /3-branched structure of 2, this
procedure is our current method of choice for preparing t-
Boc-a-methyl amino acids. The use of compounds 5 and G
in the solid-phase synthesis of peptide hormone analogs is
currently in progress, and their chemical and biological
properties will be described in a subsequent report.

Experimental Section

All melting points were determined in open capillaries and are
uncorrected. Thin layer chromatography on silica gel G plates
(Brinkman) was performed on each compound in two systems, 1-
butanol-pyridine-acetic acid H20 (15:10:3:12) and 1-butanol-ace-
tic acid-H20 (4:1:1). The Rf values will be designated BP Rf and
BAW Rf. Elemental analyses were performed by PCR Inc., Gaines-
ville, Fla., or by Galbraith Laboratories, Knoxville, Tenn.

Preparations of IV-Trifluoroacetyl-a-methylphenylalanine
(3) and JV-Trifluoracetyl-a-methylvaline (4). Either 17.1 g (0.1
mol) of a-methylphenylalanine (1) or 13.1 g (0.1 mol) of a-methyl-
valine (2) was dissolved in 60 ml of trifluoroacetic acid and chilled
to 0°. A total of 17.6 ml (0.12 mol) of trifluoroacetic anhydride was
then added over a period of 5 min and the resulting solution was
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stirred at 0° for 1 hr. The solvent and excess anhydride were then
evaporated under reduced pressure and the resulting oil was dilut-
ed with 100 ml of H20. Aliquots of 2 N NaOH were added to the
aqueous slurry with vigorous stirring until a pH of 7 was achieved,
at which point a clear solution was obtained that was treated with
charcoal, filtered, and adjusted to pH 3. The precipitated 3 or 4
was collected by filtration, and the mother liquor was extracted
three times with ethyl acetate. The extracts were combined, dried
with Na2S04, concentrated under reduced pressure, and seeded
with crystals of 3 or 4. The resulting solid was washed with hexane,
combined with the first crop, and recrystallized from benzene-hex-
ane (for 3) or from ethyl acetate-toluene (for 4). The yield of 3 was
75% (20.6 g) and its physical characteristics follow: mp 162-163°;
BAW Rf 0.68, BP Rf 0.65. Anal. Calcd for C12HI2NO3F3: C, 52.37;
H, 4.36; N, 5.09. Found: C, 52.08; H, 4.61; N, 4.80. The yield of 4
was 72% (16.4 g) and its physical characteristics follow: mp 112-
113°; BAW Rf 0.70, BP Rf 0.60. Anal. Calcd for C8H12NO3F3: C,
42.29; H, 5.28; N, 6.15. Found: C, 42.11; H, 5.33; N, 6.12.

Enzymatic Digestion. Either 13.8 g (0.05 mol) of 3 or 10.4 g
(0.05 mol) of 4 was added to 400 ml of H20 and stirred vigorously
while 2 N NaOH was added until a clear solution of pH 7.2 was ob-
tained. A total of 20 mg of DFP-treated carboxypeptidase A
(Sigma Chemical Co., St. Louis, Mo.) was then added, and the so-
lution was maintained at 37° by a thermostated water bath and at
pH 7.2 by a Radiometer pH-Stat. After 16 hr of gentle stirring, the
solution was adjusted to pH 5, treated with charcoal, and filtered
to remove the enzyme. It was then adjusted to pH 3 with 1N HC1
and extracted three times with ethyl acetate. The treatment from
this point on depended on whether 3 or 4 had been the starting
material.

For 3 the aqueous solution was neutralized and concentrated by
boiling until the L isomer of 1 began to crystallize, and then it was
allowed to cool to room temperature. The crystals were collected
by filtration, and a second crop was harvested from the mother li-
quor. The two crops were combined and dried overnight at 70°
under reduced pressure. The yield was 78% (3.32 g). The material
is pure enough for most synthetic purposes at this point but does
contain some NaCl, which can be removed by recrystallization
from H20. The physical characteristics follow: mp 279-280° dec
(compare 275-276° for racemate); BAW Rf 0.45, BP Rf 0.62;
«]2530 —47.8° (H20, < 0.716). Anal. Calcd for CioHi3NO2 C,
67.04; H, 7.32; N, 7.82. Found: C, 67.32; H, 7.40; N, 7.69.

The ethyl acetate extracts containing the D isomer of 3 ([«]25D
—30.0 (ethyl acetate, ¢ 10.3)) were combined, dried with Na2SC+4,
and concentrated under reduced pressure. The residual syrup was
dissolved in 60 ml of ethanol to which 60 ml of 1 Al NaOH was
added, and the solution was allowed to stand for 72 hr. It was then
neutralized with HC1 and evaporated to dryness. The salty residue
was dissolved in H20 and the free D isomer of 1 was obtained in
the manner described above for the L isomer. The yield was 74%
(2.96 g), and the physical characteristics follow: mp 279-280° dec;
BAW Rf 0.46, BP Rf 0.62; [«]25300 +47.8° (H20, ¢ 0.716).

For 4 the aqueous solution was neutralized and evaporated to
dryness. The salty residue was purified by 100 transfers in a 1-bu-
tanol-H20-trifluoroacetic acid (50:50:1) countercurrent distribu-
tion system. The amino acid was located by performing thin layer
chromatography on the contents of each tube, and the contents of
tubes 40-60 were pooled and evaporated to dryness. The white res-
idue was dissolved in H20, and the solution was neutralized with
NH40H and boiled until crystallization began. It was then allowed
to cool to room temperature and the crystals were collected by fil-
tration. A second crop was collected, combined with the first, ly-
ophilized twice from H20, and dried overnight at 70° under re-
duced pressure. The yield was 70% (2.30 g) and the physical char-
acteristics follow: mp 281-282° (sublimes without melting, com-
pare 273-274° for the racemate); BAW Rf 0.29, BP Rf 0.54; [a]25D
-3.92° (H20, . 1.31). Anal. Calcd for C6Hi3N 02 C, 54.96; H, 9.93;
N, 10.69. Found: C, 55.18; H, 9.89; N, 10.68.

The ethyl acetate extracts containing the D isomer of 4 ([«]2%400
—18.6 (ethanol, ¢ 1.5)) were treated in the same manner as for
compound 3 except that after saponification and neutralization,
the solution was evaporated to dryness, and the salty residue con-
taining the D isomer of 2 was purified in the manner described
above for the L isomer. The yield was 69% (2.28 g) and the physical
characteristics follow: mp 281-282° (sublimes without melting);
BAW Rf 0.28, BP R, 0.54; [«]25d = +3.90° (H20, ¢ 1.31).

Preparation of the Dicyclohexylamine Salts of N-tert-
Butyloxycarbonyl-L-a-methylphenylalanine (5) and N-tert-
Butyloxycarbonyl-L-a-methylvaline (6). Either 1.71 g (0.01
mol) of 1or 1.31 g (0.01 mol) of 2 was dissolved in 50 ml of dimeth-
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yl sulfoxide with 3.5 g (0.03 mol) of tetramethylguanidine. A total
of 1.5 ml (0.01 mol) of i-Boc azide was added immediately, and the
solution was stirred at 40° for 3 weeks with the addition of 0.4 ml
of i-Boc azide every 3 days. The solution was then diluted with 150
ml of H20, brought to pH 2.5 with the addition of solid NaHS04,
and extracted five times with ethyl acetate. The extracts were
combined, dried with Na2SC+4, and evaporated under reduced pres-
sure. The viscosity of the residual oil was reduced by the addition
of a small amount of ethyl acetate, and an excess of dicycyclohex-
ylamine was added. The resultant crystalline salts were collected
by filtration and recrystallized from ethyl acetate. The yield of 5
was 70% (3.22 g), and its physical characteristics follow: mp 230-
231°; BAW Rf 0.81, BP Rf 0.70; [«]2d +16.8° (2% acetic acid in
ethanol, ¢ 0.46). Anal. Calcd for C27H4N204: C, 70.43; H, 9.57; N,
6.09. Found: C, 70.41; H, 9.68; N, 6.04. The yield of 6 was 13%
(0.533 g), and its physical characteristics follow: mp 181-182°;
BAW Rf 0.74, BP Rf 0.72; [a]2530 +32.6° (ethanol, ¢ 2.06). Anal.
Calcd for C23H44N204: C, 66.97; H, 10.79; N, 6.74. Found: C, 66.91;
H, 10.68; N, 6.78.

Registry No.—DL-1, 1132-26-9; D-l, 17350-84-4; L-l1, 23239-
35-2; di1-2, 26287-62-7; D-2, 53940-82-2; L-2, 53940-83-3; DL-3,
53940-84-4; D-3, 53940-85-5; d 1-4, 53940-86-6; D-4, 53940-87-7; 5,
53940-89-9; 6, 53940-91-3; i-Boc azide, 1070-19-5.
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Ring Opening of 3-Chloro-4-nitroisothiazole with
Amines
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In an attempt to prepare 3-(jV-methylpiperazino)-4-ni-

troisothiazole (2a), 3-chloro-4-nitroisothiazole (1)1 was
treated with N-methylpiperazine. Unexpectedly, a ring
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Scheme |
/— t
+ X NH X N CN
W ti/ C=C\
H NO,
3a, X = NCH3
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¢, X=CH2

opening occurred leading to the enamine 3a rather than 2
(Scheme 1). The evidence for this is as follows.

The product did not contain sulfur and analyzed as
C8H12N402 The ir spectrum showed a C=N band (2200
cm-1), a strong C=C band (1620 cm-1), and an N02 band
(1280 and 1490 cm-1) which had been shifted to longer
wavelength owing to conjugation with an amino group. A
normal C=C—NO02 should have peaks at 1524 + 4 and
1353 + 6 cm-1.2 The NMR chemical shift of the olefinic
proton (5 8.50) enabled us to assign the configuration of 3a
as having a trans relationship between the amine and N02
nitrogens. Matter et al.3 have shown that the equation &=
525 + Zgem + Ztrars + Zcis is useful in determining the
chemical shift of protons on substituted ethylenes where
Z’s are parameters for various substituents listed in his
paper. Together with the parameter for NO2determined by
Descotes et al.,4one can calculate the chemical shift for the
olefinic proton of 3a as follows. 5= 5.25 + 1.17 (conjd NR2)
+ 0.55 (irans-CN) + 1.67 (cis-N02) = 8.64. The calculated
chemical shift for the other isomer is 5= 5.25 + 1.17 + 0.75
(ci's-CN) + 0.46 (irons-N02) = 7.63. Clearly the observed
value (8.50) is closer to that calculated for 3a than its iso-
mer.

There are no other 3-amino-2-nitroacrylonitriles re-
ported in the literature, the nearest analog being 5.5 This
compound, prepared by ring opening of the dichloronitro-
pyrimidine 4 (Scheme I1), shows ir maxima at 1643 cm-1
(C=0C).

Scheme 11

4

The monobasic amines, morpholine and piperidine, react
in a like manner if triethylamine is present.

Two possible mechanisms for the formation of 3 are
given in Scheme I1l. The first involves a nitrile sulfide in-

Scheme |11
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termediate. The species has been proposed by Howe and
Franz as an intermediate in the decomposition of 1,3,4-0x-
athiazol-2-ones.6 The second involves nucleophilic attack
on sulfur.7 Several ring openings of isothiazoles have been
shown to involve attack on the ring sulfur.g8-11 At this point
it is not possible to decide between the two mechanisms.

Experimental Section

3-(4-Methyl-l-piperazino)-2-nitroacrylonitrile (3a). To 5.00
g of S-chloro-Tnitroisothiazolelin 25 ml of isopropyl alcohol at 0°,
3.25 g of iV-methylpiperazine in 10 ml of isopropyl alcohol was
added dropwise. The solution was kept at room temperature over-
night. A pale yellow solid (mp 119°, sulfur, 600 mg) was filtered.
The solution was concentrated and cooled, giving 3.32 g of 3a: mp
83-85°; NMR (CDCI3) 6 2.33 (3 H, s), 255 (2 H, t), 261 (2 H, t),
3.70 (2 H, t), 4.00 (2 H, t), 8.50 ( 1H, s); ir, see text. Anal. Calcd for
C8Hi2N402: C, 48.98; H, 6.17; N, 28.56. Found: C, 48.80; H, 5.90; N,
28.37; S, 0.0.

3-(I-Morpholino)-2-nitroacrylonitrile (3b). To 5.00 g of 3-
chloro-4-nitroisothiazole in 25 ml of benzene at 0°, 2.80 g of mor-
pholine in 5 ml of benzene was added slowly followed by 3.16 g of
triethylamine. An exothermic reaction occurred and a solid
formed. After 1 hr the solution was treated with dilute HC1 and
benzene, and the solid was filtered and crystallized from dime-
thoxyethane to give sulfur (mp 118°, insoluble in DME), and 3.02 g
of 3b, mp 143-145°. Anal. Calcd for C7THON303: C, 45.90; H, 4.90;
N, 22.94. Found: C, 45:76; H, 4.82; N, 22.84.

3-(I-Piperidino)-2-nitroacrylonitrile (3e). 3-Chloro-4-ni-
troisothiazole (5.00 g) and piperidine (2.80 g) were allowed to react
as above. The product was soluble in benzene but was crystallized
from isopropyl alcohol and then methanol to give 3.54 g of 3c, mp
116-118°. Anal. Calcd for CBHn N302: C, 53.03; Hi 6.12; N, 23.19.
Found: C, 52.80; H, 6.16; N, 23.48.

Acknowledgments. The NMR spectra were done under
the direction of Dr. R. Egan, ir under Mr. W. Washburn,
and microanalyses by Ms. J. Hood.

Registry No.—1, 14217-68-6; 3a, 54062-82-7; 3b,-54062-83-8;
3c, 54062-84-9; N-methylpiperazine, 109-01-3; morpholine, 110-
91-8; piperidine, 110-89-4.
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Monoesters of Cyclohexane-1/3.330/S-triol
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We required a series of the title compounds in order to
study their cyclization to the corresponding trioxaadaman-
tanes. This ring system, hitherto prepared2 from eyclohex-
ane-1/3,3/3,5/3-triol («-phloroglucitol, 1) (Scheme 1) and a
trialkyl ortho ester, is reported3 to be stable toward Gri-

Notes

Scheme |

(RCOIIO
or ROOCL

5, R= methyl
6, R = 1-adamantyl

gnard reagents and has seen limited use as a carboxylic
acid protecting group.4 We describe herein the synthesis of
three monoesters of 1 and some preliminary cyclization re-
sults.

Starting triol 1 was obtained highly stereoselectively by
high-pressure hydrogenation2 of 1,3,5-trihydroxybenzene
(phloroglucinol) over a rhodium catalyst. Efforts to conve-
niently prepare monoesters of 1 by direct acylation with 1
equiv of acylating agent in pyridine were thwarted by the
qualitative observation that partially acylated phlorogluci-
tols appeared to be more susceptible to further acylation
than 1 itself. Likewise, partial saponification of fully acyl-
ated derivatives (for example, a-phloroglucitol tribenzoate)
with 2 equiv of base produced mixtures in which the de-
sired monoacyl product did not predominate.

Success was achieved through reaction of 1 with phenyl-
boronic acids in refluxing dioxane, producing a-phloroglu-
citol phenylboronate (2) in 99% yield. This last substance
was treated with 1 equiv of the acid chloride or anhydride
in pyridine, leading to the corresponding acyl derivatives 3
in good yields (79-99%). The phenylboronate group was
then cleaved using propane-1,3-diol in acetone,5 affording
the title compounds 4 in yields of ca. 80%.

While monoacetate 4a could be cyclized to trioxaada-
mantane 5 in 40% yield with refluxing toluene containing
toluenesulfonic acid, esters 4b and 4c proved much more
resistant to cyclization. For example, reaction of 4c with
toluenesulfonic acid in boiling xylene afforded trioxaada-
mantane 6 [mp 142-144°, tentative assignment based on a
high-resolution mass spectrum, m/e 276.176 (calcd,
276,173)] in less than 1% yield.

Experimental Section

Melting points were determined on a Kofler hot stage or in a
sealed capillary in an oil hath and are uncorrected. Infrared spec-
tra were recorded with a Beckman IR-5 spectrophotometer. NMR
spectra were recorded on a Varian A-60, HA-100, or XL-100 high-
resolution spectrometer. Chemical shifts are reported in parts per
million downfield from internal Me4Si. Mass spectra (70 eV) were
determined on a CEC 110-2B double-focusing mass spectrometer
equipped with adirect inlet. Elemental analyses were performed at
the University of Oregon by Dr. S. Rottschaefer.
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Cyclohexane-Ift3jS,5jS-triol (1). A mixture of 10.9 g of phloro-
glucinol (Aldrich), 5 g of 5% rhodium on alumina (Engelhard), and
70 ml of 95% ethanol (distilled from Raney nickel) was shaken in
an atmosphere of hydrogen at 2900 psi and 98° for 18 hr. Filtration
of the hot mixture and concentration of the filtrate afforded 6.55 g
(58%) of crystalline 1 as a hydrate, mp 110-112° (lit.2 mp 110°).
Anhydrous 1, mp 185° (lit.2 mp 184°), used in subsequent experi-
ments, was obtained by heating the hydrate overnight at 50° (10
mm). The NMR spectrum of the original mother liquors of 1 re-
vealed only the presence of 1and unreacted phloroglucinol.

Cyclohexane-133d,5/3-triol Phenylboronate (2). A mixture of
220 ml of dioxane (distilled from LiAIH4), 3.0 g (0.023 mol) of an-
hydrous 1, and 2.8 g (0.023 mol) of phenylboronic acid (Aldrich)
was refluxed while the dioxane-water azeotrope was slowly re-
moved by fractional distillation over a 90-min period. Removal of
the remaining solvent (ca. 150 ml) in vacuo afforded 4.9 g (99%) of
2, mp 109-111°. Two successive sublimations (1G0°, 0.25 mm) gave
the analytical specimen as colorless prisms: mp 114-115°; ir
(CHCI3) 1441 (m, B-Ar stretch6), 1312 cm-1 (s, B-0 stretch6);
NMR (CDCI3) 6 1.58 (m, 3, axial methylene protons), 2.19 (m, 3,
equatorial methylene protons), 4.24 (m, 3, methine protons), 7.0-
7.9 (m, 5, aromatic protons); mass spectrum m/e 218 (M+), 210,
186,177.

Anal. Calcd for C12H15B0O3: C, 66.10; H, 6.93. Found: C, 66.13; H,
7.09.

Acylation of 2. The synthesis of 3b is representative. To a solu-
tion of 1.35 g (6.2 mmol) of 2 in 15 ml of dry pyridine was added
710 ml (6.2 mmol) of benzoyl chloride. After a 2-hr period at 25°
the solvents were removed in vacuo, and the residual solid was ex-
tracted with hot benzene. Evaporation of the extract afforded 1.95
g (99%) of crystalline 3b, mp 125-127°. Two recrystallizations from
benzene-hexane gave the analytical specimen as colorless pentago-
nal clusters: mp 137-137.5° ir (CHCI3) 1447 (m, B-Ar stretch),
1309 cm-1 (s, B-0 stretch); NMR (CDCI3) 51.5-2.8 (m, 6,-CH2),
4.48 (m, 2, -CHOB-), 5.45 (m, 1, -CHOCO), 6.5-7.9 (m, 10, aro-
matic protons); mass spectrum m/e 322 (M+), 245, 200, 172.

Anal. Calcd for C1I9H19B0O4: C, 70.84; H, 5.94. Found: C, 70.82; H,
5.93.

Similarly prepared using acetic anhydride was 3a, mp 74-75°
(hexane).

Anal. Calcd for C14H17B0O4: C, 64.65; H, 6.59. Found: C, 64.64; H,
6.69.

Similarly prepared using adamantane-l-carbonyl chloride was
3c, mp 149-151° (hexane).

Anal. Calcd for C23H2BO4«H20: C, 69.36; H, 7.84. Found: C,
69.06; H, 7.69.

Monoesters 4a-c of Cyclohexane-1/330,5/S-triol. The synthe-
sis of 4b is representative. To a solution of 504 mg (1.56 mmol) of
3b, mp 125-127°, in 5 ml of dry acetone was added 1.0 ml (14
mmol) of propane-1,3-diol. The solution was stirred at 25° for 2.5
hr and then the volatiles were removed under vacuum (1 mm)
overnight. The residue was taken up in 5 ml of ethyl acetate and
washed with water. The organic phase was dried and evaporated,
affording 306 mg (83%) of 4b, mp 110-116°. Recrystallization from
toluene gave the analytical specimen as colorless, chunky prisms:
mp 114°; NMR (acetone-de) $1.35 [g, J = 11.5 Hz, 1, axial methy-
lene proton -CHOHCHZ2(a,e)CHOH-], 1.50 [q, J = 115 Hz, 2,
axial methylene protons CH2(a,e)CHOCOC6H5CH?2(a,e)-], 2.28
(m, 3, equatorial methylene protons), 383 (t of t 2
-CHOH-), 3.93 (brs, 2, OH), 5.02 (t oft, 1,-CHOCOC®6H5), 7.3-8.1
(m, 5, aromatic protons); mass spectrum m/e 236 (M+), 218, 200,
123."

Anal. Calcd for C13H1604: C, 66.09; H, 6.83. Found: C, 65.90; H,

6.71. . " m/
Similarly prepared from 3a was 4a, mp 131-132° (acetone-hex-
ane).

Anal. Calcd for C8HhO0 4: C, 55.16; H, 8.10. Found: C, 54.96; H,
8.23.

Similarly prepared from 3c was 4c, mp 175-176° (toluene).

Anal. Calcd for CnHjeCR: C, 69.36; H, 8.90. Found: C, 69.50; H,
9.03.

Cyclohexane-1/3,3/3,5¢-triol Tribenzoate. To a solution of 100
mg (0.75 mmol) of anhydrous 1in 2 ml of pyridine was added 0.90
ml (7.7 mmol) of benzoyl chloride. After 1 hr at 25° the usual
work-up gave 262 mg (78%) of the title compound which was re-
crystallized from chloroform-methanol, affording the analytical
specimen as colorless prisms, mp 177-178°.

Anal. Calcd for C27/H240 6: C, 72.96; H, 5.44. Found: C, 72.79; H,
5.38.

Cyclization of 4a. A mixture of 69.5 mg of 4a in 3 ml of toluene
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cantaining 7 mg of toluenesulfonic acid monohydrate was refluxed
for 4 hr with continuous removal of water by means of a Dean-
Stark trap. The solvent was removed and the residue was taken up
in chloroform, washed with 2% NaHCO3, dried, and the chloroform
then evaporated. Sublimation (12 hr, 60°, 760 mm) of the residue
afforded 24.5 mg (40%) of 5, mp 126° (lit.7mp 126°).
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The question arose whether proton exchange of a cyclic
amine obeys the mechanism now widely accepted for acy-
clic aliphatic amines:2

fea

R3NH* =«OH2 + HOH RAN- meHOH + HCT

fea

RWAN- ==HOH -2* R,N + HOH

RA + HjO* £A1 RAH*- «-OH2

Since the rate parameters, especially &h, are sensitive to
subtle interactions between the water and the alkyl
groups,3 it was by no means clear how incorporating the
amine into aring would perturb the exchange process.
Proton exchange rates of N-methylisoindoline conjugate
acid were measured by NMR line-shape analysis of the

doublet-to-singlet transition of the NCH3 signal as the pH
increased from 0 to 2. In this pH range, bimolecular ex-
change4 between R3NH+ and R3N was unimportant (the
rate constants showed no dependence on amine concentra-
tion below the 0.15 M amine used in the experiments).
Likewise, exchange catalyzed by hydroxide ion4 did not
contribute to the observed rates. If /V-methylisoindoline
exchanges by the mechanism shown above, then the corre-
sponding rate equation (eq 1) predicts that a plot of |Aobsd
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Figure 1. Plot of I/k obsd vs. [H+] for the proton exchange of the
conjugate acid of iV-methylisoindoline in aqueous HC1 at 25°.

fedbsd = feH + fe_a[H+] 1)

vs. [H+] should be linear. This was found to be the case
(Figure 1). The slope and intercept of the plot and the pKa
of the amine {Ka = kjk-a) allowed calculation of all
three rate parameters in the mechanism. These are given in
Table I along with analogous data for dibenzylmethylam-
ine. The ka values are seen to differ sevenfold, but this
largely reflects the difference in basicity between the two
amines. More importantly, the ku values for iV-methyl-
isoindoline and dibenzylmethylamine differ by only a small
and mechanistically insignificant amount.

Table |
Proton Exchange Data for iV-Methylisoindoline
and Dibenzylmethylamine
Amine pXa  sec*l ft-a A'lsec-1 sec“l
N-Methylisoindoline*  8.33 35 7.4 x 109 1.1x 109
Dibenzylmethylamine6 7.72 240 1.3 xI1010 2.7x 109
° 25° aqueous HC1. 6 30°, data from ref 3.

Grunwald and Ralph3 have proposed that solvent-solute
interactions (rather than solvent-solvent interactions) de-
termine the shapes of amine solvation shells. Thus, the sol-
vent molds itself about the contours of the amine; the bet-
ter the fit, the smaller the rate of desolvation, kumif this
description is correct, then solyation phenomena can be-
come “extraordinarily specific”’.3 Our results show that
short-range London dispersion forces between the amine
substituents and the water, upon which ku depends, vary
little when the substituents are confined in a ring. In at
least one case, therefore, amine solvation is certainly not
sufficiently form fitting to distinguish a cyclic amine from a
conformationally different acyclic analog.5 This work
points out the need to specify the effect of shape on ku
more clearly.

Experimental Section

Materials. 1V-Methylisoindoline was prepared by reducing N-
methylphthalimide with LiAIH4 in ether in the presence of
MgSCL.6 After the excess LiAlH4was destroyed with aqueous eth-
anol, the mixture was filtered and the ether layer was separated
and dried over MgS04. The ether was then removed, leaving a
dark residue which was distilled under vacuum, bp 92-93° (25
mm) [lit.6 bp 81-82° (13 mm)], to give colorless N-methylisoindo-
line in approximately 15% yield. Redistillation gave material of

Notes

high purity as judged by GLC and an elemental analysis. Although
1VV-methylisoindoline was found to be oxygen sensitive to a much
greater degree than simple acyclic amines, the compound was
quite stable when stored under nitrogen in a freezer. The com-
pound was also found to be stable in >1 M aqueous HC1 (with a
corresponding decrease in stability with increasing pH). All Kinetic
studies were performed with freshly distilled amine.

Kinetics. Observed rate constants at 25.0 + 0.8° for NH-proton
exchange of N-methylisoindoline in agueous HC1 were determined
from the singlet-to-doublet transition of the NCH3 NMR signal.
The instrumental settings and treatment of the NMR data were
similar to those described in a previous publication.7 Rate con-
stants in Table | determined at Emory with a Jeol INM-MH-100
spectrometer were within 10% of those determined at Georgia with
a Hitachi Perkin-Elmer R-20 spectrometer. Solutions were used
immediately after their preparation, and pH values were measured
both before and after each kinetic run. The pKaof IV-methylisoin-
doline (Table I) was obtained by differential potentiometric titra-
tion.

Acknowledgment. This work was supported by grants
from the National Science Foundation and the National
Institutes of Health.

Registry No.—.1V-Methylisoindoline, 3474-87-1.
References and Notes

(1) Recipient of a Camille and Henry Dreyfus Foundation Teacher-Scholar
Grant and a National Institutes of Health Research Career Development
Award.

(2) E K Ralph, lll, and E. Grunwald, J. Amer. Chem. Soc., 89, 2963 (1967).

(3) E Grunwald and E. K. Ralph, Acc. Chem. Res., 4, 107 (1971).

(4) D. E Leyden and W. R. Morgan, J. Phys. Chem., 73, 2924 (1969).

(5) Unless the phenyl rings of dibenzylmethylamine are proximate, the acy-
clic and cyclic amines are conformationally distinct at the nitrogen.

(6) L. M. Rice, C. H. Grogan, and E M. Relg, J. Am. Chem. Soc., 77, 616
(1953).

(7) F. M. Menger and G. Salto, J. Am. Chem. Soc., 95, 6848 (1973).

s-Triazines. VI1.1Novel Reaction Products from
s-Triazinylation of 2-Acyl-1-methylpyrroles Using
2,4,6-Trichloro-s-triazine

Jiban K. Chakrabarti* and David E. Tupper

Lilly Research Centre Limited, Erl Wood Manor, Windlesham,
Surrey, England

Received September 27,1974

The direct s-triazinylation reactions using 2,4,6-tri-
chloro-s-triazine (cyanuric chloride) on pyrrole and various
substituted pyrroles to give 2,4-dichloro-6-(pyrrolyl)-s-
triazines have been described in our earlier paper.2 Here we
report on the novel reaction products obtained by treating
cyanuric chloride with 2-acyl-I-methylpyrroles.

2-Acetyl-I-methylpyrrole (3), when treated with 1 equiv
of cyanuric chloride in refluxing bromobenzene, led to an
equimolar mixture of two isomeric products, 1and 2. The ir
spectrum in either case did not show any carbonyl or hy-
droxyl absorptions. The NMR spectrum in CC14 for 1 ex-
hibited two vinyl protons at 55.62 (d) and 5.77 (d) J ~ 1.5
Hz) besides the expected pyrrole ring protons. The single
olefinic proton in 2 appeared as a singlet at &6.72 amidst a
multiplet at 6 6.65-6.86 due to two other pyrrole protons.
However, in C8D6 the olefinic proton appeared as a sharp
singlet at $6.42 and the three pyrrole ring protons in a nor-
mal ABX pattern. Mass spectra (20 eV) for both com-
pounds show the same parent ion, M+ 288. The relative
abundance ratios of the four peaks corresponding to the
molecular ion group at 288, 290, 292, and 294 are consistent
with the expected ratios 27:27:9:1 for three chlorine atoms.
The loss of a chlorine atom in each case is shown by the



Notes

close agreement of the isotopic ratios at m/e 253, 255, and
257 with the expected values 9:6:1. In compound 1, the
characteristic feature is shown by the presence of the ion
m/e 227 due to loss of the chlorovinyl side chain, which is
absentin 2.

The chlorovinylpyrrole 4, which is a likely initial product
from 3 and cyanuric chloride,3 is suggested as an intermedi-
ate in the formation of 1 and 2.45 From a similar reaction
with I-methyl-2-propionylpyrrole only the corresponding
5-triazinyl-substituted pyrrole (5) was isolated. Attack at
the olefinic site may have been hindered by steric factors.

In view of our failure to produce an acylpyrrole substi-
tuted with an s-triazinyl group by the above reaction, we
turned to acylation of pyrroles already having a triazinyl
substituent. Thus, Friedel-Crafts acetylation of 2,4-di-
chloro-6-(I-methylpyrrol-2-yl)-s-triazine with acetic anhy-
dride in the presence of SnCl4 produced mainly the 4-ace-
tyl derivative (6). This is consistent with our previous ob-
servation on electrophilic substitution reactions with pyr-
roles having a triazinyl group at the 2 position.6

Experimental Section

Melting points are not corrected. Spectra were measured with
Perkin-Elmer 457, Unicam SP800, Varian A-60A, and LKB-9000S
spectrometers.

2,4-Dichloro-6-[5-(a-chlorovinyl)-I-methylpyrrol-2-yl]-s-
triazine (1) and 2,4-Dichloro-6-[2-chloro-2-(I-methylpyrrol-
2-yl)vinyl]-s-triazine (2). A mixture of 2-acetyl-I-methylpyrrole
(5.0 g, 0.04 mol) and cyanuric chloride (7.4 g, 0.04 mol) in dry bro-
mobenzene (150 ml) was refluxed for 20 hr; the solvent was evapo-
rated under vacuum at 50° and the residue extracted repeatedly
with diethyl ether. The extract on chromatography on a silica gel
column eluting with CH2CI2 afforded two fractions. Compound 1
was a pale yellow solid: 3.6 g (31%); mp 108-110° (re-hexane); ir
(KBr) 890, 850 cm*“1; NMR (CC14) h5.62 (d) and 5.77 (d) (J ™ 15
Hz, =CH2), 6.35 (d, H3), 7.42 (d, H4,J34= 4.2 Hz), 4.1 (s, NCH3)
MS m/e 288 (M+), 253 (M + - ClI), 227 (M+ - CC1=CH?2), 140 (M+
- C3N3CL2); Xmex (MeOH) 345 nm (log « 4.5).

Anal. Calcd for CiOH7C13N4: C, 41.47; H, 2.43; N, 19.34; Cl, 36.73.
Found: C, 41.24; H, 2.52; N, 19.57; Cl, 36.86.

Compound 2 was an intense yellow solid: 3.3 g (29%); mp 1.24-
126° (re-hexane); ir (KBr) 860, 840 cm-1; NMR (CC14) 5 6.72 (s,
=CH-), 6.65-6.85 (m, H5, H?3), 6.12 (dd, H4), 3.87 (s, NCH3); NMR
(CeDg) 56.42 (s,=CH -), 6.68 (dd, H3), 5.99 (dd, H4), 6.15 (dd, H6),
2.87 (s, NCH3); MS m/e 288 (M+), 253 (M+ - CIl); Xmex (MeOH)
400 nm (log t 4.25).

Anal. Calcd for CI0H7CI3N4: C, 41.47; H, 2.43; N, 19.34; ClI, 36.73.
Found: C, 41.30; H, 2.39; N, 19.49; Cl, 36.66.
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2.4- Dichloro-6-[5-(I-chloro-lI-propenyl)-lI-methylpyrrol-
2-yl]-s-triazine (5) was similarly prepared from I-methyl-2-pro-
pionylpyrrole in ca. 31% yield: mp 108-110° (re-hexane); ir (KBr)
850 cm 'L, NMR (CC14) b6.09 (g, =CH-), 6.23 (d, H3), 7.41 (d, H4,
J34 — 4.5 Hz), two signals at 2.11 (d), 1.98 (d) for C-CH3and 4.07
(s), 4.03 (s) for NCH3in each case indicated a mixture of cis/trans
isomers in the ratio of ca. 1:9; MS m/e 302 (M+), 287 (M+ - CHJ),
267 (M+ - CI), 154 (M+ - C3N3C12); Xmex (MeOH) 348 nm (log <
4.56).

Anal. Calcd for CiiH9C13N4: C, 43.51; H, 2.98; N, 18.45; Cl, 35.03.
Found: C, 43.83; H, 2.84; N, 18.25; Cl, 34.78.

2.4- Dichloro-6-(4-acetyl-I-methylpyrrol-2-yl)-s-triazine
(6). To 2,4-dichloro-6-(I-methylpyrrol-2-yl)-s-triazine26 (2.3 g,
0.01 mol) and Ac20 (1.02 g) in dry benzene (25 ml) was added
dropwise SnCl4 (2.6 g, 0.01 mol) with stirring at room temperature;
stirring was continued for 2 hr. The reaction mixture was evapo-
rated to dryness and partitioned between CHC13 and water. The
chloroform layer was separated, dried (MgS04), treated with char-
coal, and evaporated to give a solid residue (2.2 g, 81%). This on
sublimation at 130° (0.02 mm) produced analytically pure com-
pound: mp 172-174°; ir (KBr) 1675, 1665 cm 'L, NMR (CDC13) b
7.85 (d, H3), 7.53 (d, H5, 335~ 2.0 Hz), 2.43 (s, C-CH3J), 4.12 (s,
NCH3); Xmax (MeOH) 232 nm (log t4.24), 328 (4.43).

Anal. Calcd for CI0H8CI2N4O: C, 44.30; H, 2.97; N, 20.66; Cl,
26.15. Found: C, 44.51; H, 2.97; N, 20.38; Cl, 26.33.
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Previous communications from this laboratory demon-
strated polymer-protected aluminum chloride (©-AICI13) to
be an effective catalyst for the formation of ethers3 and es-
ters.4

As an adjunct to these studies we wish to report the use
of ©-A1C13 as a catalyst for acetal formation. Our results
indicate that ®-AICI3 is useful for most acid-catalyzed de-
hydration reactions.

The scope of the reaction of various aldehydes and alco-
hols with ®-AICI3 and noncatalyzed conditions is shown in
Table I. These results indicate that the more sterically hin-
dered alcohols react more slowly and that electron-with-
drawing groups attached to the benzaldehyde enhance ace-
tal formation. The latter point is demonstrated by compet-
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Notes

Table |
Acetal Formation

Registry no. Aldehyde Alcohol
100-52-7 Benzaldehyde I-Butanolc
Benzaldehyde 2-ButanoF
552-89-6 o-Nitrobenzaldehyde 1-Butanol
o-Nitrobenzaldehyde 1-Butanol
104-88-1 p- Chlorobenzaldéhyde 1-Butanol
123-11-5 p- Anisaldehyde 1-Butanol
90-02-8 o-Salicylaldehyde 1-Butanol
535-16-8 p-Nitrobenzaldehyde 1-Butanol

Mole ratio T.eftip, %yield0
aldehyde/alcohol °C Time, hr No catalyst  (?) -AICI3*
0.21 95 2.5 8 21
0.21 95 92 0 0
0.21 45 3 1 40
0.21 95 18 0 62
0.21 95 18 1 32
0.21 95 93 0 0
0.21 95 47 0 0
0.21 95 24 0 48

“Yields determined by VPC with added internal standard of m-chlorotoluene. bOne-half gram of (PfAIClaUsedper 20mmolof aldehyde

¢ Registry no., 71-36-3. dRegistry no., 78-92-2.

Table 11
Competitive Rate Factors for Dibutyl Acetal Formation
from Para-Substituted Benzaldehydes*

Substituent V *H
no?2 1.36
n(ch32 0.00
H 1.00
Cl 1.06

° 20 mmol of substituted benzaldehyde, 20 mmol of benzalde-

hyde, excess 1-butanol, and 0.55 g of (?)AICI3 stirred at 55°.
bRegistry no., 100-10-7.

itive rate data (see Table Il) for various para-substituted
benzaldehyde reactions with 1-butanol and ©-AICI3.

Consistency of ©-AICI3 preparation was demonstrated
by two different batches which gave yields of the acetal
from o-nitrobenzylaldehyde and 1-butanol within 0.1%.
Some catalysis by polymer (styrene-1.8% divinylbenzene
copolymer) alone was also shown in the case of the o-nitro-
benzaldehyde-1-butanol reaction. Yields of 67% acetal
compared to the ©-A1C13 catalysts were observed. The
cross-linked polystyrene alone probably works as an en-
trapment agent for the water formed in the reaction. The
total catalytic activity of ®-AICI3 is no doubt derived from
both its Lewis acid nature of the bound aluminum chloride
plus the ability of the cross-linked polystyrene to entrap
water.

The ©-AICL was also an effective catalyst for the hy-
drolysis of acetals. For example, heating the diethyl acetal
of o-chlorobenzaldehyde with ©-AICL in benzene-metha-
nol-water (2:6:1) for 17.5 hr gave a 61% yield of o-chloro-
benzaldehyde together with 34% of o-chlorobenzaldehyde
dimethyl acetal and 5% of a product tentatively identified
as the methyl ethyl acetal. Under similar conditions a
blank containing all reagents but ®-AICI3 produced only
4% of the aldehyde and 2% of the mixed methyl ethyl ace-
tal.

®-AICI3 is a useful catalyst for synthetic reactions which
require both a dehydrating agent and a Lewis acid. Though
its versatility is rather limited, on a larger scale, it may be
quite useful because the reagents can be recycled and be-
cause the catalyst’'s reactivity is somewhat attenuated be-
cause of the presence of the polymer. For reactions requir-
ing an acid catalyst in compounds with a sensitive secon-
dary functional group, ©-AICL may well be the reagent of
choice. Extensive electron microscopic studies detailing the
exact structure of ©-AICL will be published shortly.

Experimental Section

All alcohols and aldehydes were reagent grade and the latter
were redistilled prior to use. ©-AlCI3was prepared as before.3

General Procedure. Reactant concentrations, temperatures,
times, product, and yield data are given in Table I. The aldehyde,
alcohol, anhydrous benzene (5 ml/20 mmol of aldehyde), and 0.5 g
of ©-AICL per 20 mmol of aldehyde were stirred in a closed reac-
tion tube for the appropriate temperature. After the desired reac-
tion time, aliquots were removed and analyzed by gas-liquid chro-
matography on a Hewlett-Packard Model 5750 flame ionization
gas chromatograph. The columns used were 6 ft X 0.125 in. 3% sili-
con gum rubber on Chromosorb W and 10% Carbowax 20M on
Chromosorb P. Yields were determined by the addition of the in-
ternal standard of m-chlorotoluene. Preparative reactions were
performed as above. Isolation of products was accomplished by fil-
tration of ©-AICL and distillation of the filtrate. Products were
identified by VPC, NMR, ir, and comparison with authentic sam-
ples.
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The use of an optically active NMR shift reagent, such as
Eu(hfac)3, offered an interesting approach to the problem
of the determination and correlation of configuration, or
the evaluation of the optical yield of reactions. The princi-
pal effect of such optically active shift reagents is the sepa-
ration of NMR signals for the corresponding enantiomers
by the selective complexation of one enantiomer. In this
study we report the application of Eu(hfac)3 (europium 3-
trifluoroacetyl-d-camphorate) to the determination of the
configuration at C-2 of a series of derivatives of 2-methyl-
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5,6-dihvdro-a-pyran 6,6-diacids. The five compounds we
used were (2i?)-2-methyl-5,6-dihydro-a-pyrano-6,6-dicar-
boxylic acid (1), the dimethyl ester of this acid (3), diethyl
2-methyl-5,6-dihydro-or-pyrano-6,6-dicarboxylate (2), di-
ethyl cis-2,5-dimethyl-5,6-dihydro-o'-pyrano-6,6-dicarbox-
ylate (4), and diethyl trans-2,5-dimethyl-5,6-dihydro-a-
pyranodicarboxylate (5). The conformation of this family
of compounds has recently been established.1 3 The work-
ing principle of our study is that the ozonolysis of optically
active compound 1 (or 3) gives the lactic acid4 (Scheme 1).
Comparison of the NMR spectra of model optical isomers
of lactic acid (R or S) and the lactic acid obtained from the
ozonolysis—recorded in the presence of Eu(hfac)3 in etha-
nol-d— permitted us to conclude that the lactic acid from
the ozonolysis is 70% R. In fact, the induced shifts of CH
and CHs protons were different for the isomers of lactic
acid. These shifts are bigger for the complex of the R acid
and Eu(hfac)3 We reexamined the 220-MHz NMR spectra
of compounds 1 and 3 (optically active) and their racemic
derivatives 2, 4, and 5. The spectrum of 3 recorded in the
presence of Eu(hfac)3 revealed that the induced shifts of
the H-2 and CH3-2 protons are ¢ 0.98 and 0.52,5 respective-
ly (Table I).

The direct application of Eu(hfac)3 to the racemic com-
pounds 2-5 showed a separation of the signals for H-2 and
CH3-2. Comparison of the values of the induced shift for
the racemic and the optically active (R)-3—with the same
quantity of the shift reagent—permitted us to conclude
that of the pairs of optical isomers the one with a larger AS
has the R configuration. On searching for the verification of
this conclusion, we observed a similar splitting of signals
for the ester 2, which means that the complex R ester-d
shift reagent showed a slightly larger AS than the epimeric
complex S ester-d shift reagent. The quasjracemate forma-
tion between the optically active shift reagent and the
asymmetric center of the compound is characterized by the
smaller AS. This is a different representation of the fact
that the lanthanide complex has its own symmetry.

For the two diastereomers 4 and 5 (asymmetric centers
at C-2 and C-5), the corresponding racemic mixtures are
composed of R,S + S,R and R,R + S,S, respectively. A sep-
aration of signals by the same method was observed for the
protons of H-2 and CH3-2 but the corresponding signals of
H-5 and CH3-5 remained unchanged. These results can be
explained by the position of the complexation site, which
for the dihydropyranol esters is known to be on the oxygen
close to C-2.1

The successful application of the optically active shift re-
agent technique to the reactions of epimerization, racemi-
zation, asymmetric induction, or simply to the identifica-
tion of configuration depends mainly on the use of a high-
resolution spectrometer and an appropriate solvent, and on
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Table l
Chemical Shifts of Selected Protons*

H2 CH32 H5 OB5 H3 H4
Lactic acid (R)b 450 1.34
Lactic acid (S)b 4.28 1.19
1 (R) 4.84 145 3.10 5.52 5.92
2 (2R) 5.01 1.62 5.55
3.19 5.86
(2S) 490 152 5.51
3 (2R) 512 1.57
) 490 1.49 3.22 5.82 6.17
4 (2R,58) 5.22 181 5.66
(2S,5R) 5.11 1.73 325 125 5.62 6.03
5 (2R,5R) 4.89 1.64 5.73
3.30 '
(25,58) .4.78 1.53 1.28 5.70 6.02

aAfter addition of 0.1 mol of Eu(hfac)3 in CDCI3 (10.0%). "In
ethanol-d.

the asymmetric center being relatively close to the com-
plexation site.

Experimental Section

The prefix dl has been omitted from the names of most racemic
compounds described. The NMR spectra in CDC13 CD30D, or
C2D50D were registered on a Varian HR 220 MHz spectrometer.
The shift reagent Eu(hfac)3 was purchased from Norell Chemical
Co., Ltd. The compounds 1-5 were prepared in a bomb tube and
purified by preparative VPC.14 The ozonolysis was carried out in
the Mathieson ozonizer in 10% methanol solution. The physical
constants of the compounds follow: 1, mp 112-114° (yield 60%); 2,
bp 79° (0.1 mm) (55%); 3, mp 92-93° (50%); 4, bp 82° (0.17 mm)
(47%); and 5, bp 84° (0.12 mm) (34%). The separation of the opti-
cal isomers of 1 [aD (H20) +14°] has been carried out through the
brucine salt recrystallization. The (R)-lactic acid [aD (H20) +3.8°]
was bought from Sigma Chemicals Co.
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The 1,2 shift of cyclopropyl to an electrophilic center rel-
ative to hydride, alkyl, and phenyl shifts has been investi-
gated in a number of reactions. In the reaction with nitrous
acid of 2-cyclopropylethylamine2 and in the solvolysis of
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alkyl brosylates and tosylates,3 the ratio of cyclopropyl to
hydride and methyl shifts was greater than 1, but solvolysis
reactions of cyclopropyl have often been complicated by
ring-opening reactions4,5 and diazotization reactions of ali-
phatic amines have given contradictory results in other
cases. Although hydride shift predominates over alkyl or
cycloalkyl group shifts in most reactions reported, it is dif-
ficult, for example, to interpret the variations in the hy-
drideralkyl shift ratio from 1.3-1.6 found in the reaction
with nitrous acid of isobutylamineé to the predominant
methyl shift found in the reaction of t/treo-3-phenyl-2-
butylamine7 and to the strong predominance of hydride
over ethyl and cyclohexyl shift products (93:4.5:2.5) in the
reaction of (S)-l-amino-2-cyclohexylbutane investigated
by Kirmse.8 We have sought to compare cyclopropvl vs. hy-
dride shifts in a reaction with fewer complications.

The reaction of amino alcohols with nitrous acid has
served in somewhat the same way as the pinacol rearrange-
ment as a test of the relative ability of substituent groups
to donate an electron pair to an electrophilic site.9,10 Rela-
tive shifts are known to be affected by the conformational
equilibria of the amino alcohols.10,11 To equalize these, we
have compared the cyclopropyl and isopropyl shift prod-
ucts with hydride shift products formed in the reaction
with nitrous acid of amines 1 and 2.

2-Amino-Il-cyclopropylethanol (1) and I-amino-3-
methyl-2-butanol (2) were synthesized from cyclopropane-
carboxaldehyde and 2-methylpropanal by condensation
with nitromethane and reduction of the nitro alcohols.

Ri
ch2nh?

R,
OH

1 Rj = H; R2= cyclopropyl
2, R, = H; R, = isopropyl
4, R, —phenyl; R(= isopropyl

The reaction of nitrous acid with 1 yielded cyclopropyl-
acetaldehyde, cyclopropanecarboxaldehyde (in an overall
40% yield of carbonyl compounds, cyclopropylacetaldehyde
was the major portion) and cyclopropyloxirane (3, 10%).
The formation of cyclopropanecarboxaldehyde probably
resulted from oxidative cleavage of the starting material or
of cyclopropylethylene glycol. Under similar conditions,
propylene glycol gave rise to carbonyl compounds, one of
which was tentatively identified as acetaldehyde. The cy-
clopropyl shift was the only one observed; it is estimated
that less than 2% of cyclopropyl methyl ketone could have
been formed.

It is possible under certain conditions for alkyl epoxides
to isomerize to aldehydes in the presence of acid;12 so it was
necessary to determine whether the cyclopropylacetal-
dehyde might have resulted from the ring opening of pro-
tonated 3, a reaction path which would involve no 1,2-cy-
clopropyl shift. To investigate this possibility, 3 was pre-
pared in 31% vyield by the action of dimethylsulfonium
methylide on cyclopropanecarboxaldehyde and in very low
yield by the epoxidation of vinylcyclopropane. When 3 was
subjected to the identical reaction conditions used in the
reaction of 1 with nitrous acid no cyclopropaneacetal-
dehyde was formed.

The reaction of nitrous acid with 2 yielded 3-methyl-2-
butanone (30%) and 3-methyl-1,2-epoxybutane (10%). The
presence of 3-methyl-2-butanone and the absence of any
detectable quantity of 3-methylbutanal in the product in-
dicates that the isopropyl group is unable to compete suc-
cessfully with hydride for migration.

In this case also the possibility that the 3-methyl-2-buta-

Notes

none was formed via the intermediate 3-methyl-1,2-epoxy-
butane was tested. 3-Methyl-1,2-epoxybutane was pre-
pared by the epoxidation of 3-methyl-lI-butene. When this
epoxide was subjected to the identical reaction conditions
used in the reaction with nitrous acid of I-amino-3-methyl-
2-butanol, no carbonyl compound was formed.

It is expected10 that the conformation of the hydroxy di-
azonium ion formed from 1 should be a major factor in de-
termining relative shifts; related amino alcohols have been
shown13 to have hydroxyl and amino functions in gauche
conformation. The ratio of conformation 5 (preferred),
with the bulky group trans to the amino group, to confor-
mation 6, with [Lhydrogen trans to the amino group, should
differ little between cyclopropyl and isopropyl. There is
precedence for the marked predominance of 1,2 shift of a
group in which anchimeric assistance is facile in the work
of House,14 who found 99% phenyl shift in the reaction
with nitrous acid of 4. The formation of 3-methyl-2-buta-
none is consistent with the predominant shift of hydride in
the nitrous acid reaction of aminobutanes.8 The formation
of cyclopropylacetaldehyde is consistent with conforma-
tional preferences and with earlier observations2's of an-
chimeric assistance by cyclopropyl. The stabilization of an
intermediate leading to cyclopropyl shift may be attributed
to a wcomplex as suggested by Dewar and Harris.4 This in-
terpretation is related to our earlier explanation of the re-
sults of deamination of 2-cyclopropylethylamine.2 Whatev-
er the explanation, the marked difference in behavior of 1
and 2 is further evidence of the ready participation of cy-
clopropyl in reactions involving a neighboring electrophilic
center.

Experimental Section15

1- Cyclopropyl-2-nitroethanol. To a stirred solution of 70 g

(1.0 mol) of cyclopropanecarboxaldehyde and 61 g (1.0 mol) of ni-
tromethane in 150 ml of methanol, cooled in ice, 40 g (1.0 mol) of
sodium hydroxide in 150 ml of water was added dropwise. A white
solid precipitated during the 1-hr addition; after stirring for an ad-
ditional 30 min, 62 g (1.0 mol) of glacial acetic acid was added
dropwise. The organic layer was combined with ether extracts (2 X
500 ml) of the aqueous layer and dried with anhydrous sodium sul-
fate. Solvent was then removed under vacuum and gentle warming,
and 119 g (90%) of 2-nitro-lI-cyclopropylethanol, bp 74-74.5° (2.0
mm), was obtained. Anal.16 Calcd for C5SHONO3 C, 45.80; H, 6.92;
N, 10.68. Found C, 45.58; H, 7.44; N, 10.98.

2- Amino-l-cyclopropylethanol (1).
ethanol, 100 g (0.76 mol), in 250 ml of dry ether was added drop-
wise during 3 hr to a stirred refluxing slurry of 64 g (1.7 mol) of
lithium aluminum hydride in 2 1 of dry ether. Reflux was main-
tained for 2 hr, and the mixture was decomposed by dropwise ad-
dition of 600 ml of 2-propanol followed by 170 ml of water saturat-
ed with sodium chloride. After stirring for 5 hr, the mixture was
filtered and the white precipitate of aluminum and lithium hy-
droxide was continuously extracted with 1:3 2-propanol-ether.
The extracts and the original filtrate gave 40 g (51%) of 1, bp 89-
94° (12 mm). Anal.16 Calcd for C5SHu NO: C, 59.37; H, 10.96; N,
13.84. Found: C, 59.40, 59.30; H, 10.53, 10.67; N, 14.10.

Reaction of 1 with Nitrous Acid. A solution of 10.5 g (0.15
mol) of sodium nitrite in 50 ml of water was added dropwise to a
stirred solution of 15 g (0.15 mol) of 1, 12 ml of 12 M hydrochloric
acid, and 150 ml of water. The temperature was kept below 5° dur-
ing the addition and for 1 hr afterwards. The reaction mixture was
then warmed to 50° until evidence of nitrogen evolution had
ceased and extracted with 10 ml of ether, and the extract was dried
over anhydrous sodium sulfate. Vapor chromatography on col-
umns A and B17showed only two peaks. The smallest one of these
was shown to have retention times on both columns identical with
those of a sample of 3 which was synthesized for reference.18 The
larger peak exhibited retention times that were different from that
of cyclopropyl methyl ketone and identical with those of both cy-
clopropanecarboxaldehyde and cyclopropylacetaldehyde on both
columns. Silica gel TLC of the 2,4-dinitrophenylhydrazone deriva-
tive of the crude reaction mixture (3:1 benzene-petroleum ether)
indicated the presence of both aldehydes. Identification was made

I-Cyclopropyl-2-nitro-
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by preparing and chromatographing samples of the dinitrophen-
ylhydrazones. Fractional crystallization of the crude mixture of
2,4-dinitrophenylhydrazones from ethanol gave a sample (mp
131-132°) which did not depress the melting point of a known
sample of cyclopropylacetaldehyde 2,4-dinitrophenylhydrazone.

Cyclopropyloxirane (3). Cyclopropanecarboxaldehyde, 7.0 g
(0.10 mol), was stirred under nitrogen with 28.6 g (0.14 mol) of tri-
methylsulfonium iodide in 60 ml of dimethyl sulfoxide. A solution
of 14.0 g of potassium tert- butoxide in 150 ml of dimethyl sulfox-
ide was added dropwise with stirring during 30 min while cooling.
After stirring for an additional 15 min, 300 ml of water was added
slowly while cooling with ice. The solution was extracted with
ether (3 X 500 ml) and the extract was washed with water and
dried over molecular sieves. Distillation on a Teflon spinning band
column gave, after removal of ether and teri-butyl alcohol, 2.6 g of
3: bp 85-90° (lit.12bbp 100°); NMR (neat) &0.1-0.4 (m, 4 H, cyclo-
propyl CH2), 0.5-0.8 (m, 1 H, cyclopropyl CH), 2.4-2.7 (m, 2 H, ox-
irane CH2), 2.1-2.3 (m, 1 H, oxirane CH).18 Anal.19 Calcd for
C5H80: C, 71.39; H, 9.59. Found: C, 71.12; H, 9.75.

Cyclopropyloxirane (3) was first prepared from vinylcyclopro-
pane but the amount was not sufficient for complete identification.
A solution of 35 g (0.20 mol) of m-chloroperoxybenzoic acid in 60
ml of dry ether was added dropwise during 1 hr to a stirred solu-
tion of 10.5 g (0.15 mol) of vinylcyclopropane20 maintained at 20°.
After stirring for 2 hr, the mixture was extracted with 10% sodium
hydroxide solution, washed with water, and dried. After removal of
the ether, VPC using column B17 indicated one volatile product in
addition to ether and a small amount of vinylcyclopropane.

Reaction of Nitrous Acid with 3. A solution of 1.66 g (0.024
mol) of sodium nitrite in 8.0 ml of water was added dropwise to a
stirred solution of 2.0 g (0.024 mol) of 3, 1.9 ml of 12 M hydrochlo-
ric acid, and 23.5 ml of water. The conditions of the reaction of 1
with nitrous acid were duplicated. The mixture was extracted with
two 4-ml portions of ether and the extracts were dried over molec-
ular sieves. Gas chromatography of the ether solution on column
B 17 showed only one major component besides ether. This compo-
nent had a retention time identical with that of 3 and different
from those of cyclopropylacetaldehyde, cyclopropanecarboxal-
dehyde, and cyclopropyl methyl ketone. Treatment of the product
with 2,4-dinitrophenylhydrazine yielded no precipitate.

.Reaction of Nitrous Acid with I-Amino-3-methyl-2-butanol.
1- Amino-3-methyl-2-butanol, bp 88-90° (40 mm) [lit.2l bp 174°
(734 mm)], was prepared in 42% overall yield from 2-methylpropa-
nal by the same route used for 2-amino-1-cyclopropylethanol.
Dropwise addition of 32 g (0.45 mol) of sodium nitrite in 100 ml of
water to a stirred solution of 45 g (0.45 mol) of lI-amino-3-methyl-
2- butanol in 500 ml of water containing 35 ml of 12 M hydrochloric
acid, maintained below 5°, was followed by stirring (30 min),
warming, and refluxing (10 min). The reaction mixture was ex-
tracted with two 75-ml portions of ether, and the dried ether solu-
tion was concentrated. Vapor chromatography on columns A and
B17 showed the presence of only 3-methyl-l,2-epoxybutane and 3-
methyl-2-butanone, in a ratio of 1.3 (in approximate 40% yield),
identified by comparison of retention times with those of authentic
samples. 3-Methylbutanal, with a different retention time, was not
present. The 2,4-dinitrophenylhydrazone, mp 123-124°, was pre-
pared and did not depress the melting point of an authentic sam-
ple of 3-methyl-2-butartone 2,4-dinitrophenylhydrazone.

Reaction of 3-Methyl-1,2-epoxybutane with Nitrous Acid.
The epoxide was prepared in 63% yield from 3-methyl-I-butene by
reaction with m-chloroperoxybenzoic acid.22 A solution containing
2.0 g (0.023 mol) of 3-methyl-l,2-epoxybutane, 1.75 ml of 12 M
HC1, and 25 ml of water was stirred and the temperature main-
tained below 5° while a solution of 1.60 g (0.023 mol) of sodium ni-
trite in 5 ml of water was added dropwise. After 30 min, the stirred
solution was warmed to 20° and then refluxed for 10 min. It was
then extracted with two 4-ml portions of ether, and the ether ex-
tract was dried over molecular sieves. Gas chromatography on col-
umn B17 indicated the presence only of ether and 3-methyl-I,2-
epoxybutane. Treatment with 2,4-dinitrophenylhydrazine gave no
solid. »

Registry No.—I, 54120-02-4; 2, 17687-58-0; 3, 21994-19-4;
I-cyclopropyl-2-nitroethanol, 54120-03-5; cyclopropanecarboxal-
dehyde, 1489-69-6; nitromethahe, 75-52-5; nitrous acid, 7782-77-6;
cyclopropanecarboxaldehyde 2,4-dinitrophenylhydrazone, 36873-
36-6; cyclopropylacetaldehyde 2,4-dinitrophenylhydrazone,
54120-04-6; potassium tert-bdtoxide, 865-47-4; 2-methylpropanal,
78-84-2; 3-methyl-1,2-epoxybutane, 1438-14-8; 3-methyl-2-buta-
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none, 563-80-4; 3-methyl-2-butanone 2,4-dinitrophenylhydrazone,
3077-97-2.
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A New Reaction of Trithioorthoacetates. Reaction
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Reactions of trithioorthocarboxylates are relatively un-
known.1 In our earlier work2 it was found that when aryl
trithioorthoacetates (ArS)3CCH3 were dissolved in trifluo-
roacetic acid-d, rapid and complete isotopic exchange oc-
curred at room temperature and on evaporation of the sol-
vent deuterated compounds (ArShC-CDs were obtained
guantitatively. As an extension of this work trifluoroaeety-
lation of (ArS)3C-CH23 was tried and we now wish to report
the results.

As anticipated, the reaction did proceed quite easily at
room temperature, but the products, obtained in high
yields, were (ArS"C—CHCOCF3 instead of (ArS~C-
CH2COCF3 (Ar, yield, %: P-CH30C6H4, 58; P-CH3C6H 4,

(CFX0)20
(ArS)X— CH3 ——~—— * (ArS)X=CHCOCF3

98; CeH5, 100; p-ClCeHU, 75). Physical properties together
with analytical data for the acylation products are listed in
Table 1.

Similarly, reactions of (ArS)3C-CH3 with (CCIsCO”O
(refluxing for 1 day in CHC13) gave (ArS)2C==CHCOCCI3
(Ar, yield, %: Ph, 76; p-CH3C6H4, 28). The acid chloride
CCI3COCI can also be used, the yields being improved in
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Notes

this case up to 100 and 76% for the phenyl and p-tolyl com-
pounds, respectively.

Acylation of (ArS)3C-CH3 with CHC12COC1 was per-
formed by refluxing in CHCI3 for 15-72 hr, affording (Ar-
S)2C=CHCOCHC12 (Ar, yield, %: Ph, 54; p-CH3C6H4, 33).

Monochloroacetylation is also possible. For example, (p-
CH3C6H4S)3C-CH3 gave after refluxing with CH2C1COC1
in chlorobenzene for 18 hr (p-CH3C6H4S)2C=CH-
COCHZXCI in 37% yield, with recovery of some starting ma-
terial. Neither (CH3C0)2 nor CH3COCI3 reacted with
(ArS)3C-CH3.

This reaction can also be applicable to dithioketals; (p-
CH3CEH4S)2PhC-CH3 reacted with (CF3C0)20 at room
temperature to give a 33% yield of (p-CH3C6H4S)PhC=
CHCOCF3.

It seems probable that the products (ArS)2C=
CHCOCF3 result from electrophilic attack by the acid an-
hydride on (ArS)2ZC=CH 2 formed by acid-catalyzed elimi-
nation of ArSH from the trithioorthoacetates. In favor of
this view, ketene dithioacetals react with the acid anhy-
dride to give the same products.4 Furthermore, although
the reaction of trithioorthoacetates is inhibited by adding
small amounts of pyridine, if we start with ketene dithio-
acetals, the reaction proceeds quite favorably in the pres-
ence of pyridine, and formation of resinous materials is
avoided. However, we have facts indicating that the two
reactions are mechanistically different in some respects.

Experimental Section

Trithioorthoacetates. All trithioorthoacetates were prepared
by heating corresponding thiolacetates (5 mmol) and thiophenols
(20 mmol) for 2 hr at 50° using a small amount of p-toluenesulfon-
ic acid as a catalyst and recrystallized from benzene or n-hexane.
(CeHgShCCHSs: mp 1470.5 (p-CHsOCeH”sCCHSs: mp 158°; NMR
(CDCI3) t 280 (q, 12 H), 6.17 (s, 9 H), 868 (s, 3 H). (p-
CH3C6H4S)3CCH3 mp 147°; NMR (CDC13) r 2.67 (g, 12 H), 7.63
(s, 9 H), 8.64 (s, 3H). Anal. Calcd for C23H24S3 C, 69.65; H, 6.10; S,
24.25. Found: C, 69.52; H, 6.16; S, 24.04. (p-CIC6H4S)3CCH3 mp
111°; NMR (CDCI3) © 2.60 (q, 12 H), 8.62 (s, 3 H). Anal. Calcd for
C2dHi5S3C13 C, 52.46; H, 3.30; S, 21.01; Cl, 23.25. Found: C, 52.31;
H, 3.36; S, 20.99; Cl, 23.42.

Acylation of Trithioorthoacetates. In atypical experiment 3g
(14.3 mmol) of trifluoroacetic anhydride was added to a solution of
(p-CH3C6H4S)3CCHS3 (3 g, 7.58 mmol) in CHC13 (8 ml) and the
mixture was stirred for 20 hr at room temperature or for 2 hr at
40°, and gave after evaporation of the solvent 2.74 g (98% yield) of
(p-CH3C6H4S)2C=CHCOCF3 as white needles, mp 160°. If neces-
sary, the raw products were submitted to column chromatography
on silica gel and then purified by recrystallization from appropri-
ate solvents. All spectroscopic and analytical data are tabulated in
Table I.

H-D Exchange Experiments. For example, a solution of
(C6H5S)3CCH3 (0.1 g) in CDCI3 (0.3 ml) was mixed with 0.5 ml of
CF3CO2H in a NMR tube and its NMR spectrum was recorded im-
mediately at 35°. A peak for methyl at 5 1.40 in CDCI3 shifted to 6
2.93 and disappeared almost completely when CF3CO2D was used
instead of CF3C02H. In an isolation experiment, evaporation of
the solvent gave (PhS)3CCD3 almost quantitatively. This material,
the deuterium content of which was estimated to be more than
90% by NMR integration in CDCI3 was converted back to
(PhS)3CCH3 by dissolving it into CF3C02H and confirmed by mix-
ture melting point.

Acknowledgment. The authors are grateful for the able
assistance of Mr. Kéichi Yamane in performing these ex-
periments.

Registry No.—(C6H5S)3CCH3,  14859-20-2; (p-CH30-
C6H4S)3CCH3, 39141-48-5; (p-CHgCeHiSlaCCHg, 35446-98-1; (p-
C1C8H4S)3CCH3, 39141-50-9; (CF3C0)20, 407-25-0; (CC13C0)20,
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CH3C6H4S)2PhCCH3, 54083-69-1; thiophenol, 108-98-5; p-
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chlorothiophenol, 106-54-7; dithioacetic acid, 594-03-6.
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In a previous communication* we reported that the sig-
nals assigned to H-6' in the NMR spectra of 1 showed split-
tings of ca. 1.5 Hz in addition to those expected from gemi-
nal coupling between H-6 and H-6". The conformation of 1
is believed to be that shown here and was derivedl1 mainly

b R = Et

from nmr data. It can be seen that the protons most likely
to be responsible for the additional splitting are H-10 (ben-
zylic coupling),2 H-4a (coupling across four single bonds),2
or H-10b (homobenzylic coupling).2 The original sugges-
tionlof long-range coupling between H-6' and H-4a would
represent an unusual case of substantial coupling across
four single bonds in non-W configuration.2 An earlier re-
port proposing such a case3 has been shown to be incor-
rect.4

We now present conclusive evidence from 100-MHz mul-
tiple resonance studies and from studies on the 4a-deuterio
derivative of la that the observed interaction results from
homobenzylic coupling between H-6" and H-IOb. The spec-
tra of 1 have been reexamined in CDCI3 at 100 MHz5 by
the Sydney group and, with the aid of multiple resonance
experiments, it was established that the proton responsible
for the long-range interaction with H-6' (multiplet, 5 2.52
in la) also interacts with H-10 (J a* 0.8 Hz, benzylic cou-
pling).2 Clearly, the resonance at 52.52 must be due to H-
10b and the long-range interaction responsible for the ad-
ditional splitting of the signals due to H-6' is a homobenzy-
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lic coupling.2 An analogous series of results was also ob-
tained for Ib. A careful measurement of the splittings in
the signals due to H-6', while the residual broadening due
to interaction with H-10 was removed by decoupling,
showed J&,iob ~ 1-88 + 0.03 Hz in la and 1.69 + 0.03 Hz in
Ib, the largest homobenzylic interactions reported so far.26
The assignment is confirmed by the spectrum of 5-methyl-
7,8,9-trimethoxy-4a,10b-irarcs-1,2,3,4,4a,5,6,10b-octahy-

drophenanthridine-4a-d, in which the signal of H-6' has
the same multiplicity as seen with the undeuterated la.

It is significant that these interactions and the similar,
slightly smaller, spin-spin coupling in some sterically anal-
ogous steroids with ring A aromatic4 are between trans dis-
posed pseudo-axial protons, which is a particularly favor-
able juxtaposition for cisOid homoallylic coupling,7 a relat-
ed long-range spin-spin interaction.

In a previous communication8 we have also reported
homoallylic coupling constants of about 2 Hz between H-4a
and the C-6 methyl protons in 6-methyl-7,8,9-trimethoxy-
4a,10b-frans- (2) and -4a,10b-cis-1,2,3,4,4a,10b-hex£ihydro-
phenanthridine (3). These two compounds represent exam-
ples of transoid homoallylic coupling where a methyl group

assumes the equilibrium conformation in systems where
one sp2 carbon is replaced by an sp2-hybridized nitrogen
atom. In view of the conformational dependence of homoal-
lylic coupling constants,7 the similarity of the observed
homoallylic coupling constants in the trans and cis isomers
indicates that H-4a must have essentially the same confor-
mational relationship to the double bond in the two iso-
mers, that is, one in which the dihedral angle between H-4a
and the plane of the double bond approaches 90°. This re-
quires that the predominant solution conformation of the
cis isomer 3 be that in which the cyclohexane ring has the
chair conformation with H-4a in equatorial and H-IOb in
axial orientations, contrary to what was previously pro-
posed8on the basis of chemical shift arguments. The 100-
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MHz spectrum of the 1,1,4,4-tetradeuterated derivative of
3 gives chemical shifts of 5 3.35, 2.48, and about 2.5 for H-
4a, the methyl group, and H-IOb, respectively, and cou-
pling constants of J4aiob = 4.6 and J4aCH3 = 2.4 Hz. By
analogy, a similar correction seems in order for the pro-
posed solution conformation of the parent 7,8,9-trime-
thoxy-4a;10b-cis-1,2,3,4,4a,10b-hexahydrophenanthridine.8
The predominance of the conformation where H-4a is
equatorial and H-IOb axial is also consistent with the ob-
served allylic coupling constant of about 3 Hz (presumably
negative) between H-6 and H-4a.8 Although the alternative
conformation, where H-4a approaches coplanarity with the
double bond, could lead to positive allylic coupling,9 the
deviation from coplanarity by about 20° should yield a cou-
pling constant of somewhat smaller magnitude than that
observed.

The incorporation of deuterium on carbons 1 and 4 of 3
was accomplished by using I|,3-butadiene-i,7,4,4-d410 in
the Diels-Alder condensation step of the synthetic scheme
of 3.1,8’11 Incorporation of deuterium on the 4a position in
la was accomplished by base-catalyzed deuterium ex-
change on the trans-2-(3,4,5-trimethoxyphenyl)nitrocyclo-
hexane intermediatell in a mixture of D20 and tetrahydro-
furan. The deuterated nitro compound was reduced to the
corresponding amine with iron in acetic acidi2 and was
found to contain about 90% deuterium at C-1 by NMR.
The amine was converted to the deuterated analog of la by
the previously described procedure.!
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It is well known that furan can react with ionict or radi-
cal2 reagents, giving both substitution and 2,5-addition

Notes

products; we wish now to report a case in which a 2,3-addi-
tion to the furan ring can explain the reaction products.
Furan was allowed to react with p-bromophenylthio rad-
icals generated by H20 2/Fe2+ oxidation of the parent thiol
in tert-butyl alcohol-water mixture under the conditions of
the Fenton reaction.3 The reaction products were 2,3-bis(p-
bromophenylthio)furan (I) and 2-(p-bromophenylthio)fu-
ran (I1) in 2:1 ratio; p-bromodiphenyl disulfide (111) was
also separated. Gas chromatographic analysis of the reac-
tion mixture indicates absence of 2,5-bis(p-bromophenyl-
thio)furan or 3-(p-bromophenylthio)furan (Scheme I).

Scheme |
HO, + H+ + Fe+ —- HO- + HD + Fe3+
ArSH + -OH —> ArS- + HD

).yj—SA: + 1 irJ-SAr + (ArS),

ArS SAr +

Thio aryl radicals were also generated in furan by hydro-
gen abstraction with iert-butoxy radicals from p-bro-
mothiophenol or by cumene hydroperoxide initiated autox-
idation4 of p-bromothiophenol; in these cases the only ad-
dition product formed was Il in low yields.

The products of the Fenton reaction can reasonably be
rationalized by a mechanism involving the oxidation of the
a complex IV by ferric ions, the cation V formed then
reacting with a molecule of thiophenol giving the dihydro
derivative VI, readly dehydrogenated to | (Scheme I1).

The attack of thiophenol at position 3 of the cation V can
be explained by the participation of the lone pair of the
sulfur atom attached to the ring; this effect is well known
in other systems.

We believe that the fully homolytic pathway that could
be devised to explain the formation of I (Scheme I11) is not

Scheme 11

IV + PhS- —- [VI] —» | + RH
realistic because of the lack of formation of I in the reaction
carried out in the absence of ferric ions. In this case, in fact,

the only product is the “normal” 2-substitution product
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(1. This is in agreement with the experimental results
available in the literature,6 where no evidence can be found
to consider that d-arylthio radicals are bridged.

Compound | could be formed by further substitution on
11, but when 11 was allowed to react under the conditions of
the Fenton reaction, no | was identified in the reaction
mixture.

Experimental Section

2-(p-Bromophenylthio)furan (I1). To a solution of rc-butylli-
thium [prepared from n-butyl bromide (2.29 g) and lithium (0.297
g) in dry ether] was slowly added at -30° 2-iodofuran6 (3.68 g) in
dry ether. The solution was allowed to reach ambient temperature
and stirred for 2 hr. The reaction mixture was then cooled again at
—70° and 4,4'-dibromodiphenyl disulfide (8.04 g) in dry ether was
added. The reaction mixture was left overnight without further
cooling, then hydrolyzed with HC1 (10%). From the ethereal layer,
after concentration and vacuum distillation, was obtained 2-(4-
bromophenylthio)furan (3.1 g), bp 120° (0.5 mmHg). Anal. Calcd
for CiOH7BrOS:C, 47.07; H, 2.77; S, 12.57; Br, 31.32. Found: C,
47.8; H, 3.0; S, 12.8; Br, 32.0.

Oxidation with H202 in acetic acid gave the corresponding sul-
fone, mp 123-124°. Anal. Calcd for CioHyBrOaS: C, 41.81; H, 2.44;
S, 11.15; Br, 27.87. Found: C, 41.7; H, 2.3; S, 11.3; Br, 27.6.

In the same way (from n-butyllithium, 3-iodofuran,7 and 4,4'-
dibromodiphenyl disulfide) was prepared 3-(p-bromophenyl-
thio)furan, bp 110° (0.5 mmHg) (Anal. Found: C, 47.5; H, 2.81; S,
12.8; Br, 31.12.) and the corresponding sulfone, mp 121-123°.

2,5-Bis(p-bromophenylthio)furan. 2,5-Bis(chloromercury)-
furan8 (14.7 g) was suspended in dry chloroform (500 ml) and 4-
bromosulfenyl chloride9 (17.8 g) in chloroform (50 ml) was added
under vigorous stirring. The mixture was refluxed for 20 min and
then washed with water. The dry organic layer was concentrated
and the residue was purified by column chromatography on silica
gel; 5.0 g of the product, mp 89-90°, was obtained. Anal. Calcd for
Ci6H,0Br20S2 C, 43.45; H, 2.28; S, 14.5; Br, 36.12. Found: C, 43.5;
H,2.3;S, 14.1; Br, 36.0.

2.t-Bis(p-bromophenylthio)furan. A mixture of 3,4-dibromo-
2-furoic acid10 (3 g), copper p-bromothiophenatell (6.27 g), chino-
line (60 ml), and pyridine (5 ml) was stirred at 200-210° for 3 hr.
The mixture, originally yellow-orange, turns green, then becomes
homogeneous.

To the cooled solution was then added 10% hydrochloric acid
(300 ml) and the mixture was extracted with benzene.

Chromatography on silica gel of the concentrated organic layer
gave 0.8 g of an oil (Anal. Calcd for Ci6HxoBr20S2: C, 43.15; H,
2.28; S, 14.5; Br, 36.08. Found: C, 43.8; H, 2.3; S, 14.5; Br, 36.4.)
which was directly oxidized with H20 2 in acetic acid to the corre-
sponding disulfone, mp 182-184°. Anal. Calcd for Ci6HioBr205S2:
C, 37.96; H, 1.99; Br, 31.57. Found: C, 38.0; H, 1.97; Br, 31.7.

Fenton Reaction. To a mixture of furan (70 ml), p-bromothio-
phenol (3.8 g), fer£-butyl alcohol (40 ml), and water (15 ml) was
slowly added an aqueous solution of FeSdt «<7H20 (6.2 g) and con-
centrated H2SO4 (2.2 ml), then, under vigorous stirring, 5.1 ml of
30% H20 2 during 1 hr, the temperature of the reaction mixture
being 5-10°. The reaction mixture was left overnight at room tem-
perature, then extracted with ether. From the ethereal solution
was removed the unreacted thiophenol (3 g) by washing with 10%
NaOH.

The residue was chromatographed on silica gel. The following
products were separated and identified by analysis and compari-
son of spectral data (ir, NMR) with those of authentic models:
4,4'-dibromodiphenyl disulfide (0.56 g), 2(p-bromophenylthio)fu-
ran (0.1 g), and 2,3-bis(p-bromophenylthio)furan (0.4 g). The lat-
ter product was oxidized to a sulfone, mp 182-184°, identical with
that obtained in the previously described independent synthesis.
No 2,5-bis(p-bromophenylthio)furan or 3-(p-bromophenylthio)fu-
ran were identified in the reaction products.
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The alkali metal catalyzed anionic addition of amines
and ammonia to olefins and conjugated dienes affords an
excellent route to alkyl-substituted amine systems.1-9
Yields as high as 76% have been reported with various
amines and olefins using lithium, sodium, or potassium
metal or their corresponding hydrides.6'9 Butyllithium has
been employed to form the lithium amide intermediate,
which readily adds to both vinyl aromatics and conjugated
dienes.1 The use of sodium metal for the addition of amines
to conjugated dienes has been studied extensively, In fact,
the sodium-catalyzed addition of dimethylamine to iso-
prene was originally reported to give 95% (V,7V,3-trimethyl-
2-butenylamine (1) and 3% of an enamine.4 However, sub-
sequent investigations have shown that the formation of
7V\N, 2-trimethyl-2-but.enylamine (2) and 4% of an uniden-
tified material, presumably 3, also occurred.10’11 Since the

CH,
| A~

(CH3NH + ch2 c—ch=ch2 — »

3 :
(CHYNCHXH=C(CH32-+ (CHYINCHX=CHCH3>

1 2
(CH32NCH=CHCH(CH32
3

base-catalyzed rearrangement of allyl amines to enamines
is known,12'13 the formation of 3 under these conditions is
not unlikely. In fact, the presence of 3 in the reaction mix-
ture has been confirmed by the isolation of the 2,4-dinitro-
phenylhydrazone of isovaleraldehyde from the acid hydrol-
ysis of the reaction mixture and the sodium-catalyzed rear-
rangement of 1to 3 has been studied.13 This anionic addi-
tion presented an interesting problem in the possible con-
trol of the ratio of 1,4-addition product to 4,1-addition
products, which are formed during the reaction, by chang-
ing the alkali metal catalyst used.

The sodium-catalyzed addition of dimethylamine to iso-
prene was conducted and gave three product peaks when
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the reaction mixture was analyzed by GLC. The major
component, N,/V,3-trimethyl-2-butenylamine (1), had a
boiling point of 120° and was obtained in about 70% vyield
but always contained about 7% of 3 that could not be sepa-
rated by distillation. The NMR spectrum of 1 had a triplet
centered at 5.3 ppm for the lone vinyl proton, a doublet at
2.9 ppm for the methylene between the vinyl group and the
nitrogen, a singlet at 2.2 ppm for the amino methyls, and
two singlets at 1.8 and 1.7 ppm for the vinylic methyls. The
shift in one of these methyl absorptions is due to its being
cis to the dimethylamino moiety.

Compound 2 had a boiling point at 76° and was isolated
GC pure in 23% yield by spinning band distillation. The
NMR spectrum of 2 had a multiplet for the lone vinyl pro-
ton centered at 5.4 ppm, asinglet at 2.9 ppm for the methy-
lene protons between the vinyl group and the nitrogen, a
singlet at 2.15 ppm for the amino methyls, a singlet at 1.6
ppm for one vinylic methyl, and a doublet at 1.55 ppm for
the other vinylic methyl. The latter is partially obscured by
the absorption for the other vinylic methyl. Although the
nature of the sterochemistry about the double bond cannot
be assigned from this data, the cis product is expected be-
cause of the nonpolar nature of the reaction media.l

In our experiments 3 could not be separated from 1 ei-
ther by spinning band distillation or by preparative gas
chromatography.

Our specific interest in maximizing the yield of 1 led us
to investigate the effects of various alkali metal catalysts9
on the product ratio for this reaction. These results are
summarized in Table I.

Table |
Alkali Metal Catalyzed Additions
of Dimethylamine to Isoprene

Reac-
Addition tion Total
Addition time, .time, Product.pfe:cgntageo _yield,
Metal temp, °C  hi hri> 1 2 3 %
Potassium 22-24 15 4 64.4 322 35 70
Sodium 0 2.5 1 718 224 4.0 90
Sodium 20-30 3 75.0 210 4.0 92e
Lithium 0 2 16 76.3 14.7 8.9 70
Lithium 0 6 14 742 18,1 7.7, 72
Lithium 22-25 2 3 76.6 16.6 6.8 70
LithiumO 0 2 14 66.3 20.7 13.1 12
Lithium"1 23-25 2 3 765 13.9 9.6 71

° Determined by GLC on a 12 ft x 0.25 in. stainless steel column
packed with 15% 1,2,3-tris(2-cyanoethoxy)propane on Chromosorb
W at 60°. 0Time at room temperature. ¢ Lithium dimethylamide
prepared from lithium metal and then isoprene added. dTetra-
methylethylenediamine added to activate the lithium amide.
e Reference 10.

The yield of 4,1-addition products in this reaction can be
thought of as the total of the amounts of 1 and 3, since 3
arises from 1 by anionic rearrangement.13 Thus, the
amount of 4,1-addition increases along the series K < Na <
Li under the same reaction conditions, which is in the same
order as the increasing tightness of the metal-amide ion
pair in nonpolar media. The addition of a small amount of
tetramethylethylenediamine to the lithium-catalyzed reac-
tion produced a slight increase in the percentage of 4,1
products from 83.4 to 86.1%. Since detailed kinetic studies
of the reaction were not undertaken, mechanistic implica-
tions of the data in Table | have not been considered.

Total yields were lower when both potassium and lithi-
um were used as catalysts than when sodium was used.

Notes

With potassium, the low yield was the result of low conver-
sion, which was shown by a large isoprene peak in GLC
analysis, while with lithium, a large amount of a white solid
was formed. The infrared spectrum of the white solid was
compared to that of an authentic sample of polyisoprene
and was found to be identical.

When lithium was used as a catalyst, long room-temper-
ature reaction times resulted in increased amounts of 3.
Longer addition times at lower temperatures seemed to
give increased amounts of 2. These results would be consis-
tent with the need for amine coordination with the metal-
amide for enhancement of 4,1-addition. These addition
reactions were performed by adding the dimethylamine to
a suspension of the metal in isoprene. When lithium di-
methylamide was prepared first and the isoprene added to
the reaction mixture, only a low total yield of product was
obtained that contained large amounts of 2 and 3.

In conclusion, the ratio of 1,4-addition product to 4,1-
addition products from the anionic addition of dimethyl-
amine to isoprene was altered by changing the alkali metal
catalyst. A higher yield of 4,1-addition products was real-
ized when lithium metal was used but the total product
yield was lower owing to the concurrent formation of poly-
isoprene. The best total yield of product was obtained
using sodium and very low conversions were realized with
potassium.

Experimental Section

Gas chromatography was performed on a Perkin-Elmer Model
900 chromatograph using a 12 ft x 0.25 in. stainless steel column
packed with 15% 1,2,3-tris(2-cyanoethoxy)propane on Chromosorb
W. The NMR spectra were run on a Jeol INM-MH-100 100-MHz
spectrometer. Distillations were carried out on a Nester-Faust
Auto Annular Teflon Spinning Band Distillation column.

Anionic Addition of Dimethylamine to Isoprene. The general
procedure that was followed was to weigh 34 g (0.5 mol) of freshly
distilled dry isoprene and 0.015 mol of the alkali metal into a
three-necked flask equipped with a magnetic stirrer, thermometer,
and Dry Ice condenser and add 22.5 g (33.0 ml, 0.5 mol) of dimeth-
ylamine (J. T. Baker) slowly by bubbling it through the reaction
mixture. The reaction temperature was controlled as desired by
the use of an ice-methanol bath. After the addition was complete,
the reaction mixture was stirred at room temperature to complete
the reaction. The conditions are summarized in Table I. After the
reaction was complete, the product ratio was measured by GLC. In
one case (sodium catalyst), the product was distilled on a Teflon
spinning bond column to obtain 1, bp 120° (lit.13 bp 114-118°),
and 2, bp 76°.

Registry No.— I, 17945-72-1; 2, 40267-41-2; 3, 18495-55-1; di-
methylamine, 124-40-3; isoprene, 78-79-5; potassium, 7440-09-7;
sodium, 7440-23-5; lithium, 7439-93-2.
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Generation of dimethylamino radicals both thermally
and photochemically from a variety of chemical precursors
has produced discordant results.1-4 However, one widely
accepted generalization has been that dimerization to
tetramethylhydrazine is a prominent reaction of dimethy-
lamino radicals;lb'34h indeed, the reaction has even been
touted as a practicable synthetic route to the hydrazine.3ac
Complicating interpretation of dimethylamino radical re-
activity have been numerous other reaction products, ap-
parently varying with the precursor, medium, and method
for generating the dimethylamino moiety.2-4 Among these,
M.2A.2,,jV' -tetraniethylmethanediamine (1) has often been
found,2-3a’c’5 but never adequately explained.

We wish to report the results of our study of the solu-
tion-phase photochemistry of dimethylamine (2) in hydro-
carbon solvents, which (a) contrast sharply with the gas-
phase photochemistry of dimethylamine;3'4 (b) indicate
that dimerization of dimethylamino radicals may be almost
totally suppressed under some reaction conditions; (c) offer
an extremely clean, easy, and high-yield synthesis of the in-
terestingé diamine 1; and (d) support for the first time a
viable mechanism for the formation of { from dimethylam-
ino radicals.

Hydrocarbon (most conveniently, n-nonane; cf. Experi-
mental Section) solutions of 2 (ca. 1 M) were degassed and
irradiated at 35° with a VyCor-filtered mercury arc; reac-
tion was monitored by GLC (Carbowax 20M on firebrick).
At about 70% conversion, 100 mmol of 2 gave (eq 1) 22

MedH Tonoo MeNCENM e T MeNHg* plsdtts
2 1 3

mmol of diamine 1, 7 mmol of methylamine (3), and traces
(<2%) of two minor products (vide infra). Diamine 1 was
isolated by spinning-band distillation (alternatively, pre-
parative GLC) and identified by comparison with authen-
tic material. It is noteworthy that, assuming the minimum
3:1 stoichiometry demanded for the 2 — 1reaction, the ob-
served yields of 1 are above 90% and thus synthetically
quite attractive.7 The two minor products were identified
by GLC MS techniques as /V,ArAi,-trimethylmethanedjam-
ine (4) and tetramethylhydrazine (5). No methane, solvent

Me2NCH2NHMe Me2N—NMe2
4 5

reaction products, or A/Af-dimethylethanediamine were
observed within our detection limits (estimated at ca. 1%);
no analysis for hydrogen was made. Monitoring the reac-
tion with time by GLC and NMR showed only continued
and proportional increases in the yields of the four volatile
products (1, 3, 4, and 5) with increasing time of irradiation;
no transient accumulation of 4, 5, or other species was de-
tected. Oligomerization was minimal, judging from the rel-
atively small nonvolatile photolysate residue.

Formation of 1 from 2 may thus be explained mechanis-
tically (Scheme 1) in terms of consecutive (i) photolytic
scission of the N-H bond of 2 (eq 2), generating dimethyla-
mino radicals 6;3'4 (ii) oxidation of 6 to N- methylenemeth-
ylamine (7) via autodisproportionation (eq 3a), bimolecular
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Scheme |
Me2NH Me2N- + H- 2)
2 6
[MeN* + H-] —- H2 + MeN=CH2 (3a)
7
and/or
2Me2N* — » 2 + MeN=CH?2 (3b)
6 7
and/or
ME2N*orH» VE2ND
RH e »R - -MeN=CH2 + RH (3c)
7
MeZNH + CH2=N M e —* MeZNCHXNHMe (4)
2 7 4
Me2NCH2NHMe + Me2NH — * Me2NCH2NMe2 + MeNH2
4 2 1 3

®)

disproportionation (eq 3b), and/or a hydrogen transfer se-
guence involving solvent (eq 3c);9 (iii) addition of 2 to 7,
giving 4 (eq 4); and (iv) transamination of 4 with 2 (eq 5) to
give land 3, the observed products.

An alternative a priori explanation would have the se-
guence of events as primary photochemical conversion of 2
to hydrazine 5, followed by secondary photolysis of 5 to the
observed products. However, the failure to detect (GLC-
NMR monitoring) short-term accumulation of 5 in the
photochemical reaction of 2 suggests that hydrazine 5 is
not involved as a cul-de-sac for dimethylamino radicals.

In the proposed mechanism the photochemical cleavage
and disproportionation steps are well documented.3'4 The
subsequent addition and transamination steps follow not
only from isolation of 4 from reaction mixtures after irra-
diation of 2, but also from the observed stoichiometry and
general absence of other by-products. However, conversion
of independently synthesized 4 to 1 under the conditions
employed for photosynthesis of 1 from 2 needs to be dem-
onstrated before the transamination step is unequivocally
established. The smaller than theoretical yields of 3 may be
attributed both to analytical limitations and to the known
photolability of 3. Irradiation of 3 gives 7,11 which would
then give 4 and, ultimately, 1.

Resemblance of the photolytic conversion of 2to 1in no-
nane to the photochemical behavior of dimethylamine in
chlorocarbons?2 is compatible with the intermediacy of 6 in
both mechanisms. However, in nonane, photolysis of 2
gives 6 directly; in chlorocarbons, photodissociation of the
charge-transfer complex of 2 gives the aminium cation rad-
ical (8), which then generates 6 in a hydrogen transfer reac-
tion with 2 (eq 6). Thus, although diamine 1 and methyl-

Me,NH- CC14 P

yrex
+. Me2NH

C13C- + [Me,NH]Cl-mmmv ~Me~ANH1HC1 + Me,N*  (6)
8 9 6

amine 3 are the major amine photoproducts from 2 in both
nonane and carbon tetrachloride, involvement of the
charge-transfer mechanism in the chlorocarbon solvent
leads to formation of by-products (amine hydrochloride 9
and chloroform) which are absent when the photochemical
reaction is carried out in a hydrocarbon solvent.

Results of our investigation contrast dramatically with
earlier studies of the dimethylamino radical under gas-
phase conditions,34abh since we observed only minimal
levels of radical recombination (to give hydrazine 5) and
very little formation of higher molecular weight oligomers
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of imine 7 (e.g., 1,3,5-trimethylhexahydro-s-triazine, poly-
meric material). The smaller proportion of oligomers seems
clearly due to efficient trapping of 7 in solution by excess
dimethylamine. The minimum yields of hydrazines are of
less certain origin, corresponding to an unusual situation in
which a radical dimer product is formed in the gas phase,
but not in solution. An explanation involving intermediacy
of the isomeric C-centered radicals in solution rather than
6, an a priori possibility in light of Allan and Swan'’s photo-
chemical studies of diethylamine,12 seems incompatible
with the absence of NjiV'-dimethylethanediamine here and
the known proclivity of a-aminoalkyl radicals toward re-
combination rather than disproportionation.1®12 The most
likely explanation would appear to be the source of the di-
methylamino radical. When Gis generated from 2 by pho-
tolysis in solution, oxidation to imine 7, either via auto-
disproportionation within the solvent cage (eq 3a) or via
the hydrogen transfer sequence with solvent as hydrogen
carrier (eq 3c), should be optimized, conditions favoring
subsequent formation of 1. In contrast, when 6 is generated
from tetramethyltetrazene or even from 2 in the gas phase,
conditions for oxidation of 6 to 7 are no longer optimal; dif-
fusion and recombination reactions of 6 become more im-
portant.

Our observations differ superficially from those of Niu
and Stenberg,10 who reported 90% yields of imines analo-
gous to 7 (and no diamines analogous to 1) resulting from
photodehydrogenation of several secondary amines (e.g.,
10, eq 7). Although shorter periods of irradiation were em-
ployed in the 10— 11 (eq 7) conversion (6 hrilOvs. 96 hr for

i, chr
(<-cthBhn oddeM »C,HIN=CHCHL (7

10 11

2 — 1), unreported sample size in the earlier study10 makes
direct, meaningful comparisons difficult. It is likely, how-
ever, that the failure to detect even transient, buildup of 7
from 2 during the NMR-GLC monitoring of photolyses of
2 partly reflects the higher concentrations of amine (>1 M)
used in our study than in Niu and Stenberg’'s work (10~2
M 10), since higher concentrations of amine would lead to
more efficient bimolecular destruction of imine (Schemed,
eg 4). Similar concentration dependence of imine yields in
secondary amine photolysis has been reported by Ratcliff
and Kochi.1® Another important factor in accounting for
the differing reactivities of 2 and amines such as 10 may be
stereochemical. Relative to imine 7, the imine 11 derived
from 10 may be less reactive toward nucleophilic addition
of amine (as in eq 4) because of the steric hindrance posed
by bulky substituents in 10 and 11.

Finally, the origin of diamine 1, which was once consid"
ered “obscure,” 3aand later considered to be the reaction of
methyl radicals with trimethylamine, 3 is, in all likelihood,
neither. Unlike previous mechanisms offered for formation
of 1, the one outlined in Scheme I involves only species
whose presence in photolysates is now well documented.

Experimental Section

Photolysis of Dimethylamine in Nonane. In a typical experi-
ment, a 1.3 M solution of dimethylamine (3.77 g, 83.7 mmol) in 65
ml of n-nonane in a quartz tube was degassed by three freeze-
pump-thaw cycles, then sealed, and irradiated at 35° with an adja-
cent Vycor-filtered mercury arc lamp (Hanovia medium-pressure
450-W). Progress of reactions was monitored by NMR and by GLC
on a5 ft X 0.25 in. column of 20% w/w alkali-treated Carbowax
20M on 60/80 firebrick at 65°. After 96 hr, NMR, mass spectral,
and GLC analysis indicated 68% reaction, with 27 mmol of dimeth-
ylamine remaining, formation of 18 mmol (95% vyield) of
N,AILAI'A'-tetramethylmethanediamine, 6 mmol of methylamine,
and traces (<2% each) of tetramethylhydrazine and N,N,N’-tri-

Notes

methylmethanediamine (identified by tandem GC-MS). Pro-
longed irradiation was inefficient in raising the vyield of
N,IV,jV' jV'-tetramethylmethanediamine because of secondary pho-
tochemical reactions. Similar procedures were followed for irra-
diating samples containing from 2 to 100 mmol of dimethylamine,
with approximately proportional irradiation times and with identi-
cal results.

Nitrogen was bubbled through the photolysate to remove most
of the methylamine and some of the dimethylamine. N,N,N*,N"-
tetramethylmethanediamine was isolated from the residue by
spinning-band distillation, bp 82-84° (lit.8 bp 82-84°), of larger
samples or by preparative GLC of smaller ones in ca. 85% yields; it
was identified by comparison of ir, NMR, and mass spectra to
those of authentic material.28

Use of, pentane or cyclohexane as solvent gave comparable re-
sults by GLC analysis; however, isolation by distillation was facili-
tated using the higher boiling n-nonane as solvent (and distillation
chaser).
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3-Thiabicyclo[3.2.0]hepta-l,4-dienes are members of a
class of strained heterocyclic systems which have only re-
cently been prepared.;-4 Two of the reported synthetic
routesy,3 involve closure of the four-membered ring as the
final synthetic step, one the formation of the thiophene
ring2 and in the other formation of both rings in one reac-
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Figure 1 Electronic spectra of (A) tetraphenyl-2,5-dithiabisnorbi-
phenylene (5) in ether, (B) 2,4-diphenyl-3-thiabicyclo[3.2.0]hepta-
1,4-diene (2) in ether, and (C) 2-thianorbiphenylene in ethanol.

tion.4 We now report a fifth method which also involves
formation of the heterocycle in the final reaction and illus-
trates its application by the preparation of tetraphenyl-
2,5-dithiabisnorbiphenylene (5), the first biphenylene ana-
log containing two five-membered heterocycles.5

The observed stabilities of the 3-thiabicyclo[3.2.0]hepta-
1,4-diene system once it is formedl 3 encouraged us to ex-
amine the classical method of synthesizing five-membered
heterocycles from 1,4 diketones. When the diketone 16 was
treated with P2S5in tetralin or pyridine then 2,4-diphenyl-
3-thiabicyclo[3.2.0]hepta-l,4-diene (2), mp 150-150.5°, was
obtained in 6% yield. The NMR spectrum (CCl4) showed a
multiplet centred at r 2.70 with a singlet at 6.77 (5.2) and
the electronic spectrum (Figure 1) is very similar to that of
the 2,4,6,7-tetraphenyl derivative.3

Oxidation of 2 with m-chloroperoxybenzoic acid gave the
sulfone 3, mp 244-246° (40%). The NMR spectrum of 3
showed the expected downfield shift of the cyclobutyl ring
protons.2

1 2 3

When the tetraketone 47 was treated with P2S5 in pyri-
dine, tetraphenyl-2,5-dithiabisnorbiphenylene (5), mp
194-194.5°, was obtained in 3% yield.8 The NMR spectrum
(CDCI3) showed only a multiplet centered at r 2.60, and the
electronic spectrum (Et2J) showed a shoulder at 298 nm (e
31,500) and a maximum at 322 (34,800).

4 5

The electronic spectrum of 5 is shown in Figure 1, to-
gether with that of 2 and 2-thianorbiphenylene.4 The spec-
trum is clearly different from that of 2, probably owing to
interaction of the thiophene rings and an out-of-plane pref-
erence of the phenyl groups. The extent of the paratropic
contribution of the potential cyclobutadiene in dithianorbi-
phenylenes must await the synthesis of less substituted de-
rivatives.

J. Org. Chem., Vol. 40, No. 7, 1975 971

Experimental Section

NMR spectra were obtained on either a Varian T-60 or HA-100
spectrometer. Mass spectra were taken on an AElI MS-9 spectrom-
eter at 70 eV. Infrared spectra were recorded on a Unicam SP 200
spectrophotometer and only strong and medium bands are re-
ported. Electronic spectra were determined on a Unicam SP-800
recording spectrophotometer. Melting points were measured on a
Kofler hot stage microscope.

Silica for preparative thin layer chromatography was Merck Ki-
eselgel PF254 (type E). Solvents were purified and dried by stan-
dard methods.

Synthesis of 2,4-Diphenyl-3-thiabicyclo[3.2.0]hepta-I,4-
diene (2). A mixture of phosphorus pentasulfide (250 mg, 1.0
mmol), sand (0.5 g), and tetralin (15 ml) was stirred and heated to
150°. trans- 1,2-Dihenzoylcyclobutane (528 mg, 2.0 mmol) was dis-
solved in hot tetralin (10 ml) and the hot solution was added drop-
wise to the stirred mixture over 5 min. The mixture was stirred for
a further 15 min at 150-155°, the resulting red solution was fil-
tered, and the filtrate was extracted with hot water (50 ml), 5%
NaOH solution (50 ml), and dried (MgS04). The solution was
passed through alumina (150 g), eluting with dichloromethane-
petroleum ether (60-80) (1:1), and the solvent and eluted tetralin
were removed by distillation under reduced pressure. Preparative
TLC of the oily residue on silica, eluting with dichloromethane-
pentane (1:9), gave 2 (30 mg, 0.11 mol, 6%): white crystals (EtOH);
mass spectrum m/e 262.081 (calcd for CisHi4S, 262.082); ir (KBr)
3025, 2920,1598,1539,1484, 1450,1360,1180,1079,1020, 925, 908,
760, 744, 698, 670 cm-1' for nmr, see discussion; for electronic spec-
trum, see discussion.

Anal. Calcd for CisHuS: C, 82.39; H, 5.38. Found: C, 82.56; H;
5.45.

Oxidation of 2. Compound 2 (13 mg, 0.05 mmol) was dissolved
in CDCI3 (1.5 ml) in an NMR tube and m-chloroperoxobenzoic
acid (40 mg, 0.23 mmol) was added. The reaction was monitored by
NMR, and, on complete disappearance of the signals due to the cy-
clobutyl protons of 2, the solution was extracted with NHCO3solu-
tion (3 X 10 ml) and water (10 ml) and dried (MgS04). Evapora-
tion of the solvent gave a yellow solid which on crystallization
(CCl4) gave yellow crystals of the sulfone 3 (6 mg, 0.02 mmol, 40%):
mass spectrum m/e 294.073 (calcd for C18H14S02, 294.072); ir
(KBr) 1500, 1455, 1285, 1140, 1120, 765, 690 cm 'L nmr (CCl4)r
2.50 (m, 10 FI), 6.40 (s, 4 H); Xme* (Et20) 231 nm (f 19,000), 383
(14,900).

Anal. Calcd for Ci8Hi4S502 C, 73.44; H, 4.79; S, 10.89; 0, 10.87.
Found: C, 73.32; H, 4.64; S, 10.95; 0,10.85.

Synthesis of Tetraphenyl-2,5-dithiabisnorbiphenylene (5).
cis,irons,cis-1,2,3,4-Tetrabenzoylcyclobutane (460 mg, 0.975
mmol) was added to pyridine (25 ml) and the solution was heated
to boiling. This solution was then added rapidly to a boiling mix-
ture of phosphorus pentasulfide (400 mg, 1.79 mol) in pyridine (5
ml) under N2 The mixture was heated under reflux for 2 hr, and
the solvent was removed under reduced pressure. The black resi-
due was chromatographed on silica (150 g) eluting with dichloro-
methane-pentane (1:4) to give 5 (13 mg, 0.028 mmol, 3%): mass
spectrum NYE 468.102 (calcd for C2H 20S2, 468.101); ir (KBr) 1600,
1500, 1460, 1080, 1040, 920, 862, 764, 715, 700, 695 cm* 1 for nmr,
see discussion; for electronic spectrum, see discussion.

Anal. Calcd for CH20S2 C, 82.01; H, 4.30. Found: C, 81.46; H,
4.65.
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Stan S. Hall* and Frank J. McEnroe: Alkylation-Reduction
of Carbonyl Systems. IV. The Convenient and Selective Synthesis
of Simple and Complex Aromatic Hydrocarbons by Phenylation-
Reduction of Aldehydes and Ketones.

Page 271. Column 2. The second paragraph should read

Careful inspection of the products listed in Table I re-
veals that almost all of these structural features or func-
tional groups were compatible with the conditions of the
procedure. The only carbonyl compound that resisted re-
duction, after phenylation, was menthone (3), which is
probably due to steric interactions.5’12 An example of over-
reduction occurred with /3-ionone (9). With such a system
(see Scheme 1), after the initial reduction of the benzyl al-
cohol,13 a 1,3-diene system still remains which is vulnerable
and reduces, as one would predict,7 by 1,2-addition to the
less substituted double bond. The phenylation-reduction
of two a,/3-unsaturated ketones, piperitone (7) and 4-cyclo-

972

C o rre ctio n s

hexyl-irans-3-buten-2-one (8), led to mixtures of the corre-
sponding olefin and aromatic hydrocarbon, a result which
did not change substantially by varying the amount of lith-
ium used for the reduction step. The only carbonyl com-
pound found to be completely incompatible with the reduc-
tive conditions was methyl 2-thienyl ketone. Phenylation-
reduction of this ketone, which is not included in Table I,
led to a complex mixture which was difficult to purify and
characterize, but the data on the crude product material
did indicate that the thiophene ring was being des-
troyed. llb~e

Page 273. Structure 46 in Scheme 11 should be
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Could your reactions

use a little Ph-SeX ?

Ph-SeX (X = Br, Cl or PhSe)

The observation that alkyl phenyl selenoxides undergo
eliminations at room temperature to form olefins 13 is the
basis for a new and convenient synthesis of allylic alcohols,4
allylic ethers and acetates,5 and a,/3-unsaturated carbonyl
compounds.6 8 Diphenyl diselenide is a yellow, odorless, air-
stable solid which is easily converted into the highly colored
phenylselenenyl halides. The oxidations are conveniently
carried out at or below room temperature using a variety of
oxidants (peracetic acid, sodium periodate, hydrogen perox-
ide, etc.)
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