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Mechanism of Cycloaddition of Nitroso Compounds with Diphenylketene
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The cycloaddition of aromatic nitroso compounds p-X-CeHsNO with diphenylketene occurs in all cases rap-
idly and with relatively low regioselectivity, which is little affected by solvents or substituents. With X =
CH30, CHs, H, and CH30:C, the principal product is the 2-aryl-4,4-diphenyl-1,2-oxazetidin-3-one. The isomer-
ic oxazetidin-4-one, the main primary product for X = (CHs)2N, is unstable in all cases and decomposes to car-
bon dioxide and a Schiff base, which reacts in situ to form an azetidinone. The oxazetidin-3-ones undergo a
very facile solvolysis reaction, apparently vie a nitrenium ion-like intermediate. The cycloaddition results

suggest a near-concerted mechanism.

Like most reactions of ketenes, the cycloaddition with
nitroso compounds was discovered by Staudinger, who re-
ported in 1911 that diphenylketene (1) reacted with p-
dimethylaminonitrosobenzene (2a) to yield ultimately the
B-lactam 3a (65%). Staudinger proposed that 3a arose via
an unstable oxazetidin-4-one, 4a, which decomposed to a
Schiff base; the latter was shown to give the product 3a
(Scheme I). In contrast to 2a, nitrosobenzene (2b) gave
the oxazetidin-3-one 5b in 63% yield.}
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These results were extended by Kresze and Trede,? who

obtained oxazetidin-3-ones 5d, 5f, and 5g in 19-48% yields .

from 2d, 2f, and 2g, and the 8-lactam 3¢ (40%) from reac-
tion of 2¢ with 1. These workers deduced from the effect
of the dimethylamino and methoxy groups on the prod-
ucts that the unstable 4 was produced by a dipolar mech-
anism and 5 by a concerted process.

Mechanisms of ketene cycloadditions have received
substantial theoretical®5 and experimental study in re-
cent years. Alkenes,%1° vinyl ethers,11:12 and azo com-
pounds?3-15 react with ketenes by essentially concerted
[+2s + 2a] mechanisms, whereas enamines (at least in
part),16-18  imines,19-2! carbodiimides,?? and sulfodi-
imides?3 react via dipolar intermediates.

In contrast to these extensive studies on ketene cycload-
ditions, nitroso compound cycloadditions have been rela-
tively little studied. Nitroso compounds function as dieno-
philes in Diels~Alder reactions,?4-2% but their involvement
in [2 4+ 2] cycloadditions, despite a number of erroneous
early reports,26-31 ig fairly rare. They do yield [2 + 2] ad-
ducts (oxazetidines) with highly halogenated3?-3% and
methoxylated3t alkenes, presumably by diradical pro-
cesses. More recently, the [2 + 2] cycloaddition of nitroso
compounds with ketenimines has been reported and stud-
ied by Barker.2% We report here a study of the mechanism
of cycloaddition of diphenylketene (1) with substituted ni-
trosobenzenes, 2.

Results

The principal tool used in this investigation has been
the regioselectivity of the cycloaddition, as affected by
substituents and solvents. Previous investigators!:2 had
generally reported the formation of either 4 or 5 from a
given nitrosobenzene derivative, which might be taken to
imply a completely regiospecific cycloaddition, had the
material balances been better.

In our study, the reaction was run by titrating a solu-
tion of 1 with a solution of 2 until the end point was indi-
cated by persistent blue or green color of 2 and the com-
plete disappearance of ketene absorption at 2090 em~? in
the ir. (This procedure was made practical by the great
speed of the reaction.) In some cases (X = H, COzMe) the
primary product 5 was stable and was isolated as such; in
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Table I
Products of Reaction of 1 with Nitroso Compounds p-XCH.NO? (2)

X op % 3 % B 2, urethane®® ¢, urea?? %, Ph.COP? o, 447 LA
NMe, —0.83 61 0 28 0 36 61 (68) 28 (32)
OMe —0.27 22 0 851 0 69 22 (21) 81 (79)
Me —-0.17 13 0 0 86 30 13 (13) 86 (87)
H*» 0.00 13 60 0 i0 19 13 (16) 70 (84)
CO;Me’ 0.31 (28) (72) 0 0 0 (28) (72)

= In chloroform at 25°. ? Isolated yields, based on 2. ¢ Formed by addition of ethanol or methanol to the %‘eact%on mixture.
¢ Formed by hydrolysis of isocyanate (from 5) on chromatography. ¢ Based on yield of 8, derived from 4. / Y.leldg in parenthe-
ses normalized to 100%. ¢ Based on combined yields of 5 and products derived therefrom. * Diphenylacetic acid (11%) also

isolated. ¢ Yields by nmz.

Table I1
Effect of Solvents in Product Ratio in Reaction of 1 with 2
X Solvent Enp® 8 = o, 4 9, urethane = 5b A Ph.COb
OMe Hexane 30.9 22 (25) 67 (75) 68
OMe Chloroform 39.1 22 (21) 81 (79) 69
OMe Dimethylformamide 43.8 17 (21) 65 (79) 64
OMe Acetonitrile 46.0 9 (9) 91 (91) 74
NMe; Benzene 34.5 78 (79) 21 (21) 32
NMe, Chloroform 39.1 61 (68) 28 (32) 35
NMe, Acetonitrile 46.0 83 (94) 5 (6) 4

s Solvent polarity parameter: ref 36. ® Isolated yields, based on 2; yields in parentheses normalized to 100%.

others (X = NMes, OMe) it decomposed in situ to benzo-
phenone and an isocyanate, which was isolated as the ure-
thane or urea. Thus the quantity of 4 formed in the initial

Ph,C—0O
| o ROH _
O Nap — PhC=0 + ArN=C=0 ——> ArNHCO,R’
/
O/
5

cycloaddition was measured by the quantity of 3-lactam 3
isolated; the quantity of 5 was measured either directly or
from the quantity of urethane or urea. The results are
summarized in Table L.

Except for the case of 2a, the major primary product is
the oxazetidin-3-one, whether X is electron donating or
electron withdrawing. Moreover, the regioselectivity is in
no case very great, ranging from 1:2 to 6:1; both primary
products, 4 and 5, are produced and detected in every
case. The very strongly electron-donating dimethylamino
group, as previously reported,? causes 4 to become the
predominant primary product, but only by a modest 2:1
ratio. To test Kresze's hypothesis? that 4 arises by a dipo-
lar and 5 by a concerted process, the effect of solvents on
the product distribution was investigated (Table II) using
2a and 2c, which should be most prone to react by a dipo-
lar mechanism, and most sensitive therefore to solvent ef-
fects.

It is evident that, for both 2a and 2¢, the solvent, like
the substituent X, has only a modest effect on the product
ratio. There is no consistent increase in the amount of 4
with increasing solvent polarity as required by Kresze's
proposal. The concept? that one primary product, 4, is
produced by one mechanism and the other, 5, by a funda-
mentally different mechanism is not supported by these
facts. We therefore conclude for the remainder of the dis-
cussion that a common type of mechanism leads to both
primary products in every case. This common mechanism
might be a dipolar, diradical, or concerted mechanism, as
limiting cases (Scheme II).

Dipolar intermediates are well established in some [2 +
2] cycloadditions.16-23 In these cases, the reactions have

been found to be regiospecific, strongly affected by sol-
vents, and prone to formation of 2:1 adducts by reaction
of the 1,4-dipolar intermediate with an additional ketone
molecule. As between the two possible dipolar intermedi-

Ph,C==C==0 O'\C/Cth
+ — |
N N
PhCH==NCH, PhCEZ S e
l \Qf=t‘=0
A 0 CPh
thc—(’j 0\( 2
|
PhCH-N N ~cx,
CH, Ph H
19% 81%
(ref 19)

ates, 6 and 7, the nitrenium ion37 6 seems less unreason-
able than the oxenium ion 7, at least in the absence of

- strong electron-withdrawing groups X. One would there-

fore expect 4 to be the predominant primary product in
most cases, accompanied by 2:1 adduct(s).

Clearly none of the above expectations for a dipolar
mechanism accords with the experimental observations:
no 2:1 adducts are detectable in the reaction mixtures,
despite the presence of a large excess of ketene 1 in the
early stages; the major primary product is generally 5, not
4; and solvent and substituent effects on the regioselectiv-
ity are modest. We are therefore led to reject the dipolar
mechanism.

In contrast to 6 and 7, diradical intermediates 8 and 9
would appear a priori relatively favorable. Nitroxyl radi-
cals (such as 9) are probably the most stable and best
characterized of radicals;3® a number of stable oxaminyl
radicals like 8 have also recently been characterized.39-44
However, addition of radicals to nitroso compounds occurs
only at N, to. give nitroxyls, rather than at O, in the ab-
sence of extraordinary steric hindrance at N.#41.43 This in-
dicates the greater stability of nitroxyls relative to oxam-
inyls, as does the rearrangement of the latter.39.40 We
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would thus expect the diradical 9 to be substantially more
stable than 8, and thus 5 to be the sole (or at least pre-
dominant) primary product. Diradical 9 being the more
polar of the two, polar solvents should increase the 5:4
ratio relative to nonpolar solvents.*® Relative substituent
effects on 8 and 9 are difficult to predict, however.

R—N—0—H — R—N—0:

|

H

The observed preferential formation of 5 over 4 is quali-
tatively consistent with a diradical mechanism; however,
the low regioselectivity of the cycloaddition is difficult to
recoricile with the normal regiospecificity of radical addi-
tions to nitroso compounds, as is the preference for 4a
over ba. ‘

However, the experimental observations are consistent
with an essentially concerted mechanism, analogous to
that proposed by Woodward and Hoffmann3 for the ke-
tene + alkene cycloaddition. The transition state 10 is
quite free of steric hindrance, and is stabilized by interac-
tions of the mxo OMO of the nitroso compound with the
woc* and weo* (UMO) orbitals of the ketene (10a), compli-
mented by interaction of the mno* LUMO of the nitroso
group with the rcc HOMO of the ketene (10b). The low-
lying nature of the mno* LUMO of nitrosobenzene is indi-
cated by its facile electrochemical reduction.4® In view of
the fairly weak N=0 double bond and its relationship to
singlet oxygen,4” one may expect a relatively high-lying
wno orbital.48

0b

10a

If the regioselectivity is ketene LUMO controlled*® (as
in 10a), then 4 should be the major primary product, as in
fact found with 2a. In the absence of the strong electron-
donating (HOMO- and LUMO-raising) effect of the di-
methylamino group of 2a, however, the reaction must be
more nearly ketene HOMO controlled (10b), giving a
moderate preference for 5 in most cases. The concept of
ketene HOMO control is also in full accord with the rela-
tive reactivities of various ketenophiles (e.g., ArN=0 >
ArN=NR » ArCH==CH,) in concerted reactions, which
parallel their reducibilities.

Stabilities of 1,2-Oxazetidin-3-ones. The thermal sta-
bilities of 5a-e exhibit a marked dependence on the sub-
stituents X, ranging from the readily isolable 5e and 5b
(X = CO;CHj3, H) through 5d (X = CHs), stable in the
reaction mixture but not to chromatography, and 5¢ (X =
OCHa), in part decomposed in the reaction mixture, to 5a
(X = NMes), entirely undetectable except through its de-
composition products. Thus, the thermal stabilities of the
oxazetidin-3-ones decrease dramatically as X becomes
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more electron donating. This is most consistent with ther-

mal decomposition via a nitrenium ion-like intermediate,
11.50

0 0
/ A
O O
0—CPh, 0—CPh,
11

X@—N=c=o + 0==CPh,

Analogous nitrenium ions have been detected in the sol-
volyses of N-chloroanilines, for which a pt of —6.35 has
been measured, by trapping with methanol.5! Similarly,

t-Bu oy on
O
Cl

addition of methanol to product mixtures from reaction of
1 with 2a and 2c resulted in solvolysis of the oxazetidin-
3-ones via 11, as shown by the nature of the products
formed. Thus, two additional products not present upon
completion of the reaction (ir) were isolated from the
reaction mixture of 1 with 2b after adding methanol. One
of these, 12, was a white solid whose ir [2940 (s, br, OH),
1634 (s, amide C=0), 760 and 700 cm~! (s, C¢Hs)], nmr
[6 3.00 (s, 3 H), 7.2 (m, 15 H), 8.5 (br s, 1 H, exchange-
able with D20)], and analysis indicated the structure N-
methoxybenzilanilide.52 The other, 13, was identified as
benzil-p-anisidide by its ir [1664 (s, amide C=0), 833
em~1 (s, p-CeHy4)] and nmr data [6 3.68 (s, 3 H), 6.72 (d, J
~ 10 Hz, 2 H), 7.2 (m, 13 H), 82 (br s, 1 H)] and com-
parison with an authentic sample.

0
O = e

O—CPh, _0—CPh,

5b 11b
OCH,
l H 0
@—I\'—C + cmo—@-N—cl/
HO—CPh, HO—CPh,
12 13

Two additional products (Scheme II) were also ob-
tained from methanolysis of the transient oxazetidin-3-one
5¢. One, 14, was identified as N-(2,4-dimethoxyphe-
nyl)benzilamide by its ir [1669 (s, amide C==0), 909 and 839
(1,2,4-C¢Hg), 752 and 700 cm-1 (CgHs)] and nmr data
[6 3.65 (s, 3 H), 3.67 (s, 3 H), 3.95 (s, 1 H), 6.41 (m, 2 H),
7.33 (m, 10 H), 8.30%% (d, J ~ 9 Hz, 1 H), 8.89 (br s, 1 H)]
and comparison with an authentic sample. The other
product, 15, was identified as N-(4-hydroxyphenyl)ben-
zilamide by its ir [1640 (s, amide C==0), 820 em~? (s, p-
CeHy)l, nmr [6 6.02 (d, J = 10 Hz, 2 H), 6.45 (d, J =~ 10
Hz, 2 H), 7.25 (m, 12 H), 8.24 (s, exchangeable with D20,
1 H)], and mass spectra [m/e 319 (P+), 274 (P — OH -
CO*), 194 (Ph,CCO+), 183 (PheCOH+*), 135 (HO-
CeH4NCO™), 105 (PhCO+)].
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Related reactions have also been reported by Sherad-
sky,? who isolated ring-chlorinated products on treating
5b with HCL. The nature of the product in all of these

O—CPh, HO— CPh,
al
/ 0
H
01—©—N—c + NHcI z
HO—CPh, HO— CPh,

cases implicates nitrenium ion-like intermediates 11 in
the solvolyses and supports their intermediacy in the ther-
mal decompositions to isocyanates and benzophenone.

Experimental Section55

Materials. Diphenylketene (1),13 4-nitrosoanisole (2¢),56 4-ni-
trosotoluene (2d),57 and methyl 4-nitrosobenzoate (2e)58 were
prepared by literature methods. N,N-Dimethyl-4-nitrosoaniline,
nitrosobenzene, 4-aminophenol, N,N-dimethyl-p-phenylenedi-
amine, and 2,4-dimethoxyaniline were used as obtained from Al-
drich Chemical Co. p-Anisidine (Aldrich) was recrystallized from
cyclohexane.

Reaction of 2a with 1 in Chloroform. A chloroform solution of
N,N-dimethyl-4-nitrosoaniline (2a, 2.700 g in 25 ml) was added
dropwise to a stirred solution of diphenylketene (3.471 g, 17.9
mmol) in 25 ml of chloroform, under a nitrogen atmosphere, until
the ketene absorbance at 2090 cm~? in the ir disappeared. The
amount of 2a actually consumed was 1.670 g (11.1 mmol). The ir
spectrum indicated isocyanate (2270 c¢cm=1), lactam 3a (1730
cm~1), and benzophenone (1655 cm~1). Ethanol (10 ml) was
added to convert isocyanate to urethane, and after 5 hr the sol-
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vents were stripped off. The residue was chromatographed on 65 g
of silica gel. Elution with benzene yielded a binary mixture of
lactam 3a and benzophenone (ir). Lactam 3a was isolated (2.23 g)
by dissolving out the benzophenone with hexane-benzene, fol-
lowed by recrystallization from acetone: mp 191-196° dec (lit.?
mp 196-200°); nmr (CDCl3) 6 3.17 (s, 6 H), 6.79 (d, J ~ 10 Hz, 2
H), 7.28 (m) and 7.60 (d, J = 10 Hz) (combined integral 22 H);
mass spectrum m/e (rel intensity) 494 (0.1, P), 300 (100,
PhoC—NCeHi:NMesz), 223 (34, PhC=NCgHi;NMez), 194 (26,
PhoCCO), 165 (59, C12Hg). The hexane-benzene filtrate left 1.81 g
residue upon evaporation, which was dissolved in ethanol and
treated with excess 2,4-dinitrophenylhydrazine reagent to pre-
cipitate the 2,4-dinitrophenylhydrazone derivative of benzophe-
none (1.43 g, 3.95 mmol), which indicated the residue to have
contained 3.95 mmol (0.72 g, 36%) of henzophenone and 1.09 g of
lactam 3a, for a total of 3.32 g (6.72 mmol, 61%) of the latter.

Elution of the column with 60% ether-benzene gave 0.651 g
(3.13 mmol, 28%) of a green solid, mp 71-73°, which afforded a
white solid, mp 77-78°, upon recrystallization from hexane, iden-
tical (ir, nmr, mixture melting point) with authentic ethyl 4-
(N,N-dimethylamino)carbanilate. The latter was prepared from
ethyl chloroformate and N,N-dimethyl-p-phenylenediamine: mp
79-81°; ir (KBr) 3210 (s), 2860 (s, br), 1670 (s), 1640 (s, br), 943
(m, br), 813 (s), and 758 em~1 (m); nmr (CDCl3) 6§ 1.30 (t, J = 8
Hz, 3 H), 290 (s, 6 H), 4.23 (9, J ~ 8 Hz, 2H), 6.74 (d, J = 9
Hz,2H),7.32(d,J = 9Hz, 2H).

A previous run of the reaction gave 46% isolated 3a, 42% ben-
zophenone, and 28% of the urethane. Reactions in acetonitrile
and benzene were run as above, with results as in Table II.

Reaction of 2¢ with 1 in Chloroform. A solution of 1.900 g of
4-nitrosoanisole (2¢) in 25 m! of chloroform was added dropwise to
a stirred solution of 1 (2.764 g, 14.3 mmol) in 25 ml of chloroform
in a 250-ml three-neck flask equipped with a reflux condenser and
nitrogen inlet tube, until the blue-green color persisted and the
ketene absorbance at 2090 cm~1 in the ir disappeared. This left
0.40 g of unreacted 2e¢, whence the amount consumed was 1.50 g
(10.4 mmol). After 2 hr of stirring at room temperature, an ir
spectrum showed strong peaks due to oxazetidin-3-one 5¢ (1764
c¢cm~1) and lactam 3¢ (1730 cm—1), and weak peaks due to isocy-
anate (2260 cm~1) and benzophenone (1655 cm~1). Refluxing for
4 hr resulted in loss of the oxazetidin-3-one and large increases in
the isocyanate and benzophenone peaks. Methanol (10 ml) was
added, the solution was stirred for 10 min, and the solvents were
stripped off. Methanol (30 ml) was added to the partially crystal-
line residue, which mixture was then filtered to give 1.07 g of
white solid, mp 213-218°, Recrystallization from hexane-benzene
gave white crystals of lactam 3c: mp 226-227° (lit.2 mp 222-225°);
ir (KBr) 1730, 1520, 1350, 1250, and 850 c¢m~1 (all s); nmr
(CDCl3) 4 3.62 (s, 3 H), 6.59 (d, J =~ 10 Hz), 6.95 (m), 7.27 (d, J
=~ 10 Hz) (doublets and multiplet, 24 H).

The residue from the methanol filtrate, 3.05 g brown oil, was
chromatographed on 60 g of silica gel. Elution with benzene gave
a binary mixture of benzophenone and lactam 3¢ (ir), 1.485 g.
Hexane precipitated 0.10 g of 3¢, mp 212-218°, for a total yield of
1.17 g (2.44 mmol, 22%). The remainder was benzophenone (1.37
g, 7.56 mmol, 69%) by ir.

Elution of the column with 10% ether-benzene afforded methyl
4-methoxycarbanilate (1.60 g, 8.86 mmol, 81%), mp 82-88°. Re-
crystallization from hexane-benzene gave a white solid: mp 90-
91.5° (1it.%° mp 90°); ir (KBr) 3230 (m), 1740 (s), 1540 (s, br), 1235
(s, br), 1080 (m), and 851 cm~-1; nmr (CDCl;) & 3.65, 3.68 (two
singlets, total 6 H), 6.72 (d, J ~ 10 Hz, superimposed on br s,
total 3H), 7.16 (d, J =~ 10 Hz, 2 H).

Reactions in acetonitrile, dimethylformamide, and hexane were
run as above, with results as in Table IT.

Reaction of 2d with 1 in Chloroform. The reaction was run as
above, using 2.99 g (15.4 mmol) of 1 and 1.25 g (10.3 mmol) of 2d.
An ir spectrum of the reaction mixture at completion showed
peaks due to oxazetidin-3-one 5d2 (1779 cm~1) and lactam 3d (1735
cm~1). The chloroform was stripped from the mixture, and 15 ml
of hexane was added. Filtration after 18 hr yielded 3d (0.242 g) as
a white solid, mp 186-195°. Crystallization from hexane-benzene
gave white crystals: mp 199-205° ir (KBr) 1735 (s), 1515 (m),
1366 (s), 820 (m), 704 cm~1 (br m); nmr (CDCl3) § 2.21 (s, 3H), 7.1
(m, 24 H).

The residue from the hexane filtrate, 4.10 g of brown oil, was
chromatographed on 65 g of silica gel. Elution with benzene af-
forded a yellow oil, fractional crystallization of which from hexane
vielded first 0.365 g of lactam 3d, then 0.100 g of a yellow solid,
and further recrystallization of which gave a white solid, mp
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158-161°, whose spectral data [ir (KBr) 3240 (s), 1670 (vs), 1605
(s), 1518 (s), 700 cm~1 (s); nmr (CDCl3) 6 2.30 (s, 3 H), 3.96 (s, 1
H), 5.01 (s, <1 H), 7.40 (m, ca. 13 H), 8.31 (d, <1 H, J = 9 Hz),
and 9.08 (s, 1 H)] did not suggest a unique structure.8* Treat-
ment of the residue from the crystallizations with 2,4-dinitro-
phenythydrazine reagent3® gave 1.63 g (4.50 mmol) of 2,4-dinitro-
phenylhydrazone derivative, whence the yield of benzophenone
was also 4.50 mmol (0.83 g, 44%). Some additional 3d also con-
tained in the residue could not be isolated. The total isolated
amount of 3d was 0.607 g (1.34 mmol, 13%).

Elution of the column with 50% ether-benzene gave 1.07 g (4.40
mmol, 86%) of crude di-p-tolylurea, mp 245-261°. Recrystalliza-
tion from ether-benzene gave a white solid, mp 270-271° (lit.52
mp 277°), identical (ir, nmr, mixture melting point) with authen-
tic material.

Reaction of 2b with 1 in Chloroform. The reaction was run as
above, using 3.556 g (18.3 mmol) of 1 and 1.240 g (11.6 mmol) of
2b. An ir spectrum at completion showed large amounts of oxaze-
tidin-3-one 5b (1776 cm~1!) and lactam 3b (1733 ¢cm 1), and trac-
es of phenyl isocyanate (2240 cm~1) and benzophenone (1655
cm~?1), Evaporation of the chloroform left a yellow oil, which on
standing for 18 hr in hexane precipitated 0.415 g of lactam 3b, mp
181-190°, Recrystallization from ethanol gave pure 3b, mp 189-
190° (lit.83 mp 190-191°), ir identical with that of an authentict4
sample. The residue from the hexane filtrate (4.40 g) was chro-
matographed on 65 g of silica gel. Elution with benzene yielded a
yellow oil, fractional crystallization (hexane) of which yielded
first 0.287 g of 3b, mp 188-189° (total yield 0.702 g, 1.55 mmol,
13%), then 1.943 g of 5b: mp 72-73° (lit.2 mp 73.0-73.5°); ir (KBr)
1773 (s), 1600 (m), 1493 (s), 1360 (s), 763 (s), 747 (s), and 694
c¢cm~? (s). The residue from the recrystallizations (0.539 g), a bi-
nary mixture of oxazetidin-3-one 5b and benzophenone by ir,
was treated to obtain the 2,4-dinitrophenylhydrazone of benzo-
phenone®® (2.15 mmol, 19%), whence an additional 0.148 g of 5b
was also present by difference. The total yield of 5b was thus
2.017 g (6.90 mmol, 60%).

Elution of the column with 8% ether-benzene gave 0.425 g (2.0
mmol, 11%) of crude diphenylacetic acid, mp 127-140°, mp 142~
146° after recrystallization from hexane-benzene (lit.65 mp 146°),
Elution with 50% ether-benzene gave 0.128 g (0.605 mmol, 10%)
of 1,3-diphenylurea, mp 219-222°, mp 240-241° after recrystalliza-
tion from hexane-benzene (1it.58 mp 237-237.5°).

Reaction of 2e with 1 in Chloroform. The reaction was run as
above, using 1.507 g (7.70 mmol) of 1 and 1.065 g (6.50 mmol) of
2e. The ir spectrum indicated oxazetidin-3-one 5e (1779 cm~1)
and lactam 3e (1742 ¢m~—1), in addition to the ester groups at
1712 em~1. No change occurred in the ir after 18 hr. The chloro-
form was stripped off and the residue, 3.62 g, was chromato-
graphed on silica gel. Elution with benzene yielded a mixture of
3e and 5e, which proved inseparable by preparative layer chro-
matography as well as column chromatography. Fractional crys-
tallization of the mixture from hexane-benzene yielded lactam 3e
as opaque white crystals: mp 195-196°; ir (KBr) 1742 (s), 1712 (s),
1597 (s), 1332 (s), 1271 (s), 1180 (m), 1104 (m), 830 (m, br), 770
(m), 725 (m), and 694 cm~-? (m); nmr (CDCl3) 6 3.78 (s, 3 H), 7.10
(brm, 20H), 7.58 (d,J ~ 10 Hz, 2H),7.92(d,J =~ 10Hz, 2 H).

Anal: Caled for C3sHz7NO3: C, 82.51; H, 5.31; N, 2.75; Found:
C, 82.64; H, 5.35; N, 2.70.

The reaction was rerun as above, using 0.603 g (3.11 mmol) of 1
and 0.364 g (2.21 mmol) of 2e. The ratio of the products was de-
termined by careful integration of the two methyl ester peaks at é
3.78 (3e) and 3.82 (5e), using sweep widths of 108 and 54 Hz. This
showed the quantities to be 28% lactam 3e and 72% oxazetidi-
none 5e, £2%. Fractional crystallization of the mixture from ace-
tone afforded the oxazetidin-3-one 5e as colorless, transparent
crystals: mp 122-123°% ir (KBr) 1770, 1724, 1600, 1372, 1274, 823,
700 cm~1 (all strong); nmr (CDCl) & 3.82 (s, 3 H), 7.26 (m, 12
H), 7.88 (d,J ~ 9Hz, 2H).

Anal: Caled for Ca2H17NOy4: C, 73.54; H, 4.73; N, 3.90. Found:
C, 73.75; H, 4.58; N, 3.82.

Reaction of 2b with 1, with Methanolysis of 5b. The reaction
was run as previously described, using 4.221 g (21.7 mmol) of 1
and 1.373 g (12.8 mmol) of 2b. Evaporation of the chloroform left
a light brown oil, to which was added 25 m} of methanol. Filtra-
tion of the resulting mixture gave solid lactam 3b (0.694 g, 1.54
mmol, 12%), mp 177-186°. Evaporation of the methanol left 4.86 g
of brown oil which was chromatographed as before. Elution with
benzene gave a mixture (3.80 g) which contained benzophenone
and 5b; further chromatography yielded 0.737 g (2.4 mmol, 19%)
of 5b from this mixture. Elution with 8% ether-benzene gave first
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a white solid (0.705 g), mp 96-96.5° after recrystallization from
hexane, whose spectra (see text) and analysis suggested the
structure N-methoxybenzilanilide (12, 2.12 mmol, 17%).

Anal. Caled for C21H19NO3: C, 75.67; H, 5.71; N, 4.20. Found:
C,75.51; H, 5.85; N, 4.19.

Continued elution with 8% ether-benzene gave benzil-p-anisi-
dide (13), mp 178-179.5° after recrystallization from carbon tetra-
chloride (0.259 g, 0.78 mmol, 6%); for ir and nmr spectra, see text.
The material was identical (ir, nmr, mixture melting point) with
an authentic sample, mp 177-179.5° (1it.67 mp 170-172°), synthe-
sized by reaction of chlorodiphenylacetyl chloride and p-anisi-
dine, followed by hydrolysis.?¢ Elution of the column with ether
gave 0.23 g (1.07 mmol, 5%) of diphenylacetic acid.

Reaction of 2¢ with 1, with Methanolysis of 5¢. The reaction
was run as previously described, using 3.27 g (16.9 mmol) of 1 and
2.040 g (14.9 mmol) of 2¢c. After removal of the solvent, the resi-
due was taken up in 25 ml of methanol. Filtration gave 1.675 g of
lactam 3¢, mp 212-218°. The residue from evaporation of the fil-
trate, 3.99 g of brown oil, was chromatographed on 65 g of silica
gel, Elution with benzene yielded initially a mixture of benzophe-
none and 3¢; analysis as before indicated 6.1 mmol (41%) of ben-
zophenone and 0.81 g of 3¢ (total yield 2.49 g, 5.16 mmol, 35%).
Further elution with benzene yielded a green-yellow solid, mp
117-119°, identified as 4,4’-azoxydianisole by ir.88 Elution with
6% ether-benzene gave a brown oil (0.418 g, 1.15 mmol, 8%), re-
crystallization of which from hexane-benzene gave a white solid,
mp 122.5-123.5°; for spectra, see text. This was identical (ir, nmr,
mixture melting point) with authentic N-(2,4-dimethoxyphenyl-
Ybenzilamide (14), mp 123-124°, synthesized by reaction of chlo-
rodiphenylacetyl chloride with 2,4-dimethoxyaniline, followed by
hydrolysis,54.89

Anal. Caled for 022H21N041 C, 72.72‘, N, 580, N, 3.85; 0,
17.63. Found: C, 73.12; H, 5.70; N, 3.99; O, 17.20.

Further elution of the column with 6% ether-benzene gave
methyl 4-methoxycarbanilate (0.665 g, 3.67 mmol, 25%), mp 90-
91.5° after recrystallization from hexane-benzene. Elution with
12% ether-benzene gave 15 as a brown solid (1.28 g, 4.02 mmol,
27%), mp 173-177° after recrystallizations from hexane-benzene;
for ir, nmr, and mass spectra, see text. A good carbon analysis
could not be obtained on this difficultly purified material.

Anal. Caled for Co0H17NOs: C, 75.24; H, 5.33; N, 4.39. Found:
C,77.63,77.32; H, 4.87,5.19; N, 3.85, 4,14,
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Addition of nitrosyl chloride to trimethylsilyl enol ethers 1 in dichloromethane at —10 to —15° gives good
yields of a-oximinocarbonyl compounds 2. In the case of aldehydes, these initial products are unstable, but may
be trapped by hydroxylamine as the glyoximes 3. The silyl ether of cyclohexanone 1h yields 2,6-dioximinocyclo-
hexanone (4) upon treatment with excess NOC], whereas with 1 equiv of NOCI the unstable nitroso dimer 3 is
formed. Similarly, the silyl derivatives of esters, lactones, and carboxylic acids are directly converted to «-oxi-
mino esters and acids. The results are explained by initial addition of NOCI to the silyl enol ether double bond,
followed by elimination of trimethylsilyl chloride and tautomerization to the oxime.

Trimethylsilyl enol ethers are now readily available
from ketones or aldehydes,?2 and their utility as synthetic
equivalents of enols®:* has recently been demonstrated.
Similar derivatives of esters?? and acids?¢ have also re-
cently become available. Qur interest in the regiospecific
and stereospecific introduction of nitrogen functions into
organic molecules by additions to double bonds® prompt-
ed us to study the reaction of silyl enol ethers with nitro-
syl chloride. We have found that the reaction is instanta-
neous at —10 to —15° in dichloromethane and affords good
vields of «-oximino carbonyl compounds in a high state of
purity.

Results

When the ketone-derived trimethylsilyl enol ethers la—c
were treated with excess NOCI for <1 min, good yields of
the corresponding «-oximino ketones 2a-c¢ were formed
(Table I). The only by-products were the corresponding
ketones, presumably from hydrolysis of 1. Purification® of

Table I
Oximes from Trimethylsilyl Enol Ethers 1 and
Nitrosyl Chloride

Silyl

ether R Rt Product Yield, %,
1a Ph H 2a 82
1b Ph Me 2b 83.5
le Et Me 2¢ 72
1d H Et 3d 66
le H PhCH, 3e 77.5
1f H n-CsHiz 2a 63

the NOCI (by removal of HCl, H20, and NO3) led to no
improvement in yields or reduction of hydrolysis. If the
reaction time was extended to several hours, different
products were formed. For instance, when the reaction
mixture from la was allowed to stand for 18 hr at —20°,
a-oximinophenacyl chloride (2g, R = Ph; R’ = Cl) was
obtained in 48% yield. Acetophenone (14%) and benzoic
acid (21%) were identified as by-products in this reaction.
The formation of 2g is not surprising, since it can also be
prepared from acetophenone and excess NOCI in 24.5%
yield.”

OSiMe; 0 ] NOH
A me, )H/Rf O )H R
R CHR’ R R r
NOH NOH
1 2 3

The reaction of the silyl ether of cyclohexanone (1h) is
somewhat more complicated. With excess NOC]I, 2,6-diox-
iminocyclohexanone (4)® was obtained in 93% yield. By
contrast, treatment with 1 equiv of NOC! yielded the un-
stable nitroso dimer 5 in quantitative yield. Reaction of
the latter with hydroxylamine afforded dimer 6, which
dissociated and tautomerized to dioxime 3h® upon disso-
lution in dimethy! sulfoxide (DMSOQ). The establishment
of structures 5 and 6 rests upon spectral data and upon
the isolation and identification of 3h (see Experimental
Section).

When silyl ethers of aldehydes (1d-f) were treated with
NOC], the initially formed «-oximino aldehydes 2d-f were



