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(37) Melting points (hot block) and boiling points are uncorrected. Infrared 
spectra were obtained on a Beckman IR-8; proton nuclear magnetic res
onance spectra on Varian Model A60A and EM360 spectrometers 
(chemical shirts in ppm on the <5 scale, with tetramethylsilane as internal 
standard); ultraviolet absorption spectra on Cary Model 14 and 15 spec
trometers; and mass spectra on Consolidated Electrodynamics 21-104 
and Varian M-66 spectrometers. Gas chromatographic analyses and pre
parative separations were performed on Varian A90-P and Perkin-Elmer 
776 instruments. GLC peaks were integrated using a disk integrator or by 
cut-and-weigh methods. 

(38) (a) S. C. Watson and J. F. Eastman, J. Organometal. Chem., 9, 165 (1967); 

Nitrosation, a process for the introduction of a nitroso 
group or its equivalent into an organic structure by a replace
ment of an activated a-hydrogen by a nitroso group, was dis
covered by Victor Meyer in 1873.2-3 Approximately at the 
same time, Tilden established that a nitroso group can be in
troduced into an organic structure through the addition of a 
nitrosating reagent (nitrosyl chloride) across a carbon-carbon 
double bond.45 

Perhaps the two most prominent features in the chemistry 
of a nitroso group are unusually facile dimerization to nitroso 
dimers6 and the ready isomerization to the corresponding ox-
imes.6 Thus, primary and secondary aliphatic nitroso com
pounds generally exist as the corresponding disubstituted di-
azene 1,2-dioxides,7 which, in turn, often exist as a pair of in
terconvertible geometrical Z and E isomers. It is now well 
documented that the dimerization initially provides the Z 
isomer, which under thermodynamic conditions isomerizes to 
the more stable E form.8 It appears that the dimerization 
process requires fairly low energies of activation in the order 
of 6-10 kcal/mol,8f-9 as compared with 20-30 kcal/mol esti
mated for the energy of activation for the dissociation of the 

(b) R. A. Ellison, R. Griffin, and F. N. Kotsonis, ibid., 36, 209 (1972); (c) G. 
M. Whitesides, C. P. Casey and J. K. Krieger, J. Am. Chem. Soc, 93,1397 
(1971). 

(39) In the literature,1713 the amount (0.463 g) of the starting material, 3-ace-
tyl-2-cyclohexenol (misspelled as 3-acetyl-2-cyclohexanol), was miscal
culated as 3.81 mmol. The reported yield is therefore probably calculated 
from the wrong quantity. 

(40) "The Sadtler Standard Spectra, Standard Infrared", Sadtler Research 
Laboratories, Philadelphia, Pa., Spectrum No. 121, 1970. 

(41) "Catalog of Mass Spectral Data", American Petroleum Institute Research 
Project No. 44, Texas A&M University, College Station, Tex., 1970. 

dimers to monomers.8f '9bl° Energies of activation for the di
merization of tertiary nitroso compounds, for steric reasons, 
are significantly higher and they generally exist in monomeric 
form."'12 

The isomerization of primary and secondary nitroso com
pounds to the corresponding oximes is not a spontaneous pro
cess6811 and in the gas phase requires activation energies in 
excess of 35 kcal/mol. However, the isomerization of the ni
troso compounds in solution is apparently catalyzed both by 
acids and bases and also appears to be influenced by solvents 
and heat.6 Secondary nitroso compounds resulting from an 
addition of a nitrosating reagent such as nitrosyl chloride or 
nitrosyl formate across a carbon-carbon double bond dimerize 
readily and generally exist as the corresponding nitroso di-
m e r s 4,5,12,13 j n c o ntrast, nitrosation of ketones usually provides 
the a-oximino ketones directly. It thus appears that the sec
ondary a-nitroso group in the initially formed a-nitroso ke
tones, under the condition of the nitrosation reaction undergoes 
a very facile isomerization to the oxime.3'5'6 

In addition to its synthetic value as a general method for 
introducing a nitrogen function into organic molecules, the 

Nitrosation in Organic Chemistry. Nitrosolysis, a Novel 
Carbon-Carbon Bond Cleavage Effected through 
Nitrosation. Nitrosolysis of Ketones and Ketone Acetals] 

Milorad M. Rogic,* John Vitrone, and Michael D. Swerdloff 

Contribution from the Chemical Research Center, Allied Chemical Corporation, 
Morristown, New Jersey 07960. Received June 16, 1976 

Abstract: Nitrosation of cyclohexanone with nitrosyl chloride in liquid sulfur dioxide in the presence of methanol, ethanol, or 
isopropyl alcohol and at least 1 equiv of hydrogen chloride provides the corresponding 2-alkoxy-3-oximinocyclohexenes. How
ever, when the reaction was carried out without the added hydrogen chloride, the alkyl 6-oximinohexanoates are obtained. This 
novel carbon-carbon bond cleavage was extended to several other ketones. The successful outcome of this reaction was attrib
uted to an efficient trapping of the a-nitrosohydroxycarbonium ion intermediates with an alcohol and facile in situ cleavage 
of the resulting a-nitroso hemiacetal. The mechanism of the reaction changes dramatically by changing the nature of the nu-
cleophile associated with the nitrosating reagent. Thus, in the absence of efficient nucleophiles, the a-nitrosocarbonium ion, 
resulting from the electrophilic addition of the nitrosonium ion to the double bond of an enol or even an olefin, behaves as a 
1,3-dipolar ion that can be intercepted with a carbonyl group as a dipolarophile to provide a novel single-step synthesis of vari
ous 3-oxazoline TV-oxides. In this way a reaction of cyclohexanone with tert-butyl nitrite and boron trifluoride etherate gave 
2,2-dimethyl-l-oxa-4-azaspiro[4.5]dec-3-en 4-oxide. Similarly, a reaction of cyclohexanone with nitrosyl tetrafluoroborate 
and 1-methylcyclohexene afforded 4,5,6,7-tetrahydro-7a-methylspiro[benzoxazoline-2,l'-cyclohexene) 3-oxide. The same 
product was also obtained either from a reaction of 1-methylcyclohexyl nitrite with boron trifluoride etherate and cyclohexa
none, or 1-methylcyclohexanol with nitrosyl tetrafluoroborate and cyclohexanone. A reaction of cyclohexanone diethyl acetal 
with ethyl nitrite in liquid sulfur dioxide in the presence of ethanol and a catalytic amount of an acid gave ethyl 5-cyanopenta-
noate. The diethyl acetals of various cyclic and open chain ketones undergo similar carbon-carbon bond cleavage. The pro
posed mechanism for the nitrosolysis of cyclohexanone diethyl acetal involves an acid-catalyzed reversible formation of the 
enol ether from the ketone acetal; an electrophilic addition of the nitrosonium ion, generated from the ethyl nitrite and the acid 
catalyst, to the double bond of the enol ether; a reaction of the thus produced l-alkoxy-2-nitfosocarbonium ion with the alcohol 
to provide the a-nitroso ketone acetal; an acid-catalyzed carbon-carbon bond cleavage to provide the corresponding a)-oximi-
nodiethoxycarbonium ion; a reversible reaction of the carbonium ion with an excess of the alcohol to give the oi-oximinoortho-
caproate; and a reaction of the thus produced ortho ester with the oxime to afford the observed ester nitrile. 
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nitrosation reaction has also found use for the carbon-carbon 
bond cleavage of certain ketones3'14'15 and in the synthesis of 
a-amino acids from substituted acetoacetic esters,316 or ma-
lonic acids.317 A particular variation of this reaction, nitro
sation of cyclohexanecarboxylic acid with nitrosylsulfuric acid 
in sulfuric acid, constitutes the basic of the Snia-Viscosa 
technology for the manufacture of caprolactam.18 These car
bon-carbon cleavage reactions are observed only in those 
systems19 which are capable of providing a tertiary nitroso 
group that cannot isomerize to an oxime. 

It has been known for quite some time that certain deriva
tives of a-oximino ketones can undergo the second-order 
Beckmann rearrangement or, more correctly, the Beckmann 
fragmentation reaction2324 to provide the corresponding esters 
and nitriles. 

Our continuous interest in caprolactam technology led us 
to explore new synthetic methods for making this monomer. 
Consequently, we decided to investigate whether the above 
mentioned in situ cleavage of a carbon-carbon bond in tertiary 
a-nitroso intermediates, which result from the nitrosation of 
substituted acetoacetic esters (eq I),3-16 or malonic acids and 
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H 
esters (eq 2, R' = H or alkyl),3,17 could be extended to the 
corresponding secondary a-nitroso intermediates, especially 
those that may be involved in the nitrosation of cyclohexanone 
(eq 3). If possible, this transformation should provide either 
oj-oximinocaproic acid (R' = H) or the ester (R' = alkyl). We 
also undertook to find out if it was possible to achieve exclusive 
mononitrosation of cyclohexanone and, if so, whether it would 
be possible to convert the thus produced a-oximinocyclohex-
anone, through a Beckmann fragmentation reaction, to 
ai-cyanovaleric acid (R' = H) or the ester (R' = alkyl) (eq 4). 

O 
NOX a O 

NOH 

f^COOR' 
L^CN (4) 

A catalytic hydrogenation of the oximino or the cyano group 
in the thus produced acids or esters should afford «-amino-
caproic acid or its ester, both of which should easily undergo 
cyclization to caprolactam. 

In the present paper, we shall describe our work that led to 
the development of the nitrosolysis reaction, a carbon-carbon 
bond cleavage effected through the nitrosation of ketones or 
ketone acetals. In the following papers of this series, we will 
discuss (a) the preparation and mechanism of Beckmann 
fragmentation of a-nitroso ketone acetal dimers and a-oximino 
ketone acetals, (b) the stereochemistry of addition of nitro-
sating reagents to carbon-carbon double bonds, and (c) the 
homospecific and heterospeciflc dimerization of nitroso 
compounds and the 13C N M R spectra of nitroso dimers. 

Results and Discussion 

1. Mononitrosation of Cyclohexanone. One striking feature 
of the chemistry of the nitrosation of ketones is that cyclic 

C(5)-C(8) ketones provide exclusively or predominantly the 
corresponding a,a'-dioximino ketones,3 while the larger cy
clic25 and open chain ketones3 undergo exclusively mononi
trosation to give the corresponding a- and/or a'-oximino ke
tones only. Numerous attempts to achieve mononitrosation of 
cyclohexanone have not been successful.25-26 In considering 
the mechanism of the nitrosation27 of cyclohexanone (Scheme 
I), it is reasonable to assume that the reaction involves elec-
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OH 

a 
(5) 
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trophilic attack of the nitrosating species on the double bond 
of the enol present in equilibrium (eq 5, 6), and that the a-
nitrosohydroxycyclohexane carbonium ion thus produced can 
undergo deprotonation to provide a-nitrosocyclohexanone (eq 
7). On the other hand, it seems reasonable that the a-oximi-
nocyclohexanone if formed (eq 11) would undergo the required 
enolization (eq 12), and hence a second nitrosation (eq 13), 
with difficulty.28 Consequently, one must consider what can 
be done to block the pathway leading to the 2-hydroxy-3-ni-
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trosocyclohexene (eq 9), so as to achieve mononitrosation. In 
support of this approach it should be noted that the work of 
Ogata and co-workers has established that in the nitrosation 
of cyclohexyl aryl ketones with nitrous acid in concentrated 
sulfuric acid, the rate-determining step is the rate of depro-
tonation of the respective conjugate acids, followed by a fast 
addition of the nitrosating species across the carbon-carbon 
double bond of the thus generated enols.140-'1,27 This and other 
studies suggest that the addition of several nitrosating reagents 
to carbon-carbon double bonds does indeed show character
istics of an electrophilic addition reaction.5 '12 '30-34 If the ni
trosation of ketones {and other activated carbon structures) 
is a special case of electrophilic addition to a carbon-carbon 
double bond, it should be possible to intercept the resulting 
a-nitrosohydroxycarbonium ion with some appropriate nu-
cleophile. Clearly, if this was possible, then the 2-nitroso-l-
hydroxycyclohexane intermediate, resulting from the reaction 
of the 2-nitrosohydroxycyclohexane carbonium ion with a 
nucleophile NuH (eq 14), could either isomerize to the a-
oximino compound (eq 15), which should be stable toward 
further nitrosation, or perhaps, undergo a carbon-carbon bond 
cleavage (eq 16) analogous to the similar cleavage of tertiary 
a-nitroso intermediates (eq 1, 2), which are not capable of 
isomerization to the corresponding oximes. 

Nitrosation of cyclohexanone with nitrosyl chloride3 in 
ether, chloroform, methylene chloride, hexane, or sulfur 
dioxide gives only 2,6-dioximinocyclohexanone. Even if the 
nitrosation is carried out in the presence of methanol, the re
action mechanism is not affected significantly and dioximino 
ketone is still the only product. But when nitrosyl chloride is 
added to a solution of cyclohexanone in liquid sulfur dioxide 
containing 1 equiv each of methanol and dry hydrogen chloride 
at —70 0 C, decolorization of the nitrosyl chloride occurs after 
5-10 min. The resulting solution was stirred for an additional 
30 min, the temperature was allowed to rise to about —50 0 C, 
and the sulfur dioxide was evaporated. The resulting tan solid 
upon treatment with sodium bicarbonate in a minimal quantity 
of water gave free 2-methoxy-3-oximinocyclohexene 2, mp 
150-151 0 C A 100-MHz N M R spectrum of the reaction so
lution immediately after mixing the reagents in sulfur dioxide 
suggested that the initial main reaction product was 1 -hy
droxy- l-methoxy-2-oximinocyclohexane hydrochloride (1). 
It thus appears that the reaction between cyclohexanone, 
methanol, and nitrosyl chloride in the presence of hydrogen 
chloride in sulfur dioxide solution at —70 0 C initially affords 
1, which at higher temperature in solution or on isolation 
undergoes water elimination to give 2a (eq 17). 

hydrochloride (3a) was formed as the major reaction product 
(eq 18). 

Cf\ NOCl + MeOH + HCl 

-700C 
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QMe 
^ T ^ O H ,rr' OMe 

^NOH'HCl NOHHCl 
1 2a 

base 
I I (17) 
\ / ^ n NOH 

These experiments clearly demonstrate that it is indeed 
possible to achieve mononitrosation of cyclohexanone by 
trapping the l-hydroxy-2-nitrosocyclohexane carbonium ion 
with methanol. 

2. Nitrosolysis of Ketones, (a) Nitrosolysis of Cyclohexanone. 
When hydrogen chloride was completely omitted, the reaction 
took a different course, and the methyl w-oximinocaproate 

a° + NOCl + ROH CCOOR 
CH=NOH-HCl 

3a 

(18) 

Thus, the slow introduction of nitrosyl chloride vapors above 
a well-stirred solution of cyclohexanone in liquid sulfur dioxide 
containing 1.5 equiv of ethanol maintained at gentle reflux 
(~—10 0C) resulted in an immediate decolorization of the 
nitrosyl chloride. Evaporation of the solvent afforded a 90-95% 
yield of ethyl w-oximinocaproate which, according to a 60-
MHz NMR spectrum, was a mixture of approximately equal 
amounts of the Z and E isomers. 

Addition of an equivalent amount of nitrosyl chloride to a 
solution of ethanol in an excess of liquid sulfur dioxide at —70 
0 C produced no apparent reaction. The nitrosyl chloride color 
persisted indefinitely. When, however, such a solution was 
allowed to warm up to about —20 to — 15 0 C, depending on the 
relative concentrations of the reagents, the nitrosyl chloride 
color quickly disappeared and the solution became slightly 
yellow. Cooling of the reaction mixture resulted in the reap
pearance of the nitrosyl chloride color. Presumably, the reac
tion involves a reversible formation of the corresponding alkyl 
nitrite and hydrogen chloride,36 for the same reaction mixture 
resulted from a solution of ethyl nitrite and hydrogen chloride 
in sulfur dioxide. Furthermore, it is reasonable to assume that 
the whole system exists also in equilibrium with the nitroso-
nium ion, NO + : 3 7 

NOCl + ROH «=± RONO -I- HCl *± N O + + ROH + Cl" 
SO2 

(19) 

Thus, it appears that the nitrosolysis of cyclohexanone can be 
explained by the reaction sequence outlined in Scheme I. 
Presumably, an electrophilic addition of the nitrosonium ion 
(generated according to eq 19) to a carbon-carbon double bond 
of the cyclohexanone enol affords the l-hydroxy-2-nitroso-
cyclohexane carbonium ion (eq 6), which is trapped with an 
alcohol to give the a-nitroso hemiacetal (eq 14). An acid-cat
alyzed carbon-carbon bond cleavage yields the w-oximino-
caproic acid ester (eq 16). Because of its low nucleophilicity 
on the one hand and very good solvating properties on the other, 
sulfur dioxide appears to be one of the best solvents for this 
reaction; it effectively solvates the counterion without any 
appreciable reaction with the positive charge. This allows a 
sufficiently high concentration of nitrosonium ion and at the 
same time provides for the "stabilization" of the intermediate 
l-hydroxy-2-nitrosocarbonium ion, thus making the reaction 
with an alcohol (eq 14) possible. This behavior of sulfur dioxide 
should be contrasted to other commonly used solvents for the 
nitrosation reaction, namely water and ether, which because 
of their basic nature, in addition to solvating anions, effectively 
react not only with the nitrosonium ion, thus diminishing its 
electrophilic character significantly, but also with 1-hy-
droxy-2-nitrosocarbonium ion, assisting its undesirable 
transformations (eq 8, 9). It is therefore not surprising to find 
that the nitrosolysis reaction fails in these solvents as well as 
in many others (carbon tetrachloride, methylene chloride, 
chloroform, hexane, alcohols, etc). Other polar but nonbasic 
solvents like nitromethane and sulfolane behave similarly as 
sulfur dioxide, and, consequently, the nitrosolysis of cyclo
hexanone in these solvents did take place. For practical pur
poses, however, there is no advantage in using these solvents 
in place of sulfur dioxide. Finally, the success of this reaction 
must be due, at least in part, to the fact that during the reaction 
cycle only a small amount of free hydrochloric acid is present. 
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Presumably, the hydrochloric acid generated in the reaction 
between nitrosyl chloride and the alcohol (eq 19) serves as a 
catalyst for the enolization of the ketone (eq 5) and the 
cleavage of the a-nitroso hemiacetal (eq 16) and then becomes 
"neutralized" by the oxime produced. 

When the nitrosation of cyclohexanone was carried out in 
the presence of an additional equivalent of hydrogen chloride, 
the competing reaction (eq 15) to give 1, followed by water 
elimination to afford 2-alkoxy-3-oximinocyclohexene 2a (eq 
17) becomes more important and the carbon-carbon bond 
cleavage is suppressed. It is of interest to note that the isom-
erization (eq 15) took place most readily in the presence of 
hydrogen chloride or boron trifluoride etherate. In the presence 
of sulfuric or methanesulfonic acid, the isomerization was not 
very extensive and the oj-oximinocaproic acid ester was the 
predominant product. At the present time, it is not quite clear 
why different acids influence the reaction course differently. 
It seems reasonable, however, that the nature of the acid rather 
than the acid concentration is responsible for the changes in 
the reaction course, but without further information any 
conclusion would be speculative. 

(b) Scope of the Nitrosolysis of Ketones. Since our primary 
interest in this work was to develop a suitable transformation 
of cyclohexanone to caprolactam, the bulk of our efforts were 
centered on a study of the reaction with cyclohexanone itself. 
Nevertheless, we briefly investigated the nitrosolysis of several 
other ketones to establish whether the reaction was general in 
character. The results of these experiments are summarized 
in Table I. The reaction with cyclohexanone can be carried out 
equally effectively either with ethanol or methanol. It also 
appears that /l-butyl alcohol and isobutyl alcohol can be used 
but without any apparent advantage. In the past, nitrosyl 
chloride was usually generated in situ from the reaction of an 
alkyl nitrite and hydrogen chloride;3'53-24 however, in the 
present reaction such a procedure suffers from the disadvan
tage that the rate of addition of the hydrogen chloride is not 
uniform and often results in an accumulation of the acid and, 
hence, in the concomitant formation of the oximino enol 
ethers. 

It is generally accepted that a-halogenation, a-deuteration, 
and acid-catalyzed racemization of a ketone all proceed via the 
rate-determining formation of the enol.38 Under acidic con
ditions, the formation of an enol with the more substituted 
double bond occurs.39 Since the nitrosolysis of 2-methylcy-
clohexanone gives ca. equal amounts of 6-oximinohexanoic 
acid ester and 6-oximinoheptanoic acid ester, it follows that 
the formation of the enol in this reaction, and perhaps in other 
nitrosolysis reactions as well, may not be the rate-determining 
step. Thus it appears that the product distribution in this 
particular reaction is very likely dictated by the relative rates 
of the attack of the nitrosating species on the double bond of 
the respective enols, rather than by the relative rates of the 
formation of the latter. We will return to this question in a 
subsequent paper. 

Contrary to the cylcic ketones, the 7-tridecanone underwent 
nitrosolysis to give about 45% of ethyl caproate, 20% of the 
n-hexaldehyde oxime, and as much as 40% of the 6-oximino-
7-tridecanone. This probably reflects the earlier mentioned fact 
that open chain ketones generally undergo mononitrosation.3 

Presumably, a competing isomerization of the a-nitrosohy
droxycarbonium ion intermediate to the corresponding a-
oximino ketone, a species that is less reactive toward second 
nitrosation, is much more facile in open chain and large ring 
cyclic ketones than in the C(5)-C(8) cyclic ketones.3 

(c) The Importance of the Nature of the Nucleophiles in the 
Nitrosating Reagent during the Nitrosation of Ketones. At this 
point, we would like to comment on how the absence of efficient 
nucleophiles in a reaction of a nitrosating reagent with a car-
bonyl compound affects the mechanism of the reaction and 

Table I. Nitrosolysis of Various Ketones" 

Ketone 

Cyclohexanone 

4-terr-Butylcy-
cyclohexanone 

2-Methylcyclo-
hexanone 

Cyclopentanone 

Cyclododeca-
none 

7-Tridecanone^ 

Alcohol 

EtOH d 

n-BuOH/ 
i-BuOH' 

EtOH 

EtOH 

EtOH 

EtOH 

EtOH 

Products6 

HON=CH(CH2)4COO-
Et 

2-Ethoxy-3-oximinocyclo-
hexene 

HON=CH(CHj)4CO-
' OBu-n 

HON=CH(CH2)4CO-
OBu-/ 

HON=CHCH2CHU-
Bu)CH2CH2COOEt 

2-Ethoxy-3-oximino-5-
tert - buty lcyclohexene 

HON=C(CH3)(CHz)4-
COOEt 

HON=CH(CH2)3CH-
(CH3)COOEt 

HON=CH(CH2)3COO-
Et 

2-Ethoxy-3-oximinocyclo-
pentene 

HON=CH(CH2) I0COO-
Et 

a-Oximinocyclododeca-
none 

CH3(CH2)5COOEt 
CH3(CH2)4CH=NOH 

Yield/ 
% 

95 

45 

45 

50 

40 

45 

45 

70 

25 

75 

25 

45 
20 

" For the experimental conditions and the ratios of the reagents, 
see the Experimental Section. * The structures of the products were 
determined either by comparison with an authentic sample or by the 
usual spectroscopic and analytical means. c By GLC. d Essentially 
the same results were obtained with methanol. e 1:1 mixture. ^As 
much as 40% of the corresponding a-oximino ketone was also 
formed. 

leads to highly unexpected changes in the reaction course. 
If the nitrosolysis of cyclohexanone indeed involves the se

quence of the reactions outlined in Scheme I and, hence, the 
formation of a-nitrosohydroxycyclohexane carbonium ion, it 
was of interest to find what would happen to such an ion in the 
absence of an efficient nucleophile. It was hoped that under 
the proper reaction conditions, the a-nitrosohydroxycarbonium 
ion would undergo carbon-carbon bond cleavage to give either 
w-oximinocaproyl carbonium ion or the corresponding co-oxi-
mino ketone, which in situ should undergo dehydration to 
oj-cyanovaleric acid (eq 20). 

O 

* 1 ,CH=NOH 

'N=O 
.C=C=O 

L^CH=NOH 

r^COOH 
(20) 

However, when such a nitrosolysis of cyclohexanone was 
attempted in liquid sulfur dioxide using tert-butyl nitrite and 
boron trifluoride etherate as the nitrosating reagent, instead 
of the expected 5-cyanovaleric acid, a white crystalline solid, 
2,2-dimethyl-l-oxa-4-azaspiro[4.5]dec-3-ene 4-oxide (4), mp 
119-121 0C, was obtained in about 50% yield. 

This unexpected formation of 4 may be explained by 
transformations outlined in Scheme II: (a) a coordination of 
boron trifluoride etherate with the basic oxygen of the tert-
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Scheme II 
(Me)3C-ONO + BF3-OEt2 
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butyl nitrite (eq 21), (b) the formation of isobutylene and a new 
nitrosating species40 (eq 22), and (c) the electrophilic addition 
of the nitrosonium ion to the isobutylene double bond to form 
the l-nitroso-2-methylpropane carbonium ion (eq 23). The 
thus produced carbonium ion, in the absence of efficient nu-
cleophiles, apparently undergoes a 1,3-dipolar addition reac
tion41 with the carbonyl group of cyclohexanone to give, after 
proton expulsion, the observed 2,2-dimethyl-l-oxa-4-azaspi-
ro[4.5]dec-3-ene 4-oxide (4) (eq 24). That this indeed may be 
a plausible mechanism was further indicated by a successful 
synthesis of 4 by the nitrosation of isobutylene with nitrosyl 
tetrafluoroborate in liquid sulfur dioxide in the presence of 
cyclohexanone (eq 25). 

Similarly, a reaction of 1-methylcyclohexene with nitrosyl 
tetrafluoroborate and cyclohexanone in the same solvent led 
to 4,5,6,7-tetrahydro-7a-methylspiro[benzoxazoline-2,1 '-
cyclohexene] 3-oxide, (5). Moreover, the same product was 
also obtained either from a reaction of 1-methylcyclohexyl 
nitrite with boron trifluoride etherate and cyclohexanone, or 
1-methylcyclohexanol with nitrosyl tetrafluoroborate and 
cyclohexanone in liquid sulfur dioxide42 (eq 26). 

DNO O 
+ BF3OEt 

C) +CJ + N O + B F < 

/ N L O H 

+ + NO+BF4 

(26) 

d°?o 
O 

The general nature of the reaction is indicated by prepara
tion of several 3-oxazoline TV-oxides summarized in Table 
II. 

It is of interest that under these experimental conditions little 
or no nitrosation products of ketones or aldehydes were de
tected. This may suggest that under these conditions a reaction 
of an enol with the nitrosating reagent is not important. It is 
more likely, however, that because of the absence of an effec
tive base required to remove the a-hydrogen from the conju
gate acid of the carbonyl compound, the equilibrium concen
tration of the enol may be significantly reduced and therefore 
the usual nitrosation reaction suppressed. On the other hand, 
the conjugate acid of the carbonyl compound should be and, 
evidently is, a very effective dipolarophile. 

If this argument is correct, then one should be able to in
tercept even the a-nitrosohydroxycarbonium ion with the 
parent carbonyl compound under the proper reaction condi
tions. Indeed, when one carried out the nitrosation of cyclo
hexanone with nitrosyl chloride in ether saturated with hy
drogen chloride at low temperature,43 one obtains 4,5,6,7-
tetrahydro-7a-hydroxyspiro[benzoxazoline-2,1 '-cyclohexane] 
3-oxide (6) as a white crystalline solid, mp 123-124 0C, in up 
to a 55% yield (eq 27). Heating 6 under vacuum afforded cy-

O 

+ NOCl 
HCl 

ether"-56 CC 

clohexanone, leaving as the residue a-oximinocyclohexanone. 
When an attempted synthesis of 6 was carried out with a-
oximinocyclohexanone and cyclohexanone under the same 
conditions, but in the absence of nitrosyl chloride, no desired 
product was formed. Evidently, formation of 6 does not involve 
a-oximinocyclohexanone, and, consequently, it seems that the 
a-nitrosohydroxycyclohexane carbonium ion was indeed the 
intermediate in this reaction. 

Finally, when a reaction of 1-methylcyclohexyl nitrite with 
boron trifluoride etherate was carried out in sulfur dioxide in 
the presence of benzaldehyde, a white crystalline solid, 2-
phenyl-4,4,6,7-tetrahydro-7a-methylbenzoxazoline 3-oxide 
(7), mp 144-147 0C, was obtained. While, a priori, the addi-

a ,ONO 
+ C6H6CHO + BF3-OEt2 

so, OC 
.0 / C 6 H 5 

\ H 

O 

tion of 2-nitrosocyclohexylmethyl carbonium ion across the 
benzaldehyde carbonyl group can take place from both faces 
of the carbonyl group to provide both possible diastereoisomers, 
it appears that the formation of 7 was facialspecific.44 How
ever, at the present time, the stereochemistry of 7 is not known, 
and, hence, it is not possible to conclude whether the reaction 
occurred in a "suprafacial", "antarafacial" or even in a step
wise but stereospecific manner. 

Evidently, in the absence of efficient nucleophiles, the a-
nitrosocarbonium ion, resulting from the electrophilic addition 
of the nitrosonium ion to the double bond of an olefin or even 
an enol, behaves as a 1,3-dipolar ion41 that can be intercepted 
with a carbonyl group as a dipolarophile to provide a novel 
single-step synthesis of various 3-oxazoline N-oxides. 
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No. Reagents Solvent Product Mp1
0C 

Me 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Me3CONO, (CH,)sCO, 
BF3OET2 

CH2=C(Me)2, (CH,)sCO, 
NO+BF4-

(CH2)sC(Me)ONO, (CHj)5CO, 
BF3-OEt2 

CH2(CHj)3CH=C1Me, 
(CHj)5CO1NO+BF4 

(CHj)5C(Me)OH, (CHj)5CO, 
NO+BF4-

(CH2)5C(Me)ONO,PhCHO, 
BF3-OEt2 

SO2, MeNO2, CHCl2 

SO2 

SOj 

SOJ 

SOJ 

SOJ 

:t>o 
H * O 

same 

Me 

cbo 
O 

same 

same 

Me 

ctx 
(7) (CH2)sC(Me)0N0, 

Me2CHCHO, BF3OEt2 

(8) PhC(Me)2ONCMe2CO, 
BF3-OEt2 

(9) Ph(Me)C=CH21Me2CO, 
NO+PF," 

(10) Me3CONO, PhCHO, 
BF3-OEt2 

(11) Me3CONO1Me2CO, 

(12) (CH2)5CO, NOCl, HCl 

SO, 

SO2 

MeNO, 

SO2 

MeNO, 

Et,0 

I 
0 

Me 

a^0 . ,CH(Me)2 

o 
Me 

P h \ „ 0 . Me 

H ^ N ^Me 

0 

Me 
Me\Lo. Ph 

Me 
Me. 0 , , M e 

^ N Me 

HO 

ctx> 

119-120 

104-106 

144-147 

68-70 

64-68 

107-108 

bp42 (0.1 mm) 

123-124 

"For further details see the Experimental Section. 

3. Nitrosation of Cyclohexanone Enol Ethers. Ogloblin and 
his co-workers demonstrated that the addition of nitrosyl 
chloride to the enol ether of isobutyraldehyde in ether at —60 
0C occurs in an expected manner, providing 1-chloro-1-me-
thoxy-2-nitroso-2-methylpropane, a thermally unstable 
product.20 The addition of methanol to the reaction mixture 
led to a carbon-carbon bond cleavage, typical for the acid-
catalyzed carbon-carbon cleavage of tertiary a-nitroso in
termediates in which the nitroso group cannot isomerize to the 
oxime.15"19 The products of this carbon-carbon bond cleavage 
were the expected trimethyl orthoformate and acetone 
oxime. 

We investigated the addition of nitrosyl chloride to cyclo
hexanone enol ethers, substrates that can give only a secondary 
2-nitroso-l-alkoxy-l-chlorocyclohexanes or the corresponding 
nitroso dimers as the initial reaction products. The addition 
of nitrosyl chloride to a solution of cyclohexanone enol ether 
in ether at —50 0C, followed by neutralization with sodium 
bicarbonate, afforded the 2-methoxy-3-oximinocyclohexene 
(2). Presumably, the reaction initially provides 2-nitroso-l-

chloro-1 -methoxycyclohexane, present in an equilibrium with 
the corresponding nitroso dimer. Evidently, the isomerization 
and acid elimination afforded the observed 2,R = CH3 (eq 28). 

OR 
OR 

+ NOCl 
ether 

-50 »C l ^ v 

Cl 

OR 

NOH 
(28) 

Addition of nitrosyl chloride to a solution of cyclohexanone 
methyl enol ether in ether containing an equivalent of methanol 
at —50 0C produced directly 2a. It appears that this reaction 
provides the corresponding secondary 2-nitroso-l-methoxy-
1-chlorocyclohexane which, perhaps not surprisingly, under
goes the isomerization rather than the carbon-carbon bond 
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cleavage reaction that would be analogous to the above men
tioned tertiary 2-nitroso intermediates (eq 29). However, when 

a OMe . ^ , O M e 

+ NOCl - ^ U C X (29) 
ether,0°C \ X ^ . 

NOH-HCl 
2a 

a similar reaction was carried out in a sulfur dioxide solution 
containing a slight excess of an alcohol, w-cyanovaleric acid 
ester (8) was obtained in a significant yield (eq 30). 

^OR , 

ROH r cooR 
+ N 0 C 1 i o ^ T L ^ C N («» 

8 
Before continuing, it is of interest to note that cyclohexanone 

enol ethers undergo a fast reaction with sulfur dioxide45 to give 
tricyclic sulfone ethers which are evidently formed through a 
reaction sequence outlined in Scheme III. The reaction can be 
Scheme III 

0" 

CX ' " - C t , 
RC 

OL.+ JO - CtO 
SO2" 

RO 

S0: 

RO 
O OR 

S ' 
o OR 

-ROH 

8-
O OR 

suppressed by the addition of an excess of the alcohol. Pre
sumably, the alcohol should add to the enol ether in the pres
ence of an acid catalyst, including sulfur dioxide, to give the 
corresponding acetal and thus prevent the sulfone formation. 
That this may be an oversimplification was indicated by the 
N M R examination of the corresponding solutions in liquid 
sulfur dioxide. Thus, a 60-MHz NMR spectrum of a solution 
of either a 1:1 mixture of 1-ethoxycyclohexene and ethanol or 
cyclohexanone diethyl acetal in sulfur dioxide showed the 
presence of a free hydroxyl proton at 5 2.73 (1 H). At O 0 C this 
proton appeared at 5 3.15 and integrated for only 0.4 H. 
Clearly, sulfur dioxide cleaves ethanol from diethyl acetal (eq 
31 ).45-46 Since in both cases no signal for the vinyl proton was 

OEt 
. ^Tx>Et 

+ SO2 (excess) 

.OEt cr + EtOSO2H (31) 

SO2' 

observed, it would appear that the enol ether reacts with sulfur 
dioxide according to Scheme III to give the indicated 1,3-
dipolar ion 9 which exists in equilibrium with the acetal (eq 
31). Since the formation of the 1,3-dipolar ion 9 in sulfur 
dioxide occurs reversibly either from the enol ether or from the 
acetal, it follows that the acetal solution in sulfur dioxide should 
also contain the enol ether in the equilibrium. If this is true, 
then the reaction of cyclohexanone acetal with nitrosyl chloride 
in sulfur dioxide should also be possible (eq 32), and, if so, this 

OEt a .OEt 

+ NOCl + EtOH CCOOEt 
CN + HCl 

(32) 

would eliminate the need to convert the acetal to the enol ether 
and, hence, save one reaction step. 

4. Nitrosolysis of Ketone Acetals. (a) Nitrosolysis of the 
1,1-Diethoxycyclohexane. When nitrosyl chloride was added 
to a solution of 1,1-diethoxycyclohexane in sulfur dioxide 
containing ethanol, the desired reaction did take place and 
ethyl w-cyanovalerate was the major of several reaction 
products (eq 32). Presumably, the reaction involves the steps 
outlined in Scheme IV: (a) a fast reversible reaction of nitrosyl 

Scheme IV 
NOCl + EtOH ^ = * EtONO + HCl 

SO2 

«=* NO+ + EtOH + CT (33) 

EtONO * £ * NO+ + EtOH (33a) 
SO2 

QEt 

^J>t H+ / ^ 0 5 * 
I J *=fc I J + EtOH (34) 

aOEt ^ + ^ O E t 

+ NO* - C C ° 
X)Et 

QEt 

Ov°+ Et0H ^ l OEt 

_ ^ ^ C X O E t ) 2 

L J$ *A, . L .CH=N-OH 

(35) 

(36) 

(37) 

CC(OEt)2 

C H = N - O H 
+ EtOH 

^ C X O E t ) 3 

L ^ - C H = N - O H 

C ^ COOEt (^C(OEt) 3 . 
k ^ C H = N — O H -2EtOH' k ^ , C = N 

+ H+ (38) 

H+ 

(39) 

chloride and the alcohol (eq 33) ,3 6 3 7 (b) the acid-catalyzed 
reversible formation of the enol ether from the ketone acetal 
(eq 34), (c) the electrophilic addition of the nitrosonium ion 
generated in step a to the double bond of the enol ether (eq 35), 
followed by a reaction of the thus produced l-alkoxy-2-nitro-
socarbonium ion with the alcohol to provide the a-nitroso ke
tone acetal (eq 36), (d) the acid-catalyzed carbon-carbon bond 
cleavage to provide the co-oximinodiethoxycarbonium ion (eq 
37), (e) a reversible reaction of the carbonium ion with an 
excess of the alcohol to give the w-oximinoorthocaproate (eq 
38), and (f) the acid-catalyzed reaction of the thus produced 
ortho ester with the oxime to provide the ethyl co-cyanovalerate 
(eq 39). 

In the nitrosolysis of ketones with nitrosyl chloride (Scheme 
I), the hydrochloric acid generated in the reaction of nitrosyl 
chloride and the alcohol (eq 19) served as the catalyst both for 
the enolization of the ketone and for the subsequent carbon-
carbon bond cleavage. At the end of the reaction cycle, how
ever, the hydrochloric acid was neutralized by the oxime pro
duced. Thus, throughout the entire ketone nitrosolysis reaction 
cycle, only a trace of the free hydrochloric acid was present. 
On the other hand, assuming for the moment that the mech
anism of the nitrosolysis of cyclohexanone diethyl acetal with 
nitrosyl chloride is as outlined in Scheme IV, the hydrochloric 
acid generated in step a (eq 33) should not only serve as the 
catalyst for the formation of the enol ether (eq 34), for the 
cleavage of the a-nitroso ketone acetal (eq 37), and for the 
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Table III. Nitrosolysis of Various Ketone Acetals2 
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Ketone acetal (R in >C(OR)2) Alcohol6 Products^ Yield, %<* 

Cyclohexanone, Et 
Cyclohexanone, n-Bu 
Cyclohexanone, /-Bu 
4-Methylcyclohexanone, Et 
4-ferf-Butylcyclohexanone, Et 
2-Methylcyclohexanone, Et 

Cyclopentanone, Et 
Cyclododecanone, Et 

Camphor, Et 

a-Tetralone, Et 

7-Tridecanone, Et 

4-Heptanone, Et 

2-Heptanone, Et 

Cyclohexyl methyl ketone, Et 

EtOH 
n-BuOH 
/-BuOH 
EtOH 
EtOH 
EtOH 

EtOH 
EtOH 

EtOH 

EtOH 

EtOH 

EtOH 

EtOH 

EtOH 

NsC(CH2)4COOEt 
NsC(CH2)4COOBu-rc 
NsC(CH 2)4COOBu-/ 
NsCCHjCH(CH3)CH2CH2COOEt 
NsCCH2CH(ferr-Bu)CH2CH2COOEt 
NsC(CHj)3CH(CH3)COOEt 
CH3CO(CHj)4COOEt 
NsC(CHj)3COOEt 
NsC(CHj)10COOEt 

N = C / U _ / ' COOEt 
.~_ .COOEt 

00N 
CH3(CHj)5COOEt 
CH3(CHj)4CN 
CH3CH2CH2COOEt 
CH3CH2CN 
CH3(CH2)4COOEt 
CH3COOEt 
CH3(CHj)3CN 
C6H11COOEt 

87* 
87 
87 
85 
90 / 
77 
10 
65 
88 

50* 

60 

98" 
90 
98" 
89 
45 
42 
35 
75 

a For a representative experimental procedure, see text, b The ratio ketone acetal:alcohol:alkyl nitrite was generally the same as in the repre
sentative example. c The products were characterized either by comparison with authentic samples or by the usual spectroscopic means, or 
both. <*By GLC. Generally, the main product is accompanied by the corresponding acetal, which appears to be the major by-product; see the 
following. e Accompanied by 12% of ethyl 6,6-diethoxyhexanoate. Drying the sulfur dioxide solvent increased the yield of the ester nitrile to 
93%. /Slow reaction. S The reaction was very slow and carried out in a sealed ampule overnight at 25°C (CAUTION: excessive pressure!); see 
ref 49. " This reaction was exceptionally fast being complete in less than 1 hr. 

dehydration of the oxime by the ortho ester (eq 39), but it 
should not be consumed in this process and consequently the 
acid concentration should increase as the reaction progresses. 
Therefore, since the reaction between nitrosyl chloride and an 
alcohol to provide the alkyl nitrite and hydrochloric acid (eq 
19 or 33) is a reversible process,36,37 and since the equilibrium 
in eq 33 could also be approached from the side of alkyl nitrite 
(eq 33a), then the entire reaction cycle should require only a 
catalytic amount of an acid. Indeed, when cyclohexanone di
ethyl acetal was treated with ethyl nitrite and a catalytic 
amount of hydrogen chloride in a sulfur dioxide/ethanol so
lution, the desired sequence of reactions (eq 33a-39) did take 
place and ethyl oi-cyanovalerate was obtained in an 87-93% 
yield. 

The sequence of reactions outlined in Scheme IV represents 
an oversimplification of the mechanism of ketone acetal ni
trosolysis and a more detailed discussion will be presented later 
in the text. 

(b) Scope of the Nitrosolysis of Ketone Acetals. Cyclohexa
none di-n-butyl and diisobutyl acetals underwent the nitro
solysis reaction with n-butyl nitrite and isobutyl nitrite, re
spectively, to give the corresponding alkyl oj-cyanovalerates 
(Table III). However, when the nitrosolysis reaction was at
tempted with cyclohexanone dimethyl acetal and methyl nitrite 
under otherwise the identical conditions as above, the dimethyl 
acetal was isolated essentially unchanged. This difference in 
the reactivities of the dimethyl and other cyclohexanone dialkyl 
acetals could be a consequence of the greater thermodynamic 
stability of the dimethyl acetal since it is known that the re
versible formation of an acetal in an acid-catalyzed reaction 
of cyclohexanone with an alcohol is a function of the steric size 
of the alkyl group in the alcohol. For example, the formation 
of cyclohexanone diethyl acetal at equilibrium at room tem
perature does not exceed 5-10%, while the dimethyl acetal is 
present at equilibrium in as much as 70%.47 Therefore, it seems 
that the inertness of the cyclohexanone dimethyl acetal is due 
to the less favorable equilibrium between the acetal and the 
methoxycyclohexane carbonium ion, as compared with the 
similar equilibrium of the other alkoxycyclohexane carbonium 
ions and the corresponding acetals (eq 40). Furthermore, since 

O 

+ ROH (excess) 

OR 

CT 
.OH 

3==* M + H 2 O (40) 

OR 
H +

t 

' - H + 

+ .OR 
ROH 

RO 
,OR 

-ROH \ / 
+ H+ 

the alkoxycyclohexane carbonium ion is the intermediate in 
the formation of the enol ether,48 it follows that the formation 
of enol ethers would also be dependent on the same equilibri
um. 

The nitrosolysis of alkyl substituted cyclohexanone diethyl 
acetals (4-methyl and 4-tert- butyl) proceeds similarly as with 
the acetal of the parent ketone. More interesting is the nitro
solysis of 2-methylcyclohexanone diethyl acetal. This acetal 
underwent the reaction with ethyl nitrite under the standard 
reaction conditions to provide 77% of ethyl 5-cyano-2-meth-
ylpentanoate and about 10% of ethyl 6-oxoheptanoate. The 
predominant formation of the ethyl 2-methyl-5-cyanopenta-
noate vs. the limited amount of the ethyl 6-oxoheptanoate, 
resulting from the cleavage of the isomeric enol ether (eq 41), 

I OEt JXOEt 

- H * 

H + 

dCOOEt 
CN 

77% 

^ C O O E t 

O 

10% 

(41) 
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suggests that the rate of formation of the isomeric enol ethers 
from the ethoxy-2-methylcyclohexane carbonium ion is not 
the rate-determining step in this nitrosolysis reaction. This 
contrasts with the fact that in many acid-catalyzed reactions 
involving enols, the rate-determining step is the rate of de-
protonation of the corresponding conjugate acids,38 a process 
that generally favors the formation of the isomeric enol with 
more substituted double bonds.39 The preferred cleavage of 
the C(l)-C(6) rather than the C(l)-C(2) carbon-carbon bond 
seems to suggest preferential electrophilic attack of the ni-
trosating species at the more nucleophilic double bond of the 
two enol ethers, thus requiring at least partial equilibration of 
the latter prior to the reaction with electrophile. Further sup
port for this interpretation comes from the nitrosolysis of the 
diethyl acetal of 2-heptanone. A relatively high proportion of 
the C(l ) -C(2) vs. C(2)-C(3) carbon-carbon bond cleavage 
in this reaction suggests that at least partial equilibration of 
the respective enol ethers did take place before the reaction 
with the electrophilic nitrosating species (eq 42). 

OEt 
OEt 

H+ 

R' 
OEt 

,OEt 
/R' Ir" NO+ 

-H+ 

^ I R 

OEt 

OEt 

NO+ 

* RCH2COOEt 

45% 

* CH3COOEt (42) 

42% 

RCN 
35% 

Nitrosolysis of cyclopentanone diethyl acetal yielded 65% 
of ethyl 4-cyanobutanoate. The reaction was considerably 
slower than the reaction with cyclohexanone diethyl acetal. 
On the other hand, cyclododecanone diethyl acetal reacted 
much faster, the reaction being essentially over after complete 
addition of the reagents, providing the ester nitrile in over an 
88% yield. The reaction with camphor diethyl acetal was ex
tremely slow under the standard reaction conditions and re
quired higher reaction temperature and increased pressure. 
While the expected l-carbethoxy-l,2,2-trimethyl-3-cyano-
cyclopentane was formed in about a 40-50% yield, camphor 
as well as diethyl sulfite were also produced in approximately 
the same yields. This particular reaction has been discussed 
in some detail elsewhere,49 and it will suffice to say that the 
observed reaction products can be accounted for by the reaction 
sequence outlined in Scheme V. The reaction with a-tetralone 

Scheme V 

.OEt 
f_ ^C(OEt)3 

LQ^CH=NOH 

C_ ^CXOEt)3 
IsXCH=NOH 

^ 2 T •«. 

OEt 

# 1 ^cr„ + ^ 
L i 

r ^ C O O E t 
M>N + EtOSOEt 

diethyl acetal was also fairly slow and gave the o-(w-cy-
anoethyl)benzoic acid ester in about a 60% yield. 

The nitrosolyses of symmetrical open chain ketones like 
4-heptanone and 7-tridecanone were quite fast and generally 

complete upon the addition of the ethyl nitrite solution. The 
outcome of the nitrosolysis of "unsymmetrical" open chain 
ketone acetals has already been mentioned. Finally, the ni
trosolysis of cyclohexyl methyl ketone acetal gave a 75% yield 
of the cyclohexane carboxylic acid ester, further indication of 
a prerate-determining equilibration of the isomeric enol ether 
intermediates prior to their capture by the electrophilic ni
trosating species. 

While a solution of dry hydrogen chloride in an appropriate 
alcohol was the most frequently used acid catalyst, other strong 
acids like hydrogen bromide, methanesulfonic acid, sulfuric 
acid, and boron trifluoride etherate, etc. were also active cat
alysts. 

In concluding this section, it should be mentioned that most 
of the reactions summarized in Table III were carried out 
under the standard reaction conditions developed for the ni
trosolysis of cyclohexanone diethyl acetal, so that the reported 
yields are not necessarily the optimal ones. 

(c) Side Product Formation. The nitrosolysis of cyclohexa
none diethyl acetal under standard reaction conditions pro
duces an 85-87% yield of ethyl 5-cyanopentanoate. The ester 
nitrile is generally accompanied with about 10-15% of ethyl 
6,6-diethoxyhexanoate (eq 43). The formation of the ester 

OEt 

Cr 
,OEt 

+ EtONO 

so, 

+ EtOH 
(""^ COOEt 
k ^ C N + CCOOEt 

CH(OEt)2 

(43) 

85-87% 10-15% 

acetal may be explained by the sequence of reactions outlined 
in Scheme VI. A trace of water present in the reaction system 
Scheme VI 

OEt 

CX 
^ C ( O E t ) 3 

k ^ , CH=NOH 

.OEt 
^ C ( O E t ) 3 

1^ .CH=NOH 

+ H2O 
H+ CCOOE 

CH=: 
COOEt 

NOH 

(44) 

+ EtOH 

(45) 

RCH=NOH + EtONO 
H+ .OH 

R C H — N : 

*N 
O' 

,OH 
+ EtOH 

»N 

R. 
+ 

Eto; 

,OH 
" C H - N ' 

(46) 

(47) 

\ T 

RCH=OEt + H O - N = N - O H 

RCH=OEt + EtOH 
r ^ C O O E t 
L^CH(OEt)2 

(48) 

(49) 

rz^ 
P* Co. 

,H 

= N V. —" N2O + H2O + H+ (50) 
rl 

may react with the ortho ester-oxime intermediate (eq 45) 
before either intramolecular or intermolecular dehydration 
of the oxime to nitrile takes place. Alternatively, this hydrolysis 
may occur directly from the l,l-diethoxy-6-oximinohexane 
carbonium ion before it becomes converted to the ortho ester. 
In either case, the oximino group of thus formed ethyl 6-oxi-
minohexanoate becomes a potential site for a reaction with the 
nitrosating species that may lead to a 7V-nitrosocarbonium ion 
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(eq 46),6a'50'51 which in the presence of an excess of ethanol 
could give the alkoxy ether (eq 47). An acid-catalyzed car
bon-nitrogen bond cleavage in the presence of an excess of 
ethanol would provide the ethyl 6,6-diethoxyhexanoate and 
HO-N=N-OH (eq 48, 49), which would decompose to di-
nitrogen oxide and water (eq 50).6d Since this sequence of re
actions regenerates the water originally present at the begin
ning of the reaction, it follows that a catalytic amount of water 
could, depending on the relative rates of the various reactions 
occurring, significantly reduce the yield of the desired ester 
nitrile. A careful drying of the entire reaction system and all 
reagents, particularly the sulfur dioxide solvent, resulted in an 
increase in the yield of ethyl 5-cyanopentanoate to 93-95%, 
indicating the importance of the essentially anhydrous con
ditions for a minimization of the formation of the ester acetal 
by-products. 

(d) Overall Mechanistic Considerations. A probable mech
anism for the acid-catalyzed nitrosolysis of cyclohexanone 
diethyl acetal with ethyl nitrite in sulfur dioxide/ethanol so
lution was outlined in Scheme IV. A complex sequence of re
actions like this one, that proposes several reaction interme
diates without providing a firm experimental support for them, 
by its nature must be largely speculative. Consequently, the 
credibility of the proposed reaction mechanism must depend 
upon the indirect evidence and information which taken to
gether should, hopefully, corroborate the available experi
mental observations. Thus, if the reaction of enol ethers with 
a nitrosating reagent is indeed an electrophilic addition reac
tion involving a positively charged intermediate, what are the 
details of the overall process? Is the addition a reversible or 
irreversible process? Is the intermediate the corresponding 
a-nitrosoalkoxycarbonium ion or a cyclic onium ("nitroso-
nium") ion?34 Is a reaction of the positively charged inter
mediate with a nucleophile a stereospecific or nonstereospecific 
process? What is the overall stereochemistry of this addition 
reaction? What is the basis for the proposal of the ortho 
ester-oxime intermediates and dehydration of the latter to the 
ester nitrile, etc. While the answers to most of these questions 
will be found in subsequent papers, it is of interest to present 
some experimental results here because they are pertinent to 
the general discussion of the mechanism of the nitrosolysis 
reaction. 

The presence of the enol ether in an equilibrium with the 
cyclohexanone diethyl acetal cannot be verified spectroscop-
ically, but the chemical behavior of this system strongly 
suggests that such an equilibrium is indeed involved.47 Simi
larly, the exact nature of the nitrosating species is also open 
for speculation. Both nitrosyl chloride and alkyl nitrites are 
largely covalent compounds and the electrical conductivity of 
the nitrosyl chloride solution in liquid sulfur dioxide indicates 
that nitrosyl chloride exists, even in this solvent, predominantly 
in undissociated form.37 Cyclohexanone diethyl acetal does 
not react with ethyl nitrite in sulfur dioxide/ethanol in the 
absence of added mineral acid. Moreover, ethyl nitrite and 
cyclohexanone ethyl enol ether do not react under ordinary 
reaction conditions in the absence of an acid catalyst. This 
clearly shows that the absence of a reaction between the ketone 
acetal and ethyl nitrite in sulfur dioxide was not a result of a 
low equilibrium concentration of the enol ether but rather a 
consequence of the fact that the ethyl nitrite under these con
ditions was apparently not reactive enough. It seems reason
able, therefore, that the presence of a strong acid is needed to 
activate the alkyl nitrite either by polarization or by the gen
eration of the nitrosonium ion through the equilibrium illus
trated in eq 51. It is not possible to conclude from the available 

RONO + H+ 5=t R—6r 
SO2 \ 

H 

experimental data whether the enol ether reacts with the NO+ 

ions as such or with the "activated" alkyl nitrite. 
When the nitrosolysis of 4-terf-butylcyclohexanone diethyl 

acetal was carried out under the standard reaction conditions, 
it was observed that immediately after the complete addition 
of the ethyl nitrite solution, a small amount of a crystalline solid 
separated out and in the course of reaction dissolved again. 

In a separate experiment a small amount of the solid was 
isolated and characterized as the l,l-diethoxy-2-nitroso-4-
tert-butylcyclohexane dimer 10 which on careful heating 
melted at 130-131 0C to give a deep-blue nitroso monomer. 
Upon cooling the blue melt resolidified to give the unchanged 
nitroso dimer. When the blue nitroso monomer was further 
heated, a relatively fast irreversible color change from blue to 
yellow occurred. Cooling gave l,l-diethoxy-2-oximino-4-
tert-butylcyclohexane (11), mp 162-164 0C. However, further 
heating of the oximino acetal 11, resulted in an exothermic 
reaction accompanied by the evolution of a gas. Cooling and 
crystallization gave 2-ethoxy-3-oximino-5-te/-?-butylcyclo-
hexene (12), mp 167-168 0C. The just described transfor
mations can be summarized as in eq 52. While the discussion 

OEt 
^ JDEt 

f ^ ^ A 
K ^ \ 

^s 
:N. 

OEt 
/XOEt 

10 
OEt 

^ . .OEt .. OEt 

NOH >K^ (52) 
NOH 

12 

ROH + NO+ (51) 
NO 

of the NMR spectrum of the nitroso dimer 10 together with 
the important implications regarding the nature of the di-
merization processl3d will be reported in detail in a subsequent 
paper,52 it is important to comment here on several points. 
From the width-at-half-height of the C2-H proton at 5 5.80 (4.5 
Hz), it is apparent that the proton is in the equatorial position. 
The IR spectra of both the crude as well as the crystallized 
dimer 10 established that the configuration of the nitrogen-
nitrogen double bond was E as expected for the thermody-
namically more stable isomer. When the crude 10 was returned 
to the original reaction solution, it slowly dissolved, and when 
the reaction was complete, the solution contained ethyl 4-
ferf-butyl-5-cyanopentanoate. These results can be summa
rized in Scheme VII. Evidently, the electrophilic attack of the 
nitrosating reagent at the double bond of the enol ether is a 
facialspecific reaction that occurs exclusively from only one 
face of the double bond, the face that provides the axial nitroso 
group (eq 53). The resulting 2-nitrosoalkoxycarbonium ion 
then reacts with the alcohol to give the 2-nitroso ketone acetal 
(eq 54). In principle, the reaction with the alcohol could take 
place from both faces of the l-alkoxy-2-nitroso-4-terf-butyl-
cyclohexyl carbonium ion, being equivalent to either cis or 
trans overall addition of the alkyl nitrite. While both of these 
reactions (eq 53 and 54) may be reversible, the experimental 
evidence, which will be presented in a subsequent paper,52 

indicates that the overall nitrosation is an irreversible and 
stereospecific process. Since it is well documented that the 
dimerization of nitroso compounds under kinetic conditions 
provides the thermodynamically less stable Z-nitroso dimers,8 

it follows that the initially produced l,l-diethoxy-2-nitroso-
4-/er/-butylcyclohexane must first undergo a fast dimerization 
to the corresponding Z-nitroso dimers (eq 55). Under the re
action conditions, the thus produced Z-nitroso dimers must 
dissociate back to the 2-nitroso ketone acetal (eq 55), which 
then in turn undergoes dimerization (£4) to the thermody-
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Scheme VII 
H H ^ O 
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Y ^ C H = N O H 

A, ^ C O O E t 
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namically more stable Zs-nitroso dimers (eq 56).7'8 If the rate 
of the carbon-carbon bond cleavage (Zc 5) in the 1,1-dieth-
oxy-2-nitroso-4-ferf-butylcyclohexane is much faster than the 
rate of dimerization (£4), no significant amounts of the nitroso 
dimer should be formed. On the other hand, if the rate k5 is 
slower than £4, the formation of ethyl 4-ter/-butyl-5-cyano-
pentanoate will depend on the relative rates ks vs. k^. Thus, 
it is conceivable that the rate of dissociation of the £-nitroso 
dimer, /fc-4, may become the rate-determining step of the 
overall transformation. However, since subsequent conversion 
of the l,l-diethoxy-4-terf-butyl-6-oximinohexyl carbonium 
ion to the final ester nitrile product definitely involves several 
distinct reaction steps (Scheme VIII),53 the relative rates of 

Scheme VIII 

RCH=NOH + R'C(OEt)3 <=± RCH=N-O-C(OEt)2R' + EtOH 

RCH=N-O-C(OEt)2R' + H+ 

<=* RCH=N-O-C+(OEt)R' + EtOH 

RCH=N-O-C+(OEt)R' + RCH=NOH 
si (RCH=N-O)2C(OEt)R' + H + 

RCH=N-O-C+(OEt)R' — RCN + R'COOEt + H+ 

which are not known, the assumption that k-4 may indeed be 
the rate-determining step must be taken with reserve. 
Moreover, if one realizes that the l,l-diethoxy-2-nitroso-4-
;e/-?-butylcyclohexane can also isomerize to the 1,1-dieth-
oxy-2-oximino-4-/ert-butylcyclohexane (eq 60), which con-

OEt 
r -J>Et 

OEt 
OEt 

NOH XCOOEt 
CN 

(60) 

ceivably may provide the same ester nitrile product,52 the de
cision about the actual reaction mechanism becomes much 
more difficult. The experimental evidence that the above de
hydration of aldoximes with ortho esters to the corresponding 
nitriles is indeed a facile and general reaction has already been 
presented.53 In the subsequent paper52 we will provide the 
evidence that, under the same reaction conditions, the for
mation of the ester nitrile from a 2-nitrosocyclohexanone acetal 
dimer takes place more readily than from the corresponding 
2-oximinocyclohexanone acetal. 

Consequently, from the presented experimental evidence, 
it clearly follows that the mechanism of the nitrosolysis of 
ketone acetals, as outlined in Scheme IV, is indeed an over
simplification. While the results just discussed do add to the 
credibility of the main features of the proposed mechanism, 
at the same time they also suggest that the actual reaction 
course, depending on the substrate, may involve much more 
complex chemistry. 

Conclusion 

Earlier confusion about the dimerization and isomerization 
of primary and secondary nitroso compounds have apparently 
been clarified;54 it is now generally recognized that the isom
erization of a nitroso group to an oxime is not a spontaneous 
transformation.6 This understanding notwithstanding, it is still 
widely held that a-nitroso ketones, the intermediates in ni-
trosation of ketones, are spontaneously isomerized under the 
reaction conditions to the corresponding a-oximino ke
tones, 6d'55 which are generally the final products of this reac
tion. We have now demonstrated that the overall mechanism 
of the nitrosation of ketones strongly depends on the reaction 
conditions and the nature of the nitrosating reagent used. 
Assuming that the nitrosation of ketones is a special case of an 
electrophilic addition of a nitrosating reagent to a double bond 
of the enol present in the equilibrium, we have shown that the 
resulting a-nitrosohydroxycarbonium ion and a-nitrosoal-
koxycarbonium ion intermediates can be trapped with an al
cohol as a nucleophile. A facile in situ cleavage of the ensuing 
a-nitroso hemiacetals or a-nitroso acetals provides the basis 
for the nitrosolysis of ketones and ketone acetals. Clearly, the 
nitrosolysis reaction is a remarkably simple procedure for the 
carbon-carbon bond cleavage of a variety of ketones and ke
tone acetals which provides products with valuable functional 
groups. In effect, the nitrosolysis of ketones represents an ad
vantageous supplement to a Beckmann fragmentation of the 
a-oximino ketones.23 The reaction is carried out under much 
milder conditions and eliminates the need for the prior prep
aration of the oximino ketones. It appears particularly useful 
for the transformation of cyclopentanone, cyclohexanone, and 
cyclohexanone derivatives where a-oximino ketones are ex
tremely difficult to prepare. In the case of cyclohexanone, a 
slight variation in the reaction procedure provides for the first 
time a direct and convenient access to 2-alkoxy-3-oximino-
cyclohexene, a novel derivative of a mononitrosated cyclo
hexanone. Furthermore, the nitrosolysis of ketone acetals ex
pands the scope of these cleavage reactions and appears to be 
particularly attractive because of its very general nature and 
since it requires very mild reaction conditions and only a cat-

Journal of the American Chemical Society j 99:4 / February 16, 1977 



1167 

alytic amount of an acid. This development opens up, in effect, 
a possibility for a new caprolactam process which, contrary to 
the presently used ones,56 could operate without the formation 
of ammonium sulfate as a by-product, w-Aminocaproic acid 
esters, which are easily obtained from the corresponding ester 
nitriles, are effectively a caprolactam equivalent since they can 
readily be polymerized to nylon-6 polymer. 

On the other hand, the mechanism of nitrosation does 
change dramatically by changing the nature of the nucleophile 
associated with the nitrosating reagent. Thus, in the absence 
of efficient nucleophiles, the a-nitrosocarbonium ion, resulting 
from the electrophilic addition of the nitrosonium ion to the 
double bond of an olefin or even an enol, behaves as a 1,3-
dipolar ion that can be intercepted with a carbonyl group as 
a dipolarophile to provide a novel single-step synthesis of 
various 3-oxazoline N-oxides. 

In the following papers of this series we will describe further 
developments which have considerably expanded the synthetic 
value of the nitrosation reaction and, equally important, sig
nificantly widen the horizon of our understanding of the 
mechanistic chemistry of this old reaction. 

Experimental Section 

All the ketones used in this work were commercial products which 
were purified when necessary either by distillation or crystallization. 
The ketone acetals were prepared by the usual procedure using an 
ortho ester as a dehydrating reagent57 or by an azeotropic distillation 
of the water. The enol ethers were prepared by the acid-catalyzed 
elimination of the alcohol from the corresponding ketone acetals.57 

The nitrosyl chloride was Matheson Cole and Bell product and gen
erally was distilled directly from the cylinder into a delivery flask from 
which it was introduced into a reaction mixture as a gas. tert- Butyl 
nitrite and n-butyl nitrite were commercial products which were 
freshly distilled before use. Ethyl nitrite was prepared either by an 
exchange58 from a higher boiling alkyl nitrite and ethanol or from a 
water solution of sodium nitrite and ethanol in the presence of sulfuric 
acid.59 For convenience, a solution of ethyl nitrite in absolute ethanol 
was prepared and stored in a refrigerator prior to use. 1-Methylcy-
clohexyl nitrite60 and 1 -methyl- 1-phenylethyl nitrite61 were prepared 
from the corresponding alcohol, sodium nitrite, and sulfuric acid and 
stored in a refrigerator prior to use. Nitrosyl tetrafluoroborate and 
nitrosyl hexafluorophosphate were commercial samples and were used 
without further purification. The sulfur dioxide was Matheson 
Coleman and Bell anhydrous grade and was passed through Linde 
AW-300 molecular sieves before condensation. Other solvents and 
alcohols were generally high grade chemicals or freshly purified and 
distilled samples. 

The reported boiling and melting points are uncorrected. GLC 
analyses were generally carried out on a Hewlett-Packard 570OA 
instrument using 3- or 6-ft columns of either 10% SE-30 or 10% 
Carbowax-20M columns packed on Chromosorb W. Proton NMR 
spectra were recorded on either a Varian A-60 or Varian T60-A 
60-MHz or HA-100 MHz instruments, while 13C NMR spectra were 
recorded on a Varian CFT-20 instrument. All NMR spectra were 
measured using tetramethylsilane as an internal standard. Routine 
chemical ionization mass spectra were obtained on a Finnigan 3100D 
mass spectrometer, while high-resolution mass spectra were obtained 
on an AEI M.S. 902 instrument. 

2,6-Dioximinocyclohexanone. Typical Reaction Procedure. A 
three-neck, 500-ml flask equipped with a serum capped inlet, a me
chanical stirrer, either a dry ice condenser or a regular reflux con
denser protected with a nitrogen bubbler, and an inlet for the intro
duction of a gas (or an addition funnel) was placed in an appropriate 
bath. The flask was charged with a solvent (about 100 ml) and cy-
clohexanone (10.4 ml, 100 mmol). The stirrer was started and the 
reaction carried out by the slow introduction of nitrosyl chloride vapor 
(14.4 g, 220 mmol) over the well-stirred solution. After the reaction 
was complete, solid sodium bicarbonate was added in small portions, 
followed by enough water to neutralize the acid. The organic portion 
was removed by extraction and, after drying and removal of the sol
vent, the crude 2,6-dioximinocyclohexanone24 was obtained as a 
pale-yellow solid, mp 220-230 0C dec, in yields between 70-95%. 

2-Methoxy-3-oximinocyclohexene (2). A three-neck, 500-ml flask 
equipped with a serum capped inlet, a mechanical stirrer, inlets for 
the introduction of sulfur dioxide and hydrogen chloride, and a dry 
ice condenser protected with a nitrogen bubbler was placed in a dry 
ice-acetone bath at —70 0C. A sulfur dioxide cylinder was connected 
to one inlet and about 100 ml of sulfur dioxide was distilled into the 
flask. The stirrer was started and methanol (8.05 ml, 200 mmol) was 
added by a syringe. Dry hydrogen chloride (110 mmol) was bubbled 
into the solution62 and then cyclohexanone (10.4 ml, 100 mmol) was 
added by a syringe. The hydrogen chloride inlet was replaced with an 
inlet connected through a stopcock to a precooled flask containing 
liquid nitrosyl chloride (7.19 g, 110 mmol). The stirrer was started, 
the stopcock on the nitrosyl chloride flask was then opened, and the 
nitrosyl chloride container was gently warmed to allow the slow 
evaporation of the nitrosyl chloride, whose vapor was introduced just 
above well-stirred reaction solution at —70 0C. After the addition was 
complete, the pale-yellow solution was stirred for an additional 30 min 
and the temperature was allowed to rise to about —50 0C. Evaporation 
of the sulfur dioxide at -40 to -50 0C gave about 20-25 g of a soft, 
white solid residue. On attempted filtration from a suspension in 
benzene, this material underwent an apparent change, turning into 
a slightly tan colored solid, mp 113-115 0C dec. Titration of this solid 
with sodium hydroxide or with silver nitrate suggested a molecular 
weight of 174. NMR (D2O) S 6.1 (t, 1 H), 4.85 (s, 2 H), 3.69 (s, 3 H), 
2.85 (t, 2 H), 2.40 (q, 2 H), and 1.82 (quin, 2 H). 

Careful treatment of the hydrochloride with sodium bicarbonate 
in a minimal quantity of water afforded 12.3 g (87% yield) of 2-me-
thoxy-3-oximinocyclohexene (2): mp 150-151 0C; NMR (CDCl3) 
5 9.5 (s, 1 H), 5.23 (t, 1 H), 3.69 (s, 3 H), 2.75 (t, 2 H), 2.23 (q, 2 H), 
and 1.69 (quin, 2H). 

Anal. (C7H11NO2)C, H, N. 
However, titration of a solution of the white, soft solid in water with 

sodium hydroxide or with silver nitrate indicated a molecular weight 
of 190-200, suggesting, together with a 100-MHz NMR spectrum 
at -50 0C of the original sulfur dioxide solution immediately after 
mixing reagents, that the white soft solid is the unstable 1-methoxy-
l-hydroxy-2-oximinocyclohexane hydrochloride (1) (a broad singlet 
at 5 9.1 integrating for 3 H (OH, NOH, HCl), a sharp singlet at S 3.32 
(3 H, OCH3), and a set of multiplets centered at 8 2.85, 2.15 and 1.95, 
each integrating approximately for 2 H). On warming the sulfur 
dioxide solution, an olefinic proton began to appear as a pair of triplets 
centered at <5 6.51 and 6.63. With time the intensity of the lower field 
triplet decreased while that of the higher field increased, suggesting 
that the isomerization of the oxime was taking place. At — 10 0C, the 
spectrum was consistent with the structure of 2a. 

2-Ethoxy-3-oximinocyclohexene was prepared in a 78% yield by 
the same method and using the same ratios of the reagents as described 
in preparation of the 2-methoxy analogue: mp 163-163.5 0C; NMR 
(CDCl3) 8 9.6 (s, 1 H), 5.27 (t, 1 H), 3.78 (q, 2 H), 2.67 (t, 2 H), 2.22 
(q, 2 H), 1.67 (quin, 2 H), 1.32 (t, 3 H); mass spectrum (70 eV) m/e 
155(M), 140(M-CH 3 ) , 138(M-OH) , 111 (M-C 2 H 4 O). 

Anal. (C8H13NO2)C, H, N. 
2-Isopropoxy-3-oximinocyclohexene was prepared as above in 70% 

yield: mp 134-137 0C; NMR (CDCi3) S 9.4 (s, 1 H), 5.23 (t, 1 H), 
4.25 (sept, 1 H), 2.66 (t, 2 H), 2.20 (q, 2 H), 1.65 (quin, 2 H), 1.25 
(d, 6 H); mass spectrum (70 eV) m/e 169 (M), 152 (M - OH), 127 
(M - C3H6). 

2-Methoxy-3-Ar-acetoxycyclohexene. A 100-ml, three-neck flask 
equipped with a thermometer, a magnetic stirrer, and a dropping 
funnel was charged with 14.1 g (100 mmol) of 2-methoxy-3-oximi-
nocyclohexene. Acetic acid anhydride (28.4 ml, 300 mmol) was added 
dropwise from the addition funnel with stirring. The temperature rose 
to 45 0C, and the reaction mixture was stirred at 50 0C for an addi
tional 30 min. After evaporation of the acetic acid and the anhydride 
in vacuo, the residue was crystallized from ether to give 17 g (73%) 
of the white crystals: mp 49-51 0C; NMR (CDCl3) 5 5.5 (t, 1 H), 3.6 
(s, 3 H), 2.72 (t, 2 H), 2.27 (q, 2 H), 2.16 (s, 3 H), 1.73 (quin, 2 H); 
mass spectrum (7OeV) m/e 183(M), 141 (M-C 2H 2O), 140 ( M -
C2H3O), 124 (M - CH3O2), 111 (M - OH2O, CH2O). 

Anal. (C9H13NO3)C, H, N. 
Typical Procedure for Nitrosolysis of Ketones. Ethyl w-Oximino-

caproate. A three-neck, 500-ml flask equipped with a mechanical 
stirrer, an inlet for the introduction of sulfur dioxide and nitrosyl 
chloride, and a dry ice condenser protected with a nitrogen bubbler 
was placed in a dry ice-acetone bath. A sulfur dioxide cylinder was 
connected to the inlet and about 200 ml of sulfur dioxide was distilled 
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into the flask. A solution of cyclohexanone (19.68 ml, 200 mmol) in 
ethanol (17.6 ml, 300 mmol) was added with the aid of a syringe and 
the dry ice-acetone bath was removed. Nitrosyl chloride (14.4 g, 220 
mmol) was placed in a precooled 50-ml, round-bottom flask protected 
with a nitrogen bubbler and equipped with an outlet connected via a 
stopcock to the inlet of the reactor. When the sulfur dioxide started 
to boil (~—10 0C), the nitrosyl chloride container was gently warmed, 
and simultaneously the stopcock was opened to introduce the nitrosyl 
chloride vapors slowly just above the well-stirred solution. The end 
of the reaction (15 -20 min) was indicated by the appearance of a slight 
yellow color (excess of nitrosyl chloride) which did not decolorize 
immediately. The reaction mixture was evaporated in vacuo to a small 
volume, about 150 ml of chloroform was added, and the solution was 
again briefly concentrated to remove the residual sulfur dioxide. The 
remaining chloroform solution was transferred to a separatory funnel, 
diluted with more chloroform to about 200 ml, and washed several 
times with water to remove the hydrochloric acid. GLC analysis of 
the solution indicated a 90-95% yield of ethyl m-oximinocaproate and 
about a 2% yield of 2-ethoxy-3-oximinocyclohexene. Evaporation of 
the chloroform afforded 33.0 g (95%) of slightly yellow oximino ester: 
NMR (CDCl3) S 9.8 (s, 1 H), 7.37 (t, 0.4 H), 6.66 (t, 0.6 H), 4.12 (q, 
2 H), 2.3 (m, 4 H), 1.6 (m, 4 H), 1.22 (t, 3 H); mass spectrum (70 eV) 
m/e 158 (M - CH3), 156 (M - OH), 155 (M - H2O), 138 (M -
OH, H2O). A small amount of the ester oxime in a chloroform solution 
was treated with a slight excess of triethyl orthoformate in the presence 
of a catalytic amount of hydrogen chloride to give ethyl 5-cyanopen-
tanoate.53 

Under similar reaction conditions and using the same ratios of the 
reagents, nitrosolysis of other ketones in the presence of an alcohol 
afforded the corresponding ester oximes (Table I), which were char
acterized spectroscopically and by conversion to the corresponding 
nitriles.53 

Methyl to-Oximinocaproate. NMR (CDCl3) 5 9.4 (s, 1 H), 7.37 (t, 
0.35 H), 6.66 (t, 0.65 H), 3.65 (s, 3 H), 2.33 (m, 4 H), 1.6 (m, 4 H); 
mass spectrum (70 eV) m/e 159 (M), 160 (M + H), 142 (M - OH), 
127 ( M - O H , CH3), 101,82,74. 

Isobutyl bi-Oximinocaproate. NMR (CDCl3) 5 9.5 (s, 1 H), 7.37 
(t, 0.5 H), 6.6 (t, 0.5 H), 3.88 (d, 2 H), 2.35-1.5 (m, 9 H), 0.95 (d, 6 
H); mass spectrum (70 eV) m/e 184 (M - OH), 146 (M - C4H8), 
143(M-C2H4NO). 

Ethyl 4-ferf-Butyl-6-oximinohexanoate. NMR (CDCh) 6 9.6 (s, 
1 H), 7.37 (t, 0.3 H), 6.62 (t, 0.7 H), 4.12 (q, 2 H), 2.3-1.2 (m, 7 H), 
1.1 (s, 9 H); mass spectrum (70 eV) m/e 214 (M - CH3), 212 (M -
OH), 211 ( M - H2O), 196 (M - H2O, CH,), 194 (M - OH, 
H2O). 

Ethyl 2-Ylethy]-6-oximinohexanoate and Ethyl 6-Oximinohepta-
noate. NMR (CDCl3) S 9.5 (s, 1 H), 7.4 (t, 0.25 H), 6.7 (t, 0.25 H), 
4.12 (q, 2 H), 2.3 (m, 4 H), 1.3 (t, 3 H), 1.18 (d, 1.5 H). 

Ethyl S-Oximinopentanoate. NMR (CDCl3) 6 9.5 (s, 1 H), 7.4 (t, 
0.6 H), 6.7 (t, 0.4 H), 4.1 (q, 2 H), 2.3 (m, 4 H), 1.9 (m, 2 H), 1.22 
(t, 3 H); mass spectrum (70 eV) m/e 160 (M + H), 142 (M - OH), 
129(M-NO) . 

Ethyl 12-oximinododecanoate was obtained in about a 75% yield 
together with 2-oximinocyclododecanone: NMR (CDCl3) d 9.5 (s, 
1 H), 7.37 (t, 0.4 H), 6.7 (t, 0.35 H), 4.12 (q, 1.5 H), 2.65-1.25 (m 
+ t, ~23 H); mass spectrum (70 eV) m/e, ester: 240 (M - OH), 222 
(M - OH, H2O), 199 (M - C2H4NO); ketone: 211 (M), 194 (M -
OH), 183 (M -CO) . Crystallization of a crude sample afforded the 
oximino ketone,25 mp 58 °C, which had the same retention time as 
the minor component in the reaction mixture. 

Nitrosolysis of 7-tridecanone was carried out as above, and the 
reaction mixture was analyzed by GLC in the presence of an internal 
standard. The chromatogram showed about a 45% yield of ethyl 
heptanoate but only about a 20% yield of n-hexaldehyde oxime. In 
addition, about a 40% yield of 6-oximino-7-tridecanone was also 
formed. 

4,5,6,7-Tetrahydro-7a-methylspiro[benzoxazoIine-2,l'-cyclohex-
ane] 3-Oxide (5). Typical Procedure. A three-neck, 500-ml flask 
equipped with a mechanical stirrer, a dry ice condenser, an addition 
funnel, and an inlet attached to a sulfur dioxide cylinder was placed 
in a bath maintained at —30 0C and charged with about 100 ml of 
sulfur dioxide. Cyclohexanone (9.8 g, 100 mmol) and boron trifluoride 
etherate (14.2 g, 100 mmol) were introduced with a syringe and 1-
methylcyclohexyl nitrite (14.3 g, 100 mmol) was added dropwise with 
stirring over a 30-45 min period. The reaction mixture was stirred at 
the same temperature for 1.5 h and then at reflux for 1 h. After 

evaporation of the solvents, the residue was dissolved in 50 ml of 
methylene chloride and the solution poured into a slurry of sodium 
bicarbonate (25 g) in 100 ml of wet methylene chloride. After drying 
and evaporation of the solvent, there was obtained 14.5 g (65%) of 5: 
mp 104-106 0C (ether); NMR (CDCl3) ,5 3.17 (dm, 1 H, equatorial 
CH-C=N-), 2.5-1.0 (complex, 17 H), 1.48 (s, 3 H); 13C NMR 
(CDCl3) 5 142.33 (s, C=N), 105.56 (s, O-C-N), 83.20 (s, Me-C), 
42.09 (t, CW2-C=N), 35.64 and 35.00 (t, N-C(CH2)-), and 
25.63-21.99 (Me and other CH2's); mass spectrum: CI (methane) 
MH+ at m/e 224, high resolution (70 eV) calcd for C3H21NO2: 
223.1572; found: 223.1577; m/e 223 (M+ - O), 192 (M+ - O, CH3), 
180 (M+ - COCH3), 163 (M+ - COCH3, OH), 125 (M+ -
C6H10O), 95 (base, 125+ - NO), and 81; IR (KBr) 1620 (s, C = N -
O), 1162 (s, N-O) cm-'; UV (CH3OH) Amax 235 nm (e 13 100). 

Anal. (C13H2INO2)C, H, N. 
The same compound was also prepared by a slight modification of 

the above procedure. To a solution of 1-methylcyclohexene (9.6 g, 100 
mmol) and cyclohexanone (9.8 g, 100 mmol) in liquid sulfur dioxide 
(100 ml), an equivalent (11.7 g, 100 mmol) of solid nitrosyl tetraflu-
oroborate was added in small portions under a blanket of nitrogen, 
and, after complete reaction, the reaction product 5 was isolated as 
above in a 57% yield. Alternatively, a similar addition of nitrosyl 
tetrafluoroborate to a suspension of 1-methylcyclohexanol (11.4 g, 
100 mmol), cyclohexanone (9.8 g, 100 mmol), and an excess of an
hydrous sodium sulfate (5 g) in 100 ml of sulfur dioxide, followed by 
the same workup procedure afforded about 15.5 g (a 70% yield) of 
5. 

4,5,6,7-Tetrahydro-7a-methylspiro[benzoxazoline-2,l'-cyclohex-
ane] (5a). A solution of /V-oxide 5 (0.45 g, 2.0 mmol), phosphorus 
trichloride (40 ml, 46 mmol), and 20 ml of methylene chloride was 
heated at reflux for 1.5 h.63 The excess of phosphorous trichloride was 
evaporated, and the residue was dissolved in methylene chloride and 
neutralized with dry ammonia at 0 0C. Filtration and evaporation of 
the solvent gave 0.32 g (a 78% yield) of 5a: mp 37.5-38.5 0C; NMR 
(CDCl3) 5 2.59 (dm, 1 H, equatorial CH-C=N), 2.5-1.5 (complex, 
17 H) and 1.38 (s, 3 H); high resolution mass spectrum (70 eV) calcd 
for CnH21NO: 207.1622; found: 207.1653; m/e 207 (M+), 192 (M+ 

- CH,), 178, 165, 164 (M - COCH3), 111, 96, 84, 81, and 43 (base); 
IR (KBr) 1676, 1014, 948 cm"1; UV (CH,OH) Xmi,x 207.5 nm (e 
3160). 

2,2-Dimethyl-l-oxa-4-azaspiro[4.5]dec-3-ene 4-oxide (4), mp 
119-121 0C (ether), was prepared according to the typical procedure 
for synthesis of 5 in a 50% yield: NMR (CDCl3) & 6.85 (s, CH=N, 
IH), 2.30-2.00 (complex, 3 H), 1.90-1.45 (complex, 7 H), and 1.48 
(s, 6 H); 13C NMR (CDCl3) S 132.81 (d, C=N), 106.05 (s, N-C-O), 
81.75 (s, 0 -C-C=N) , 35.25 (t, 0-C(CH2)2), 28.0 (q, CH3), 24.26 
and 22.17 (t, -CH2-); mass spectrum: CI (methane) shows MH+ at 
m/e 184; EI (7OeV) m/e 183 (M+), 168 (M + -CH, ) , 1 6 7 ( M + -
O), 99 (M+ - O), 99 (M+ - C4H10O), 85 (base, M+ - cyclohexa
none), and 81; IR (CCl4) 1590, (s, C = N - O ) , 1200, 1150 cm"'; UV 
(CH3OH) Xma;l 235 nm (t 10 360). 

Anal. (C|0H17NO2)C, H, N. 
The same compound was also prepared by a slight modification of 

the above procedure. To a solution of cyclohexanone (9.8 g, 100 mmol) 
and isobutylene (11.2 g, 200 mmol) in sulfur dioxide (100 ml), an 
equivalent (11.7 g, 100 mmol) of solid nitrosyl tetrafluoroborate was 
added in small portions, and the reaction mixture was worked up as 
above to give 5.5 g of 4 (a 30% yield). 

2-Phenyl-4,5,6,7-tetrahydro-7a-methylbenzoxazoline 3-oxide (7), 
mp 144-147 0C (dimethoxyethane), was prepared from 1-methyl-
cyclohexyl nitrite (14.3 g, 100 mmol), benzaldehyde (10.6 g, 100 
mmol), and boron trifluoride etherate (14.2 g, 100 mmol) in a 40% 
yield (9.2 g): NMR (CDCl,) 6 7.47 (m, 5 H), 6.18 (d, J = 2.0 Hz, 1 
H, PhOCtf<), 3.13 (dm, J = I Hz, 1 H, equatorial CH2-C=N), 
2.35-1.15 (m, 7 H), 1.47 (s, 3 H). A decoupling experiment indicated 
that the doublet at S 6.18 and the equatorial C-H at 3.13 were coupled: 
13C NMR (CDCl3) 5 141.64 (s, C=N-) , 133.40 (s, ipso Ar-C), 
128.61, 127.03 and 126.60 (d, other aromatic Cs), 97.80 (d, Ph-
C-H), 83.75 (s, CH3-C-O), 39.41 (t, CH2-C=N), 23.82, 21.53, and 
20.77 (t, CH2's), and 20.31 (q, CH3); mass spectrum (70 eV) m/e 231 
(M+), 215 (M+ - O), 125 (M+ - C6H5CHO), 95 (base, M+ -
C6H5CHO-NO), 77, 67, and 55; IR (KBr) 1628 (s, C=N-O), 1175 
(s, N - O ) ; UV (CH3OH) Xmax 268 (small), 237.5 (« 9030), and 213.5 
nm. Both the NMR and 13C NMR data suggest only one of the two 
possible diastereoisomers; however, the relative stereochemistry of 
the methyl and phenyl groups is not known. 
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Anal. (Ci4H17NO2)C, H, N. 
2-Isopropyl-4,5,6,7-tetrahydro-7a-methylbezoxazoline 3-oxide, 

mp 68-70 0C (dimethoxyethane-hexane), was prepared from 1-
methylcyclohexyl nitrite (7.2 g, 50 mmol), isobutyraldehyde (3.6 g, 
50 mmol), and boron trifluoride etherate (7.1 g, 50 mmol) as above 
in a 60% yield. Isolation of the pure compound required chromatog
raphy on a silica gel column using 1% ethanol-chloroform as the el-
uent: NMR (CDCl3) S 5.30 (dd, Ji=J2 = 3.0 Hz, 1 H, CHN), 3.20 
(dm, Ji s 10.0 Hz, 1 H, equatorial CHC=N), 2.50 (d-sept, Jx s 7.0 
Hz, J2 = 3.0 Hz, 1 H, CH(CHj)2), 2.30-1.30 (complex, 7 H), 1.46 
(s, 3 H), and 1.06 and 0.85 (d, J = 15.0 Hz, 3 H, CH(CH3)2); 13C 
NMR (CDCl3) & 144.93 (s, C=N), 101.81 (d, O-CH-N), 84.12 (s, 
CH3-C-O), 39.82 (t, CH2-C=N), 28.52 (d, CH(CH3)2), 25.26, 
22.90, and 22.05 (t, CH2's), 21.79 (q, CH3C-O), and 17.56 and 13.77 
(q, CH(CH3)2); high resolution mass spectrum (70 eV) calcd for 
CiHi9NO2: 197.1415; found: 197.1415; (m/e) 197 (M+), 138 (M+ 

- C3H7O), 125 (M+ - C4H8O), 111 (M+ - C4H8NO), 95 (base, 
C7Hn+), 67 (C5H7

+), 55 (C4H7
+), 43 (C3H7

+), and 41 (C3H5
+); 

IR (K(Br) 1638 (s, C = N - O ) , 1398 and 1371 (m, (CH3J2C), and 
1172 and 1150 cm"1 (s, N-O); UV (CH3OH) Xmax 234.5 nm (e 
8525). 

Anal. Calcd for Ci ,Hi9NO2: C, 66.97; H, N, 9.70. Found: C, 66.42; 
H1N, 8.85. 

5-Phenyl-2,2,5-trimethyl-3-oxazoline 3-oxide was prepared by the 
addition of nitrosyl hexafluorophosphate (8.75 g, 50 mmol) to a so
lution of a-methylstyrene (5.9 g, 50 mmol), and acetone (5.8 g, 100 
mmol), in nitromethane (50 ml) in a 10% yield. Alternatively, the same 
compound was prepared from 1-methyl-1-phenylethyl nitrite (8.25 
g, 50 mmol), acetone (5.8 g, 100 mmol), and boron trifluoride etherate 
(7.1 g, 50 mmol), in a sulfur dioxide solution (50 ml) in a 25% yield 
(2.6 g). This material was a pale-yellow, unstable, and hygroscopic 
solid: mp 64-68 0C (ether-pentane); NMR (CDCl3) 5 7.33 (s, 5 H), 
7.28 (s, 1 H, H-C=N), 1.71 (s, 6 H), and 1.51 (s, 3 H); mass spec
trum: CI (methane) shows MH+ at 206 for monomer and 411 for 
dimer; high resolution (70 eV) calcd for Ci2Hi5NO2: 205.1102; found: 
205.1102; m/e 205 (M+), 190 (M+ - CH3), 174 (M+ - CH3, O), 
162,147 (base, M+ - (CHj)2CO), 146 (M+ - (CH3J2CO - H), 133, 
132, and 130. Some higher molecular weight fragments were also 
observed indicating the presence of dimers; IR (KBr) 1590 (s, 
C = N - O ) , 1223,1203 (s, N-O), 764,703 cm"1 (m, monosubstituted 
aromatic). 

Anal. Calcd for Ci2Hi5NO2: C, 70.22. Found: 70.75; H, N. 
5,5-Dimethyl-2-phenyl-3-oxazoline 3-oxide, mp 107-108 0C 

(ether), was prepared from tert-butyl nitrite (5.2 g, 50 mmol), 
benzaldehyde (5.3 g, 50 mmol), and boron trifluoride etherate (7.1 
g, 50 mmol), in sulfur dioxide (50 ml) in a 45% yield: NMR (CDCl3) 
S 7.48 (m, 5 H), 7.04 (d, J = 2.0 Hz, 1 H, CH=N), 6.17 (d, / = 2.0 
Hz, 1 H, PhCH-O), 1.52 (s, 3 H), and 1.48 (s, 3 H); 13C NMR 
(CDCl3) d 134.35 (s, ipso C-Ar), 133.42 (d, CH=N), 130.14 (d, p-C), 
128.48 and 127.61 (d, o- + m-C), 100.14 (d, Ph-CH-), 84.50 (s, 
0-C-C=N), and 26.92 and 25.72 (q, CH3); mass spectrum (70 eV) 
m/e 191 (M+), 175 (M+ - O), 141, 107, 106 (PhCHO+), 105, 85 
(base, M+ - C7H6O), 77, 69, 58, and 55; IR (KBr) 1596 (s, 
C = N - O ) , 1385, 1386, 1212, 1180, 1152, 762, and 700; UV 
(MeOH) Xmax 268 (weak), 237.5 (i 8500), and 210 nm. 

Anal. (C, |Hi3N02)C, H, N. 
2,2,5,5-Tetramethyl-3-oxazoline 3-oxide, bp 42 0C (0.1 mm), was 

prepared from tert-butyl nitrite (5.8 g, 100 mmol), acetone (10.3 g, 
100 mmol), and boron trifluoride etherate (14.2 g, 100 mmol), in a 
nitromethane solution (75 ml). This is an unstable oil which partially 
solidifies upon standing (4.3 g, ~30% yield) and undergoes a slow 
dimerization: NMR (CDCl3) 5 7.11 (s, CHC=N, 1 H), 1.62 (s, 6 H), 
1.50 (s, 6 H); mass spectrum: CI (methane) shows MH+ at 144 for 
monomer and at 287 for the dimer; high resolution (70 eV) calcd for 
C7HnNO2: 143.0945; found: 143.0871; m/e 143 (M+), 127 (M+ -
O), 116,114,111, 97; 85 (M+ - (CH3)2CO), 84 (M+ - (CH3J2CO 
- H), 73, 72, 71, 70, 69, 68, and 58 (base, (CH3)2CO+); IR (CHCl3) 
1592, (s, C = N - O ) 1381, 1370, 1225, 1160, 1015, 925 cm"1; UV 
(CH3OH) Xmax 234 nm. 

4,5,6,7-Tetrahy dro-7a-hydroxyspiro[benzoxazoline-2,1 '-cyclo-
hexane] 3-Oxide (6).67 A solution of cyclohexanone (10.8 g, 110 mmol) 
in ether (100 ml) was saturated with hydrogen chloride at -10 0C. 
The temperature was lowered to -50 0C, and a solution of nitrosyl 
chloride (4.6 g, 70 mmol) in ether (20 ml) was added dropwise over 
a 30-min period. After stirring for 10 min, the reaction mixture was 
warmed to -10 0C, dry nitrogen gas was bubbled through for 90 min 

to displace the excess of hydrogen chloride, and the reaction mixture 
was neutralized (pH 7) with 30% sodium hydroxide solution while 
maintaining the temperature at -10 0C. The ether layer was sepa
rated, and the aqueous layer was extracted with four 100-ml portions 
of chloroform. After drying over sodium sulfate, the combined organic 
solutions were evaporated. Dry ether was added to the resulting 
olive-tan syrup to give 4.4 g (55%) of an off-white solid, mp 117-120 
0C. Crystallization from chloroform-ether gave pure 6: mp 123-124 
0C; NMR (CDCl3) 5 4.70 (s, OH, 1 H) 3.20-1.50 (br m, 18 H); ' 3C 
NMR (CDCl3) <5 140.91 (s, C=N), 105.79 (s, N-C-O), 102.96 (s, 
O-C-O), 40.51 (t, CH2-C=N), 34.87, 34.48 (t, N-C(CHj)2-), 
23.06 (t, CH2-C-OH), 24.39 (t, CH2-CH2C=N), 22.59 (t, 2 C), 
22.38 (t), 22.17 (t); IR (KBr) 3120 (OH), 1654 ( C = N - O ) , 995 
cm"1; UV (CH3OH) Amax 231 nm (<• 11 047); mass spectrum (70 eV) 
m/e 225 (M+). 

Anal. (Ci2Hi9NO3)C, H, N. 
Thermal Degradation of 6.67 The hydroxy TV-oxide, 6 (0.23 g, 1 

mmol), was heated in a short-path distilling apparatus at 0.4-0.5 mm. 
At 125-130 0C a reaction occurred and cyclohexanone distilled. The 
residue (an amber oil) was identified as 2-oximinocyclohexanone by 
IR and NMR.25 

Reaction of 1-Ethoxycyclohexene with Nitrosyl Chloride. To a 
stirred solution of the enol ether57 (7.0 ml, 50 mmol) and ethanol (8.8 
ml, 150 mmol) in ether (100 ml) at -15 °C, nitrosyl chloride vapor 
(3.7 ml, 70 mmol) was introduced slowly. A light-blue color appeared 
instantaneously but gradually turned green with the separation of a 
white solid. When all of the nitrosyl chloride was introduced, a large 
quantity of the solid was present. The stirring was continued for 1 h 
during which time the color of the solid became slightly tan. The 
reactior mixture was diluted with more ether and an excess of sodium 
bicarbonate and small amounts of water were added. GLC analysis 
of the light brown solution indicated that the 2-ethoxy-3-oximinocy-
clohexene was the only product in the solution. Evaporation of ether 
gave 13.8 g of the enol ether (90% yield). 

Reaction of 1-Ethoxycyclohexene with Nitrosyl Chloride in a Sulfur 
Dioxide/Ethanol Solution. A three-neck flask equipped with a me
chanical stirrer, a dry ice condenser, and an inlet for the introduction 
of sulfur dioxide or nitrosyl chloride vapors was placed in a dry ice-
acetone bath. Sulfur dioxide (100 ml) was distilled in and the enol 
ether (6.3 g, 50 mmol)57 was introduced with a syringe at ~—50 0C. 
A very intense yellow-orange color developed immediately. Ethanol 
(4.4 ml, 75 mmol) was added and the intensity of the color weakened 
significantly. Addition of nitrosyl chloride (3.7 ml, 70 mmol) produced 
a slightly yellow-green solution. The solvents were removed in vacuo, 
an excess of chloroform was added, and the solution was again briefly 
concentrated to remove the residual sulfur dioxide. An excess of solid 
sodium bicarbonate, followed by a small amount of water, was added 
to neutralize the acid, and the solution was analyzed by GLC. In ad
dition to cyclohexanone diethyl acetal and three other unidentified 
compounds, there was about a 30% yield of ethyl 5-cyanopentanoate 
which was identified by comparison with an authentic sample. 

Typical Procedure for the Nitrosolysis of Ketone Acetals. Nitro
solysis of Cyclohexanone Diethyl Acetal. A three-neck, 300-ml flask 
equipped with a mechanical stirrer, an inlet for the introduction of 
sulfur dioxide, a dropping funnel, and a dry ice condenser protected 
with a nitrogen bubbler was placed in a dry ice-acetone bath. A sulfur 
dioxide cylinder was connected to the inlet and about 75 ml of sulfur 
dioxide was distilled into the flask. A solution of cyclohexanone diethyl 
acetal (9.3 ml, 50 mmol)57 in absolute ethanol (11.4 ml, 195 mmol) 
was added with the aid of a syringe. A solution of ethyl nitrite (5.0 g, 
67 mmol) in absolute ethanol (6.2 ml, 105 mmol) was placed in the 
dropping funnel, and a catalytic amount of hydrogen chloride (2.0 
mmol, 2 ml of 1 N solution in absolute ethanol) was added to the re
action flask. The dry ice bath was removed and, when the sulfur 
dioxide started to boil (~—10 0C), a solution of ethyl nitrite was added 
dropwise over a period of 1 h. During this time the reaction mixture 
became pale blue-green. Stirring was continued for a total of 3.5 h, 
an internal standard was introduced, and the GLC analysis indicated 
a 87-93% yield of ethyl w-cyanovalerate and a 5-12% yield of ethyl 
6,6-diethoxyhexanoate. In a larger quantity experiment, when the 
GLC analysis indicated that the reaction was complete, about 0.5 g 
of sodium bicarbonate and 30 ml water were added, and the reaction 
mixture was left at room temperature overnight. GLC analysis of the 
reaction solution indicated that all of the ester acetal was converted 
into 5-carbethoxypentanal. The reaction mixture, which still contained 
large amounts of sulfur dioxide, was diluted with ether and washed 
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first with brine and then with a saturated solution of sodium bicar
bonate. More solid sodium bicarbonate was added until the CO2 ev
olution ceased. The white crystalline solid that was formed was filtered 
off. The ether solution was dried and evaporated, and the residue was 
distilled to give ethyl 5-cyanopentanoate: bp98 0C (1.2 mm); NMR 
(CDCl3) S 4.12 (q, 2 H), 2.42 (m, 4 H), 1.74 (m, 4 H), 1.25 (t, 3 H); 
IR (neat) 2270 (C=N), 1735 (C=O), 1200, 1030 cirr1. 

Anal. (C8Hi3NO2)C, H, N. 
The crystalline bisulfite compound that was filtered off above was 

suspended in chloroform and hydrolyzed with a 6 N solution of hy
drochloric acid. A dried chloroform solution was analyzed by GLC 
and found to contain the same aldehyde present in the above hydro
lyzed reaction mixture. A small amount of triethyl orthoformate was 
added to the chloroform solution, followed by a drop of sulfuric acid. 
The neutralized chloroform solution now was found to contain ethyl 
6,6-diethoxyhexanoate, which had the same retention time as the 
minor component in the original reaction mixture before hydroly
sis. 

A similar reaction procedure was utilized in the nitrosolysis of other 
ketone acetals, and the results are summarized in Table III.64 

n-Butyl 5-cyanopentanoate,64 bp 97 0C (0.3 mm); IR (neat) 2270 
(C=N), 1738 (C=O) cm-1. 

Isobutyl 5-cyanopentanoate,64 bp 91-93 0C (0.3-0.5 mm); IR 
(neat) 2270 (C=N), 1735 (C=O) cm"1. 

Ethyl 4-methyl-5-cvanopentanoate,64 bp 76 0C (0.4 mm); IR (neat) 
2273 (C=N), 1735 (C=O) cm"1. 

Ethyl 4-terr-butyl-5-cyanopentanoate,64 bp 112-114 0C (0.6 mm); 
IR (neat) 2275 (C=N), 1738 (C=O) cm"1. 

Nitrosolysis of 2-methylcyclohexanone diethyl acetal57 gave a 
mixture of ethyl 2-methyl-5-cyanopentanoate and ethyl 6-oxohep-
tanoate which were not separated, but were characterized as a mixture 
by both high- and low-resolution mass spectra. Calcd for C9H1 5N02: 
169.2230. Found: 169.1098. Calcd for C9Hi6O3: 172.2236. Found: 
172.1112. 

Ethyl 4-cyanopentanoate,64 bp 88-90 0C (~2 mm); IR (neat) 2270, 
(C=N), 1738(C=O)Cm-'. 

The nitrosolysis of cyclododecanone diethyl acetal57 was much faster 
than that of the C6- and Cs-cyclic ketones and gave ethyl 11-cy-
anoundecanoate:64 bp 121 0C (0.3 mm); IR (neat) 2270 (C=N), 
1738 (C=O) cm"1. 

The nitrosolysis of camphor diethyl acetal65 gave 1-carbethoxy-
l,2,2-trimethyl-4-cyanocyclopentane:64 bp 80-84 0C (0.4 mm); IR 
(neat) 2252, 1738 cm-'. 

The nitrosolysis of a-tetralone diethyl acetal gave ethyl o-(u>-cy-
anoethyl)benzoate which was characterized as the corresponding 
benzoic acid.64 

The nitrosolyses of the diethyl acetals of 7-tridecanone57 and 4-
heptanone57 were both very fast reactions, essentially complete after 
the addition of the ethyl nitrite solution. The yield of the reaction 
products was determined by GLC analysis in the presence of an in
ternal standard and ethyl heptanoate or ethyl butyrate, and the cor
responding nitriles were identified by comparison with the authentic 
samples. 

The nitrosolysis of 2-heptanone diethyl acetal57 required ca. 6 h, 
and the reaction products were again analyzed in the presence of an 
internal standard and identified by comparison with the authentic 
samples. 

The nitrosolysis of the diethyl acetal of cyclohexyl methyl ketone57 

gave ethyl cyclohexanecarboxylate which was identical with an au
thentic sample. 

Nitrosolysis of Cyclohexanone Di-n-butyl Acetal66 in Sulfolane. 
The reaction was carried out in a similar manner using sulfolane in
stead of sulfur dioxide as a solvent and at room temperature. After 
complete reaction, an internal standard was introduced and the re
action mixture was analyzed by GLC analysis. A slightly lower yields 
of the n-butyl 5-cyanopentanoate (78%) was obtained. Similar results 
were obtained when nitromethane was used as the solvent. 

(E)-1,1 -Dioxidodiazenediy lbis(2-diethoxy-5- terr-butylcyclohex-
ane) 10. The nitrosolysis of 4-/e/7-butylcyclohexanone diethyl acetal57 

when carried out as above provided the corresponding ester nitrile at 
a slower rate than the corresponding unsubstituted ketone acetal. In 
one experiment, after complete addition of the ethyl nitrite, the re
action mixture was cooled to —30 0C causing a solid to separate out. 
A portion of this solid together with the reaction solution was trans
ferred into an NMR tube, sealed, and allowed to warm to room tem
perature. After 1 h, the NMR tube was placed in dry ice, opened, and 

then analyzed by GLC analysis. The result was essentially the same 
as in the regular experiment. On the other hand, filtration of the solid 
that separated out at -30 0C gave a white crystalline material (0.5 
g), 10, mp 130-131 0C (as a deep blue melt): NMR (CDCl3) S 5.86 
(m, equatorial C2-H width-at-half-height 4.5-5.0 Hz), 3.8-3.1 
(complex, 2 H), 2.7-1.4 (complex, 7 H), 1.15, 1.06 (2 t, 6 H), 0.83 
(s, 9 H); IR (CHCl3) 1227, 1193, 1122, 1105, 1096, 1059 era"'; 
high-resolution mass spectrum (70 eV) calcd for (C|4H27N03)2: 
(257.3722),; found: 257.2001; m/e 240 (M+ - OH), 227 (M+ - NO), 
212, 199, 196, 182. 

Anal. Calcd for C28H54N2O6: C, H, N, 5.43. Found: 6.06. 
Cooling the blue melt gave a slightly yellow solid which was crys

tallized from methanol and shown to be unchanged 10. 
l,l-Diethoxy-2-oximino-4-ferf-butylcyclohexane (11). Continued 

heating of the blue melt of 10 (0.35 g) causes a rapid color change to 
yellow. Cooling, followed by crystallization from methanol gave 11 
(0.25 g, 71%yield): mp 162-164 0C; NMR (CDCl3) S ~10.0 (s, 1 H), 
3.7-3.1 (complex, 4 H), 2.3 (q, 1 H, equatorial C3-H), 1.8-1.1 (m, 
6H), 1.23, 1.17 (2 t, 6 H), 0.91 (s, 9 H); high-resolution mass spec
trum (70 eV) calcd for C4H27NO3: 257.3722; found: 257.2000; m/e 
257 (M+), 240 (M+ - OH), 225 (M+ - H, NOH), 213 (M+ -
C2H4O), 212 (M+ - C2H5O), 200 (M+ - C4H9), 198 (M+ -
C2H5NO). 

Anal. (C14H27NO3) C, H, N. 
2-Ethoxy-3-oximino-5-tert-butylcyclohexene(12). Further heating 

of the yellow melt from 11 (0.5 g) caused an exothermic reaction 
followed by the evolution of a gas. Cooling, followed by crystallization 
from methanol gave 0.3 g of 12 (73%): mp 167-168 0C; NMR 
(Me2SO-CDCl3) 5 9.5 (s, 1 H), 5.5 (q, 1 H), 4.1 (q, 2 H), 2.7-1.5 
(m, 5H), 1.6 (t, 3H), 1.2 (s, 9 H). 

Anal. (Ci2H2INO2)C, H, N. 
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