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Jones reagent, by the method given in part A of this section, 
there resulted 20 mg of XI,  mp 140-147" dec, of identical mobil- 
ity with the same product obtained by the oxidation of VI11 as 
measured in the thin layer chromatographic system CHCla- 
ethyl acetate (3: l )  over silica gel GF (Analchem, Wilmington, 
Del.), The infrared and nmr spectra of the 16-ketone X I  from 
this experiment were indistinguishable from the same spectra 
obtained with product from part A of this section, using VI11 as 
the starting material. 

Registry No.-VI, 13341 -84-9; XI, 13341-85-0. 
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The reaction of t-butyl hydroperoxide with nitric 
oxide was first reported by Blum2 who succeeded in 
isolating t-butyl alcohol, t-butyl nitrate, and water as 
reaction products. Our reinvestigation of the reaction 
in benzene solution at  25' revealed the presence of addi- 
tional products. Observation of the progress of the 
reaction by vapor phase chromatographic analysis a t  
35' made possible separation and identification of 
components which decompose under conditions of con- 
ventional distillation procedures employed by Blum. 
Changes in the relative amounts of products observed 
as the reaction progressed gave evidence of an initial 
rapid reaction and a subsequent process which con- 
sumed some of the initial products. 

A rapid reaction was observed between nitric oxide 
a t  1-atm. pressure and a 0.5 M solution of t-butyl 
hydroperoxide which formed, as first products, equi- 
molar quantities of t-butyl alcohol and t-butyl nitrate. 
Product concentrations as a function of reaction time 
are shown in Figure 1. The simultaneous formation 
of nitrous acid was indicated by the slow disappearance 
of the alcohol and its replacement by an equimolar 
amount of t-butyl nitrite. 

The detection of t-butyl nitrite only during the latter 
part of the reaction is not consistent with a simple 
thermal homolysis of the hydroperoxide and subsequent 
coupling of nitric oxide with t-butoxy radicals. A reac- 
tion sequence whkh is consistent with the experimental 
observations presented in Figure 1 involves a free- 
radical reaction sequence (eq 1-4) induced by nitric 
oxide. 

1-BuOOH + NO + t-BuO. + HONO (1) 

t-BuO. + t-BuOOH + t-BuOH + t-BuOO. (2) 

t-BuOO. + NO --f [t-BuOONO] + t-BuONOn (3) 

t-BuOH + HONO + t-BuONO + HOH (4 1 
A nitric oxide induced decomposition of the hydro- 

peroxide (eq 1) could form nitrous acid and t-butoxy 
radical. The t-butoxy radical could either fragment 

(1) (a) This work represents a portion of the Ph.D. dissertation, Case 
In=titute of Technology, of R. F. Kopczewski. (b) Acknowledgment is 
made to the donors of The Petroleum Research Fund, administered by the 
American Chemical Socic.ty for partial support of this research, which was 
also supported in part by a fellowship grant from the Allied Chemical 
Corp. 

(2) J. Blum, Compt. Rend., $48, 2769 (1959). 
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Figure 1.-Concentration of reaction products us. reaction time of 

t-butyl hydroperoxide plus nitric oxide. 

to  the methyl radical and acetone, couple with nitric 
oxide to form t-butyl nitrite, or abstract a hydrogen 
atom from an available hydrogen donor in the reaction 
medium (eq 2). Neither acetone nor nitrite appears 
as an initial product, but t-butyl alcohol is formed 
rapidly. The only reactive hydrogen donor present is 
the hydroperoxide; hence, the t-butylpekoxy radical is 
inferred as an intermediate. (Hydrogen abstraction 
by the peroxy radical would be an identity reaction 
and would go undetected.) The coupling product 
of t-butylperoxy radical with nitric oxide would be 
peroxynitrite which would be expected to undergo a 
facile rearrangement to a nitrate$,* (eq 3). 

Reaction of t-butyl alcohol with nitrous acid would 
account for the observed decrease in alcohol concentra- 
tion after the initial reaction subsides, with formation 
of an equivalent quantity of t-butyl nitrite (eq 4). 

The presence of a species capable of hydrogen ab- 
straction was confirmed by conducting the reaction in 
chloroform. Chloroform acts as a hydrogen donor with 
formation of trichloromethyl radical (eq 5). Coupling 
of nitric oxide with the trichloromethyl radical (eq 6) 
produced the observed nitrosotrichloromethane. 

t-BuO. + HCCls + t-BuOH + .CCl, (5 ) 

.cc1, + + ONCCl, (6) 

At the concentrations of hydroperoxide employed in 
this investigation the hydroperoxide would be present 
mainly as a hydrogen-bonded dimer? Nitric oxide 
might react with dimer to yield alcohol, nitrous acid, 
and t-butyl hydroperoxy radical directly (eq 7). This 
could account for the absence of acetone which normally 
accompanies the formation of t-butoxy radical; how- 
ever, the presence of a readily abstractable hydrogen 
is frequently sufficient to minimize acetone formation.6 

(t-BuOOH)B + NO + t-BuOH + HONO + t-BuOO. (7) 

Another possible reaction route is the abstraction of 
hydrogen from hydroperoxide by nitric oxide with 
formation of (HON)Z. The decomposition of hypo- 

(3) A. Baeyer and V. Villiger, Ber., 94, 755 (1801). 
(4) J. D. Ray, J. Inorg. Nuel. Chem., 14, 1159 (1962). 
(5) C. Walling and L. Heaton, J. Am. Chem. Sac., 87, 48 (1965). 
(6) J. R. Shelton and J. N. Henderson. J .  Ow. Chem., 16, 2185 (1961); 

J. R. Shelton and A. E. Champ, {bid., 18, 1393 (1963). 
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nitrous acid (H2N202) is reported to produce nitrous 
acid among other products, but the nature and stoi- 
chiometry of the decomposition is not entirely clear? 
It would be difficult to account for the formation of 
alcohol and the stoichiometry observed in the hydro- 
peroxide-nitric oxide reaction on the basis of such a 
postulate. 

The presence of a peroxidic hydrogen appears to be 
necessary for reaction of a peroxide with nitric oxide. 
Nitric oxide also reacted readily with both n-butyl 
and s-butyl hydroperoxides as well as with m-chloro- 
perbenzoic acid, but it was virtually unreactive with 
dibenzoyl peroxide, t-butyl peracetate, and di-t-butyl 
peroxide. 

The reactivity of nitric oxide with hydroperoxides 
and per acids suggested the possibility of reaction with 
homolyzable bonds in other compounds such as hypo- 
chlorites and N-halo Indeed, rapid 
reaction takes place between nitric oxide and t-butyl 
hypochlorite in benzene a t  25' to give t-butyl nitrite 
and nitrosyl chloride. Nitrosyl chloride was identified 
by its cyclohexene addition product. An initial cleav- 
age by attack of NO analogous to the hydroperoxide 
reaction is suggested (eq 8 and 9). In the absence of 

t-BuOC1 + NO + I-BuO. + ClNO (8) 

t-BuO. + NO * ~-BLIONO (9) 

readily extractable hydrogen, t-BuO. couples with NO 
to form the nitrite. Benzene solutions of N-chloro- 
piperidine and N-bromophthalimide a t  25' also reacted 
with nitric oxide and formed nitrosyl halides and N- 
nitroso compounds. 

Summary.-Nitric oxide reacts a t  25" with hydro- 
peroxides, per acids, and active halogen compounds. 
The reactions may be described as a free-radical de- 
conipositions induced by nitric oxide. 

Experimental Section 

The apparatus consisted of a 25-ml, magnetically stirred flask 
fitted with a water-cooled condenser and equipped with side arm 
covered by a self-sealing serum cap. A 250-ml gas buret was 
connected to the open end of the condenser. 

Butyl Hydro- 
peroxides.-Dry benzene (10.0 ml) was put in the flask, the 
system was purged with dry nitrogen, 0.50 ml (about 5 mmoles) 
of hydroperoxide was added to the stirred solvent, and the sys- 
tem was purged with nitric oxide. The reaction mixture was 
periodically sampled through the serum cap and analyzed by 
gas chromatography. The gas chromatograph was operated a t  
35' and contained a column (*/16 in. X 8 ft) of 10% Dow Corning 
200 oil on 60/80 mesh Gas Chrom Z support (Applied Science 
Laboratciries, Inc.) with a helium flow rate of 60 ml/min. Butyl 
alcohols, nitrites, and nitrates were identified by their gas 
chromatograph retention times and infrared absorption spectra. 
Gas chromatograph retention times and characteristic infrared 
absorptions are listed in Table I .  

Commercial t-butyl hydroperoxide (Lucidol) was purified 
by the method of Milas" to give a minimum of 95% of the theo- 
retical peroxidic oxygen determined by iodometric analysis. 
Secondary and primary butyl hydroperoxides were prepared by 
the method of Wallinglz and assayed 60-70% peroxidic oxygen. 

Nitrosotrichloromethane was identified by its absorption spec- 
trum (Ama, 590 mp).Is In the reaction with chloroform solvent, 

(7) J. R. Buoholz and R.  E. Powell, J .  Am. Chem. SOC., 87, 2350 (1965). 
(8) C. Walling and A. R.  Jacknow, ibad., US, 6108 (1960). 
(9) C. Walling and A.  Padwa, abzd., 86, 1597 (1963). 
(10) H. J. Dauben, Jr., and L. L. McCoy, {bid., 81, 4863 (1959). 
(11) N. A. Milas and D. Surgenor, abad., 68, 205 (1946). 
(12) C. Walling and 9. Buckler, rbzd.,  77, 6032 (1955). 
(13) W. Prandtl and J .  Sennewald, Ber., 62, 1754 (1929). 

Reaction of NO with Peroxidic Compounds. 

TABLE I 
RETENTION TIMES AND CHARACTERISTIC INFRARED ABSORPTIONS 

Retention Infrared 
time," absorptions, 

Compound min em-1 

n-BuOH 14.4 3640b 
n-BuONO 9 . 6  166oc 
n-BuONOp 4 2 . 0  1640, 1280d 
S-BuOH 7 . 8  36006 
S-BuONO 6 . 5  165OC 
s-BuONOZ 33.0 1630, 1275d 
t-BuOH 4 . 2  3610b 
t-BuONO 5 . 2  163OC 
t-BuONO 25.5 1630, 1300d 

0 Retention times are sensitive to variations in column tem- 
perature, and thus serve only to illustrate the order of elution 
of the various components. Peak identification was made by 
addition of authentic material for comparison. b OH stretch 
(L. J. Bellamy, "The Infra-Red Spectra of Complex Molecules," 
2nd ed, John Wiley and Sons, Inc., New York, N. Y., 1960, 
p 96). c N = O  stretch (reference in footnote b, p 304). d ONOz 
asymmetric and symmetric stretch (reference in footnote b, 
p 301). 

chloroform was dried over calcium chloride and passed through 
an activated alumina column to remove any oxygenated material, 
e.g., trace quantities of ethanol or trichloromethyl hydro- 
peroxide. 

m-Chloroperbenzoic Acid.-A 1 .OO-g portion of m-chloro- 
perbenzoic acid (FMC Corporation, minimum, 85% peroxidic 
oxygen) was placed in 10.0 ml of dry benzene and exposed to 
nitric oxide. When the gas absorption ceased after about 2 hr, 
the system was purged with nitrogen, the yellow reaction mix- 
ture was poured into 10% sodium hydroxide, and the solution 
was extracted with benzene. Evaporation of the dried benzene 
extract yielded a yellow oil which possessed the odor of nitro- 
benzene and an infrared absorption spectrum identical with that 
of nitrobenzene. The presence of nitrobenzene as a reaction 
product is indirect evidence of the formation of m-chlorobenzoyl 
nitrate as an intermediate (by a reaction sequence analogous to 
eq 1-3) which could serve as a nitrating agent for the solvent 
benzene. 

Dibenzoyl Peroxide.-A 1.2-g sample (5.0 mmoles) of dibenzoyl 
peroxide (Lucidol) was dissolved in 20.0 ml of dry benzene and 
exposed to nitric oxide. Approximately 1 .O mmole of nitric oxide 
was absorbed in 20 hr. 

&Butyl Peracetate.-A 0.66-g portion (5.0 mmoles) of t-butyl 
peracetate ("Lupersol" No. 7) redistilled, bp 52-55' (18 mm), 
was dissolved in 10.0 ml of dry benzene and exposed to nitric 
oxide. Approximately 1.0 mmole of nitric oxide was absorbed 
in 20 hr. 

Di-t-butyl Peroxide.-A 1 .OO-ml sample (6.2 mmoles) of di-t- 
butyl peroxide (Lucidol) was dissolved in 20.0 ml of dry ben- 
zene and exposed to nitric oxide as described for the hydro- 
peroxides. No nitric oxide absorption was noted after 20 hr a t  
25". The solution was heated to 65", and no indication of gas 
absorption was observed after 2.5 hr a t  the elevated temperature. 

t-Butyl Hypo- 
chlorite.-A solution of 0.50 ml (4.2 mmoles) of t-butyl hypo- 
chlorite" (minimum, 95% of theoretical active chlorine) in 10.0 
ml of dry benzene was exposed to nitric oxide at  25'. Nitric 
oxide was absorbed rapidly and 8.4 mmoles of gas were absorbed 
in 1 hr, after which no further gas absorption was observed. 
Analysis of the deep orange solution by gas chromatography 
indicated the presence of t-butyl nitrite and no acetone. Cyclo- 
hexene was slowly added to the reaction mixture and the orange 
solution became a rich blue color (Amax 670 mp). Yacuum 
evaporation of the solution yielded a dark blue oil which formed 
a white precipitate upon the addition of a few drops of ethanol. 
The solid melted a t  146-148' dec and did not depress the melting 
point of authentic l-nitroso-2-chlorocyclohexane.1s The absorp- 
tion at 670 mp is consistent with observed absorption maxima of 
monomeric nitroso compounds, while the ultraviolet absorption 
(A,,, 286-288 mp) may be ascribed to the nitroso dimer.lB 

Reactions of Active Halogen Compounds. 

~ 

(14) H. M. Teeter snd E. W. Bell, Org. Sun., 81, 20 (1952). 
(15) R. Perrot, Compt. Rend., 108, 329 (1936). 
(16) B. 0 .  Gowenlock snd W. Luttke. Quart. Rev., 12, 321 (1958). 
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N-Chloropiperidine .-A benzene solution of N-chloropiperidine 
was prepared by adding 400 ml of a 5% sodium hypochlorite 
solution to an ice-cooled stirred solution of 18 ml of piperidine 
(Matheson Coleman and Bell, bp 105-107”) in 100 ml of benzene. 
The ice bath was removed and the mixture was stirred for 20 
hr. After separation, the organic phase was dried over mag- 
nesium sulfate and analyzed as 1.3 M in active chlorine. A 
10.0-ml portion of the solution was exposed to nitric oxide. Nitric 
oxide was rapidly absorbed in an exothermic reaction yielding 
N-nitrosopiperidine and piperidine hydrochloride. Identification 
of N-nitrosopiperidine was based on gas chromatograph retention 
time and infrared absorption spectrum. Authentic N-nitroso- 
piperidine was prepared from n-butyl nitrite and piperidine. 
Piperidine emerged in 1.2 min and N-nitrosopiperidine in 4.2 
min from a 0.25 in. ;< 3 ft column of 20% Dow Corning Hi-Vac 
Grease on 45/60 Chromosorb W at 150°, with a helium flow 
rate of 60 ml/min. An absorption a t  1370 cm-’ appeared in the 
infrared absorption spectrum of N-nitrosopiperidine and was 
absent in the spectrum of piperidine. The absorption may be 
assigned to N-N=O.” 

Piperidine hydrochloride melted at 243’ and liberated vapors 
which smelled strongly of piperidine. The crystals did not de- 
press the melting point of authentic piperidine hydrochloride on 
admixture. 

N-Bromophtha1imide.-A solution of 1.10 g (5.0 mmoles) of 
N-bromophthalimide (K & K Laboratories, Inc., minimum, 
90% active bromine) in 10.0 ml of dry benzene was exposed to 
nitric oxide. Gas was absorbed and the solution became a deep 
red-brown color. Yellow crystals were filtered from the solution. 
addition of piperidine to the filtrate yielded N-nitrosopiperidine 
and piperidine hydrobromide (mp 233’). The reaction products 
of piperidine with the filtrate were interpreted as evidence of the 
presence of nitrosyl bromide in the filtrate. 

The yellow crystals decomposed in air, liberating nitrogen 
oxides and white phthalimide (mp 235-236”). A mixture melt- 
ing point with authentic phthalimide was not depressed. The 
yellow precipitate thus appears to have been N-nitrosophthal- 
imide which could be decomposed by atmospheric moisture to 
phthalimide and nitrous acid. 

Registry No.-m-Chloroperbenzoic acid, 937-14-4 ; 
dibenzoyl peroxide, 94-36-0; t-butyl peracetate, 107- 
71-1 ; di-t-butyl peroxide, 110-05-4; tbutyl  hypo- 
chlorite, 507-40-4; N-chloropiperidine, 2156-71-0; N- 
bromophthalimide, 2139-85-2. 

(171 Reference in footnote b. Table I ,  p 306. 
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During our investigation of acid-catalyzed rearrange- 
ments of alicyclic epoxides to  carbonyl compounds, the 
bicyclic terpene oxide 3-carene oxide (I) was found to 
yield an unusual tkyclic aldehyde on treatment with 
Lewis acid catalyst,s in inert solvent. Thus reaction of 
3-carene oxide (I) with zinc bromide in refluxing benzene 
yielded three products, p-cymene (11, lo%), an alde- 
hyde (111, 28%), and the cis- and trans-3-caranones 
(IV and V, 61%) (Scheme I). A similar mixture was 
observed when boron trifluoride etherate in benzene was 
used as the acid ca,talyst. 

The formation of p-cymene and 3-caranones, respec- 
tively, as well as formation of an unsaturated aldehyde 
resulting from rearrangement, have been previously 

(1) To whom communications regarding this work should be sent. 

r e p ~ r t e d . ~ - ~  In each case, however, there has been no 
reference to the constitution of the aldehyde in question, 
except for reports of its unsaturation. Furthermore, 
there appeared to  be some discrepency as to how, when, 
and with what rearrangement occurred. 

The isomerization or rearrangement of epoxides to 
carbonyl compounds is a general reaction.5-lo The 
structures of the rearranged products, however, can de- 
pend on a variety of factors, ie., the direction of oxide 
ring opening, the reIative migratory aptitudes of the 
different substituent groups,” and the stereochemistry 
of the molecule itself7?l0 with respect to  the approach of 
a bulky catalyst ?J2 

The correlation between rearrangement’ course and 
stereochemistry of the ring system can be shown by the 
difference in the aldehyde products arising from re- 
arrangement of bicyclic terpene oxides’ -g when com- 
pared to  those from chair-form cyclohexane oxides.S~6*’0 
In order to  determine the nature of this rearrangement 
in the carane series, a study was undertaken to  deter- 
mine the structure of the aldehydic rearrangement prod- 
uct of 3-carene oxide. Aldehyde I11 gave a positive 
silver mirror test with Tollins reagent. Attempted 
catalytic hydrogenation of I11 with platinum on char- 
coal catalyst or platinum oxide (Adams catalyst) a t  
room temperature yielded at  times a small absorption 
of hydrogen; however, unsaturation appeared unlikely. 
The infrared spectrum of I11 did not indicate the pres- 
ence of an olefinic system. The nuclear magnetic 
resonance spectrumla of I11 exhibited an eleven-proton 
singlet a t  r 9.02 assigned to  three equivalent tertiary 
methyl groups and two methine bridgehead protons, a 
two-proton multiplet centered at  r 8.8, and a two-proton 
multiplet centered a t  r 7.8 assigned to the four ring 
protons. Lastly, there was a singlet aldehydic proton 
a t  0.6. From this data it can be seen that there are no 
hydrogens a to  the aldehydic group; there are three 
tertiary methyl, two methine protons at  high field,14 
and no vinyl protons. 

Oxidation of aldehyde I11 with silver oxide yielded 
the corresponding acid VI. This acid, along with the 
corresponding alcohol XII, was also formed via the 
Cannizzaro reaction with aldehyde 111. Esterification 
of I11 with diazomethane gave bicyclic ester VI1 which 
was ring opened with saturated HCI(g) in ether to yield 

(2) B. A. Arbuzov, Zh. Obshch. Khim.,  9, 255 (1939). 
(3) Z. G. Isaeva and B. A. Arbuzov, ibid., 19, 884 (1949). 
(4) Z. G. Isaeva and B. A. Arhuzov, ibid., 24, 1250 (1954). 
(5) 9. M. Naqui, J .  F. Hormitz, and R. Filler, J .  Am. Chem. Soc., 79, 6283 

(1957). 
(6) E. A. Braude. A. A. Webb. and M .  E. S. Sultanbawa, J .  Chem. Soc.. 

3328 (1958). 
(7) B .  A. Arhuzov, Rer., 68, 1430 (1935). 
(8) L. C. King and H. Farber, J .  Oru. Chem., 96, 326 (1961). 
(9) R. Dulou, Y. Chritien-Bessiere, and J. P. Montheard, Compt. Rend. ,  

254, 3374 (1962). 
(10) R. L. Settine, G .  L. Parks, and G. P. K. Hunter, J .  Org. Chem., 29, 

616 (1964). 
(11) 9. Winstein and R.  B. Henderson, “Heterocyclic Compounds,” 

R. Elderfield, Ed.. Vol. I ,  John Wiley and Sons, Inc., N .  Y., 1950, P 1. 
(12) M. P. Harshorn, D. N. Krik, and A. F. A. Wallis, J .  Chem. SoC., 5494 

(1964). 
(13) Proton nmr spectra were obtained in carbon tetrachloride solution a t  

60 Mc (spinning) on a Varian A-BOA spectrometer. 
(14) The lack of a high-field absorption owing to tertiary protons on the 

cyclopropane ring is a t  first disturbing, since these appear on the original 
3-carene oxide at r 9.55; however, recently the bicyclo[3.1.0]hexyl system 
has been shown to have the cyclopropyl bridgehead protons shifted downfield 
to r 9.02. That this is not a magnetic anisotropic effect owing to the car- 
bonyl moiety is suggested by the fact that these signals are still at I 8.9 in 
the corresponding alcohol XII: P. G .  Gassman and F. V. Zalar, J .  A m .  
Chem. &e., 1)8, 3070 (1966); P. Story, private communication. 


