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adducts. Repeated preparative TLC resulted in the isolation of 
the major adduct as a (difficultly crystallizable material which was 
recrystallized from chiloroform-hexane: mp 273-276 OC; NMR 
(CDC13) 6 0.98 (dd, J = 7.8 and 3.4 Hz, HI& 1.17 (t, J = 7.2 Hz, 
CH2CH3), 1.62 (dd, J = 7.8 and 6.8 Hz, HE), 1.82 (br s, =CCH3), 
2.34 (d, J = 9.2 Hz, :H4), 2.63 [d(d), J = 6.0 Hz (J,,, not ob- 
servable), He], 2.66 (did, J = 19.0 and 7.2 Hz, H3), 2.69 [d(d), J 
= 2.6 Hz ( J  ,,,, not observable), H,], 2.82 (dd, J = 6.8 and 3.4 Hz, 
H9), 2.99 (dd, J = 19.0 and 9.2 Hz, H2), 3.37 (ddd, J = 9.2, 6.0, 
and 2.6 Hz, H5), 3.53 (4, J = 7.2 Hz, OCH2CH3), 3.71 (dd, J = 
9.2 and 7.2 Hz, H1), 7.3 (m, aromatic H); mass spectrum, exact 
mass calcd for CzsHzeN2O6, m / e  484.199; found, 484.195. 

The NMR spectrum of the crude reaction mixture showed two 
broad singlets a t  6 1.82 and 1.88 in a ratio of 4:l. 
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The acid- and base-catalyzed decompositions of N-methyl-, N,”-dimethyl-, and N,”,”-trimethyl-N-nitrosourea 
in aqueous solution have been studied. Below pH 2, the N-methyl compound undergoes both denitrosation and 
hydrolysis. The denitrosation yields methylurea and nitrous acid. The hydrolysis yields largely methylamine, 
nitrogen, and carbon dioxide. The acid-catalyzed denitrosation and hydrolysis of the trimethylnitrosourea are 
somewhat more rapid than the corresponding reactions of N-methyl-N-nitrosourea. The denitrosation of this 
compound yields trimethylurea and nitrous acid. The hydrolysis yields methanol, dimethylamine, nitrogen, and 
carbon dioxide. The solvent isotope effect, k H z O / k D z O  = 1.3, and the absence of chloride ion catalysis suggest 
that the denitrosation reaction proceeds by a rate-determining proton transfer which is followed by the rapid 
loss of the nitroso group. The results for the hydrolysis reaction are compatible with a formulation in which 
a hydrate of the nitrosourea is protonated in a rate-determining step to form a tetrahedral intermediate which 
subsequently decomposes to yield methyldiazonium hydroxide and a carbamic acid derivative. The base-catalyzed 
reactions of the mono-, di-, and trimethylnitrosoureas are first order in hydroxide ion over a broad pH range. 
The hydrolysis of N-methyl-N-nitrosourea yields methanol and derivatives of carbamic acid. Salt effects on the 
reaction rate are negligible except for the influence of lithium ion. The rate constants for the hydrolysis of the 
mono- and dimethyl compounds depend upon the buffer concentration at pH 9.5. These constants reach limiting 
values. The rate constanta for the hydrolysis of the trimethyl compound also depend upon the buffer concentration, 
but a limiting value is not achieved. The solvent isotope effect for the base-catalyzed reaction, the exchange 
reaction of water-180 with the carbonyl group of the urea, and the fact that N-methyl-N-nitrosourea is hydrolyzed 
about 2.2 >(: lo4 times more rapidly than N,N’,N’-trimethyl-N-nitrosourea suggest that the hydrolysis occurs by 
a mechanism in which a tetrahedral intermediate is formed. Often, the formation of this intermediate is rate 
limiting. However, under certain conditions, its decomposition to methyldiazonium hydroxide and a carbamate 
anion which decompose to form methanol and the other products may be rate determining. 

N-methyl-N-nitrosourea and other N-alkyl-N-nitroso- 
ureas have been implicated in chemical carcinogenesis.2 
Most workers in this field have focused attention on the 
alkylation of the nucleic acids by these  substance^.^^^ 
However, the nature of the alkylation reaction is unclear. 
Uncertainty exists, in part, because the N-alkyl-N- 
nitrosoureas have such a rich, diverse chemistry. In early 
work, Werner found that methylnitrosourea decomposed 
thermally to give nitrogen, methyl isocyanate, and water.5 
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Lijinsky, W. Ibid. 1976, 17, 247. (c) Lawley, P. D. “Chemical 
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(4) The influence of c:yanate ion is discussed by: Knox, P. Nature 
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He also found that it reacted with concentrated sodium 
hydroxide solution to produce diazomethane, with ethoxide 
ion in ethanol to give diazomethane, sodium cyanate, and 
water, and with ammonia in ethanol to yield urea, nitrogen, 
methanol, and some methylurea and dimethylurea5 (see 
eq 1-3). Boivin and Boivin subsequently reported that 

70% 
CHaN(NO)CONH2 CHzNz 

CzHbOH 
CH3N(NO)CONH2 + NaOC2H5 - 

NaOCN + CHzNz + HzO (2) 
CzH50H 

CH,N(NO)CONHZ + NH3 - 
HzNCONHz + Nz + CH30H + CH3NHCONH2 (3) 

methylnitrosourea decomposed in boiling water to give a 
stoichiometric yield of nitrogen.6 They also found that 
N-nitroso-N,N’-dimethylurea decomposed in a similar 
manner to give a quantitative yield of nitrogen, methyl 
isocyanate, and methanol.6 The nitrosoureas reacted with 

(6) Boivin, J. L.; Boivin, P.  A. Can. J .  Chern. 1951, 29, 478. 
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group. They did not propose a pathway for the reaction 
in basic solution. Garrett and his associates studied the 
rate of decomposition of several N-alkyl-N-nitrosureas in 
buffered aqueous solution from pH 5.95 to 7.75.l’ They 
found that the rates of hydrolysis did not depend impor- 
tantly on the structure of the alkyl group. They also re- 
ported that the reaction was not catalyzed by the buffers 
and that there were no appreciable salt effects. They 
proposed that the reaction occurred by the addition of 
hydroxide ion to the carbonyl group to form a tetrahedral 
intermediate which decomposed to form a diazonium ion 
and carbamic acid.” In related work, Lijinsky and Taylor 
studied the rates of hydrolysis of several trialkylnitros- 
ureas, including N,IV,”-trirnethyl-N-nitrosourea.l2 They 
found that this urea was much less reactive than N- 
methyl-N-nitrosourea. 

These investigations have not resolved the central 
problems concerning the manner in which these small but 
highly functional molecules decompose in water. The 
observations quite strongly suggest that the hydrolysis 
reaction has a distinctive pH rate profile. However, it is 
not clear whether the key reactions occur with the ureide 
protons or with the nitrosyl or carbonyl groups. The 
diverse results obtained for the reactions in organic sol- 
vents suggest that the reactions proceed by several paths 
with attendant variations in the product distribution. This 
information does not provide a suitable basis for the dis- 
cussion of the reaction in water. Considerations of this 
kind and our interest in the possibility that the decom- 
position reactions of N-alkyl-N-nitrosoureas might be 
strongly influenced by the purine or pyrimidine constitu- 
ents of the nucleic acids prompted us to examine the hy- 
drolysis more thoroughly to define the rate-limiting step 
in the reaction with more confidence prior to an investi- 
gation of the influence of added nucleophilic reagents. 

Results 
Decomposition in Acid Solution. Preliminary work 

established that the methylnitrosoureas decompose in acid 
solution by both denitrosation and hydrolysis reactions. 
The relative importance of these reaction paths depends 
upon the pH of the solution. The denitrosation reaction 
yields compounds, presumably nitrogen oxides, which 
absorb near 210 nm. Nevertheless, the rates of disap- 
pearance of the methylnitrosoureas can be measured ac- 
curately spectrophotometrically between 225 and 245 nm. 

The decomposition reactions of both methyl- and tri- 
methylnitrosourea are first-order processes from pH 3 to 
7. The rate constants are summarized in Table I. 

The data indicate that the rate of disappearance of 
N-methyl-N-nitrosourea is independent of the acid 
strength from pH 2 to 4 and inversely proportional to the 
acid strength at higher pH. In contrast, the rate of dis- 
appearance of N,N’,N’-trimethyl-N-nitrosourea depends 
upon the acid strength over the entire pH range. The 
uncatalyzed and base-catalyzed reactions of the mono- 
methyl compound will be discussed subsequently. 

The product distribution for the reaction of tri- 
methylnitrosourea was studied in unbuffered deuterium 
oxide by NMR spectroscopy at 270 MHz. After 13% of 
the nitrosourea had disappeared, the only detectable 
product was trimethylurea, the denitrosation product. 
After 85% of the nitrosourea had disappeared, the product 
distribution was somewhat different. Trimethylurea ac- 
counted for about 70% of the starting material, and di- 

Scheme I 
CZH~O,~/O C Z H 5 0 \  /OH 

R N ( N 0 ) C O N H z  + L i O C 2 H 5  - RNCONH2 = RNCONH 

N 
I I -  

HNCO + RN=NOC2H5 4- O H  
CZH50  \N/oH /-- 

I -‘x - 
RNCONH HNCO + RN=NOH 4- C 2 H 5 0  

primary and secondary amines in boiling water to provide 
substituted ureas in good yield (eq 4). These results 
CH3N(NO)CONHZ + RR’NH - 

RR’NCONH2 + N2 + CHBOH (4) 
indicated that isocyanic acid or methyl isocyanate were 
among the decomposition products. Clusius and Endtinger 
investigated the spontaneous decomposition of methyl- 
nitrosourea at  room l,emperature7 (eq 5). They showed 
that the methyl group in the urea was transferred to the 
nitrogen atom of the amido group. 

CH3N(NO)CONH2 - Nz + H2O + CHBNCO (5) 
In more recent work, Jones and his associates studied 

the reactions of bases with N-(2,2-diphenylcyclopropyl)- 
N-nitrosourea in organic solvents.* They established that 
ethyl carbamate was not formed in the reaction with 
lithium ethoxide in ethanol and that lithium (2,2-di- 
phenylcyclopropyl)diazoate, the intermediate which would 
form in the reaction of the ethoxide ion at the carbonyl 
carbon atom, was stable under the experimental conditions. 
These observations and other lines of evidence led them 
to propose that the ethoxide ion reacted at the nitrosyl 
group rather than at  the carbonyl group (Scheme I). 
Hecht and Kozarich dso  studied the reactions of the ni- 
trosoureas with strong bases in organic ~olvents .~  They 
found that N-methyl-N-nitrosourea reacted with sodium 
hydride in 1,2-dimethoxyethane to give diazomethane in 
quantitative yield as well as hydrogen and sodium cyanate. 
Observations of this kind prompted them to suggest that 
these reactions occurred following an initial proton ab- 
straction (Scheme 11). 

Scheme I1 
RCHZN(N0)CONHz + B- + 

BH + RCHZN(N0)CONH- 
RCHZN(N0)CONH- -+ RCH,N=NO- + OCNH e 

RCHzN=NOH + OCN- 
RCH,N=NOH + B- - BH + RCHN=N + OH- 

The hydrolytic reactions of these nitrosoureas in water 
a t  ambient temperature have not received sufficient at- 
tention to permit the description of the reaction mecha- 
nism. McCalla and his associates reported that N- 
methyl-N-nitrosourea decomposed rather rapidly in acidic 
(pH 2) and basic (pH 9) solution but that the compound 
was more stable in dilute aqueous acid solutions.1° They 
suggested that the nitrosourea decomposed in the presence 
of acid by initial protonation on the nitrosyl oxygen atom 
with subsequent expulsion of the protonated nitrosyl 

(7) Clusius, K.; Endtinger, F. Helu. Chirn. Acta 1960, 43, 2063. 
(8) (a) Tandy, T. K., Jr.; Jones, W. M. J.  Org. Chern. 1965,30, 4257. 

(b) Muck, D. L.; Jones, W. M. J. Am. Chern. SOC. 1966,88,74. (c) Jones, 
W. M.; Muck, D. L.; Tandy, T. K., Jr. Ibid. 1966,88, 68. (d) Jones, W. 
M.; Muck, D. L. Ibid. 1966,88, 3798. 

(9) (a) Hecht, S. M.; Kozarich, J. W. Tetrahedron Lett. 1972,5147. (b) 
Hecht, S. M.; Kozarich, J. W. J .  Org. Chern. 1973,38, 1821. 

(10) McCalla, D. R.; Reiivers, A,; Kitai, R. Can. J. Biochern. 1968,46, 
807. 

(11) Garrett, E. R.; Goto, S.; Stubbins, J. F. J. Pharm. Sci. 1965,54, 

(12) Lijinsky, W.; Taylor, H. W. Z. Krebsjorsch. 1975, 83, 315. 
119. 
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Table I. Observed First-Order Rate Constants 
for the Disappearance of the Methylnitrosoureas 

from pH 2 to 7 in Water at 25 ' C 
rate const, kobsd,  s-l 

Snyder and Stock 

Table 11. Reaction Products of the  Decomposition 
of N-Methyl-N-nitrosourea and 

N,N ',N'-Trimethyl-N-nitrosourea in Aqueous 
Acid Solution at 25 C 

trimethyl- 
pH" met hylnitrosourea nitrosourea 

7.07 
6.05 
5 .01  
4.97 
4.28 
3.99 
3.09 
3.03 
2.06b 

1.10 x 10-4 4.03  X lo-' 
1 .30  x 10-5 1.49  x 10-7 
l . 4 3  x 

7.15  x 10-7 
(5.73 x 10-7 

3.42 x 
~7 .08  x 10-7 

2 .01  x 10-5 
4.66 x 10-5 

" Sodium phosphate-citric acid buffers were used. 
Hydrochloric acid, 0.009 M. 

0.0 - 

T J  

0 

T me, seconds 

Figure 1. Relationship between log [(A - A , ) / ( A ,  ; A,)] and 
time for the decomposition of N,N',N'-trimethyl-N-nitrosourea 
in 1.145 M hydrochloric acid at  25 "C. The data for the initial 
and final stages of the reaction were used to estimate the first- 
order rate constants for denitrosation, k,, and hydrolysis, kb, 
presented in Table IV. 

methylamine and methanol accounted for the remainder. 
Careful examination of the spectra revealed that the latter 
hydrolysis products were not present in the initial stages 
of the reaction. 

The reactions of the nitrosoureas in more acidic solution, 
pH <2, were more complex. The results shown in Figure 
1 for the reaction of the trimethylnitrosourea are typical 
of the data obtained in this pH region. 

The complex kinetic behavior is also reflected in the 
changing product distribution (Table 11). 

The products obtained in the reactions of the two me- 
thylnitrosoureas are comparable. In the initial stages of 
the reaction, N-met hyl-N-nitrosourea yields methylurea, 
and N,","-trimethyl-N-nitrosourea yields trimethylurea. 
Nitrous acid is formed simultaneously. Subsequently, the 
products of the hydrolysis reaction, methylamine or di- 
methylamine and methanol, are observed. The relative 
quantities of these materials increase as the reaction 
proceeds until in the late stages of the reaction they are 
the dominant products. It is pertinent that neither di- 
methylurea (from the reaction of methylamine with me- 
thylnitrosourea) nor tetramethylurea (from the reaction 
of dimethylamine with trimethylnitrosourea) are formed. 

These results suggest that the first, more rapid reaction 
is denitrosation and that the second, slower reaction is 
hydrolysis. The deriitrosation is reversible, and the ulti- 
mate products are formed from the hydrolysis reaction. 
To test this idea, we measured the rate of disappearance 
of N-methyl-N-nitrosourea in 1.145 M hydrochloric acid 
solution in the presence of excess urea and methylurea. 
When urea is present in large excess, the decomposition 
is a first-order reaction. The rate constant for this process 
is 28.0 X loT5 s-l. When methylurea is present in large 
excess compared to N-methyl-N-nitrosourea, the disap- 

% products 
~ ~~ 

methyl. 
% reactn methylurea amine methanol 

For N-Methyl-N-nitrosourea in 0.111 M DC1 in D,Oa 
10 31 69 trace 
30 16  79  5 
52 12 8 2  6 
74  9 84 7 
89 8 8 4  8 
99  7 8 6  7 

For N-Methyl-N-nitrosourea in 1.11 M DC1 in D,O 
3 100 

19 18  8 2  
79  5 95  

100  4 9 6  trace 

For N,N' ,N '-Trimethyl-N-nitrosourea 
in 1.145 M DCl in D,Ob 

5 l 0 O C  
6 looc 
7 looc 

23 5 l C  19d 30 
34 4OC 19d 41 

formed in trace amounts at long reaction times. 
material balance in later stages of this reaction was unsatis- 
factory because nitrosation of the amine occurs. Trimeth- 
ylurea is stable under the experimental conditions. 
met hylurea. Dimet hylamine. 

" Thin-layer chromatography indicated that urea is 
The 

Tri- 

Table 111. Rate Constants for the Denitrosation 
and Hydrolysis of N-Methyl-N-nitrosourea in 1.145 M 

Hsdrochloric Acid Solution at 25 C 
[ Ur] / denitrosation [MeUr] / hydrolysis 

[MNU]" rate const, s-' [MNU] rate const, s-l 

10.0 27.5 X 4.0 2.6 x 10-5 
60.0  28.5 x 10-5 8.0 2.8 x 10-5 

a MNU is N-methyl-N-nitrosourea and Ur is urea. The 
other nitrosoureas are designated in a similar way in the 
other tables. 

pearance of the starting material is less rapid. The rate 
constant for the hydrolysis reaction is about 2.8 X s-'. 
The observations are summarized in Table 111. 

The dependence of these reactions on the concentration 
of the acid, salts, and chloride ion was investigated. The 
approximate first-order rate constants, K ,  and kb, estimated 
from the initial and final slopes of diagrams of log [ ( A  - 
A , ) / ( A o  - Am)] vs. time (Figure l), are summarized in 
Table IV. 

Decomposition in Basic Solution. Denitrosation is 
unimportant in basic solution. Accordingly, the hydrolysis 
reactions of the mono-, di-, and trimethylnitrosoureas can 
be studied spectrophotometrically without the interference 
of nitrogen oxides over an extensive pH range. The rate 
data adhere with excellent precision to a first-order rate 
law over the entire extent of the reaction. The results for 
N-methyl-N-nitrosourea at  pH 7.5 (Figure 2) are repre- 
sentative of the data obtained in this phase of the study. 
The reaction of this compound is quite rapid at pH 10, and 
we, therefore, studied the less reactive N,"-dimethyl- and 
N,N',N'-trimethyl-N-nitrosoureas in the more basic solu- 
tions. Each of these reactions is first-order in hydroxide 
ion concentration. Representative second-order rate con- 
stants for the base-catalyzed reactions are presented in 
Table V. 
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Table IV. Kinetic Observations for the Acid-Catalyzed 
Denitrosation and Hydrolysis of N-Methyl-N-nitrosourea 

and N,N',N'-Trimc?thyl-N-nitrosourea in Aqueous 
Solution at 25 O C 
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Table VI. Influence of Ionic Strength on the  Rate 
of Hydrolysis of N-Methyl-N-nitrosourea in 0.1 M 

Sodium Borate Buffer at pH 9.75 at 25 "CY 

104ka/ 105kb/ 
[H+I,  ["I, catal, salt (concn, N )  M-1 s-l M-I s - l  

For N-Methyl-N-nitrosourea 
HCl( l .145)  2.1 3.3 
H,SO, (1.0181 2.6 3.7 
Del  (i.il) 
HCl(1.145), KCI (1.00) 
H'SO, (1.018), KCl(1.00) 
HCl(1.145), LiCl( l .00)  
HCl(O.115) 
H,SO, (0.1021 

1.7 
2.7 
2.4 
2.4 
2.3 
2.3 

1.7 
3.4 
3.4 
3.2 
1.6 

He1 (6.115), KCl( l .00)  2.5 
HCl(O.0090) 3.0 6.5 

For N, N',  N'-Trimethyl-N-nitrosourea 
HCl(1.145) 58 22 
HCl(O.102) 42 56 

Table V. Representative Second-Order Rate Constants 
for the Hydrolysis of the Methylnitrosoureas at 25 ' C 

k , ,  M-I s-l 
PH MNU DMNU TMNU 
7.8a 9.95 X 3.0' 5.25 
8.1a 9.66 X 1.02 4.20 
9.0' 9.56 X 3.0' e 2.81 5.96 X lo-'  
9.3b 9.16 X I O Z e  3.02 X lo-' 
9.6b 7.45 x IO2 2.08 2.66 X lo- '  
9.gb 6.84 X 1.0' 2.08e 2.68 x lo-' e 

11.6c 1.17 2.26 X lo- '  
12.2c 1.06 2.19 X lo-' 
14.0d 2.59 X lo- '  

buffer. Sodium phosphate buffer. Sodium hydrox- 
ide, 1.0 M. e Extrapolated to  zero buffer concentration; 
see Figure 4. 

a Sodium borate and borax buffer. Sodium borate 

-0.65k- 1000 2000 3000 4000 1 

T i m e ,  S e C Q n d S  

Figure 2. Relationship between log [(A - A,)/(A, - A,)] and 
time for the decomposition of N-methyl-N-nitrosourea in sodium 
dihydrogen phosphate buffer a t  pH 7.50. 

The second-order rate constants for the monomethyl 
compound decrease by a factor of 2 from pH 7 to 10, the 
values for the dimethyl compound decrease by a factor of 
5 from pH 7 to 12, and the values for the trimethyl com- 
pound decrease by a factor of 2 from pH 9 to 14. These 
decreases are small when the pH range is considered. 
Similar decreases in second-order rate constants for the 
hydrolyses of esters and amides have been observed by 
other  investigator^.'^ Nevertheless, we thought it prudent 
to study the influences of ionic strength and buffer cation 
on the reaction rate to probe the magnitude of possible salt 

(13) Illustrations of this phenomena are provided by: (a) Bunton, C. 
A.; Spatcher, D. N. J.  Chem. SOC. 1956,1079; (b) Bunton, C. A.; Nayak, 
B.; O'Connor, C. J .  Org. Chern. 1968,33, 572. 

[ KCl J , M ionic strength 102kobsd, s-l 
0.000 0.080 5.25 
0.020 0.100 5.11 
0.040 0.1 20 5.13 
0.060 0.140 5.12 
0.080 0.160 5.10 
0.100 0.180 5.18 

pendent of the buffer concentration as shown in Figure 3. 
a Under these conditions, the reaction rate is inde- 

Table VII. Influence of Buffer Cation on the Rate 
of Hydrolysis of N-Methyl-N-nitrosourea in 0.1 M 

Borate Buffer at pH 9.75 at  25 C' 
buffer cation ionic strength 1O2kobarl, s-l 

lithium 0.080 6.25 
sodium 0.080 5.25 
potassium 0.080 5.21 

pendent of the buffer concentration as shown in Figure 3. 
Under these conditions, the reaction rate is inde- 

Table VIII. Influence of Phosphate Buffer Concentration 
on the Rate of Hydrolysis of 

N-Methyl-N-nitrosourea at  25 C 
PH concn range, M 10'k0bd, s-' 

6.43 0.039-0.078 0.255-0.26 5 
7.20 0.002-0.010 1.1 7-1.40 
7.50 0.059-0.117 3.82-3.92 

I 

4.0 1 
I - I  

n 

[Bulferj,M 
0.004 0.008 0.0 3.15 C.2C 

Figure 3. Relationship between the observed first-order rate 
constant for the hydrolysis of N-methyl-N-nitrosourea and the 
concentration of the buffer at pH 9.40 and 9.75. The concentration 
of sodium glycinate is noted with squares and the concentration 
of sodium borate is noted with circles. The ionic strength was 
constant in all these experiments. 

effects. Certain typical results are summarized in Tables 
VI and VII. 

These results and other related experiments establish 
that the reaction rate is not especially sensitive to the ionic 
strength of the reaction solution. However, the reaction 
is specifically enhanced by lithium ion. 

General-Base Catalysis. Garrett and his associates 
reported that the hydrolysis of N-methyl-N-nitrosourea 
was not catalyzed by the buffer components in the pH 
range 5.95-7.85.'* We reexamined this aspect of the 
problem by a study of the three nitrosoureas in three 
different buffer solutions from pH 6.4 to 9.8. We con- 
firmed the conclusion of the earlier work that the reaction 
is not general-base catalyzed in near neutral solutions. The 
observed first-order rate constant is not dependent upon 
low, 0.002-0.01 M, intermediate, 0.04-0.08 M, or high, 

(14) The concentration range of the buffer was not specified in ref 11. 
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Table IX. Rate Constantsu for General-Base Catalysis 
of the Hydrolysis of the Methylnitrosoureas 

in Water at 25 C 

Snyder and Stock 

~ ~~ ~ 

nitroso- 
general base urea h, ,  M" s-l kL, S" 

pH 9.40 
sodium glycinate MNU 2.62 2.32 X 
sodium borate MNU 0.76 2.20 x 

pH 9.75 
sodium glycinate MNU 3.27 4.26 X lo-' 
sodium borate MNU 1.31 3 . 3 8  x 

sodium glycinate DMNU 3.89  X l o e 3  1 .19  x los4 
sodium borate DMNU 2.22 X 1.10  x 
sodium glycinate TMNU 3.16 x 
sodium borate TMNU 1 .84  X 1.80 X 

a The rate constants are defined in eq 6. 
strength was maintained at 0.163.  
strength was adjusted with lithium chloride. 

lithium borateb MNU 1.93  4 .39  x 

The ionic 
In this case, the ionic 

Table X. First-Ordler Rate Constants for the Hydrolysis 
of the Methylnitrosoureas in Water 

and Heavy Water at 25 " C  

nitroso- kH,Ol 
urea pHa hobsdHzO, SC1 kobsdD2', SC1 h ~ ~ o  

MNU 6.85 6.89 x 1 0 . ~  7.14 x 0.96 
MNU 9.72  2.72 x l o - ,  4 .83 x l o - ,  0 .56 
DMNU 9.72  7.61 x IO-' 1.46  x 0.52  
TMNU 9.72  1 .43  x 2.24 x 10+  0.64 

The apparent values for deuterium oxide are shown.33 

0.06-0.12 M, conceintrations of phosphate buffers a t  pH 
7.2, 6.4, and 7.5, respectively (Table VIII). 

Further study of the reaction at higher pH revealed that 
the reaction is catalyzed by borate and glycinate anions. 
The results obtained for N-methyl-N-nitrosourea at pH 
9.4 and 9.75 are illustrated in Figure 3. 

The experimental results a t  low buffer concentration 
were analyzed on the basis of eq 6. The parameters kl, 

kobsd = kl[OH-] -k kZ[B-1 + kBH[BHl (6) 

kz, and kBH represent the hydroxide ion catalyzed reaction, 
the buffer anion catalyzed reactions, and the buffer cata- 
lyzed reactions, respectively. The value of kBH is too small 
to measure. The values of the slope and intercept were 
determined by least.-squares analysis. The kl values pre- 
dicted by the intercepts were in reasonable agreement with 
the values presented in Table V. The kz values and the 
limiting rate constant, kL, observed at  high buffer con- 
centration are presented in Table IX. 

Solvent Isotope Effect. The kinetic solvent isotope 
effect was measured at pH 6.85 and 9.72 for N-methyl-N- 
nitrosourea and at  pH 9.72 for N,N'-dimethyl-N-nitroso- 
urea and N,N',N'-trimethylnitrosourea. The results are 
presented in Table X. 

Carbonyl Oxygen Exchange. The oxygen atoms in 
C-, N-, and 0-nitrloso groups exchange with water in 
acid-catalyzed reactions. The reactions are undetectably 
slow in basic ~olution. '~ In this situation, it was practical 
to investigate the exchange of the carbonyl oxygen atom 
of N-methyl-N-nitrosourea with water (eq 7). In one 

(7) 
k e  kh 

MNU-I80 - MnU - hydrolysis products 

(15) (a) Dahn, H.; Wyaj, P. Bull. SOC. Vaudoise Sci. Nat. 1967,69,385. 
(b) Aoyama, M.; Takahae,hi, T.; Minato, H.; Kobayashi, M. Chem. Lett. 
1976, 245. 

8.0 t 
L- 

3 2 4 6 8 l 3 ?  4 
ph 

Figure 4. Relationship between the logarithms of the observed 
first-order rate constants for the disappearance of the nitrosourea 
and the pH of the solution. The data points shown in black have 
been obtained in the absence of a buffer or have been extrapolated 
to zero buffer concentration. 

experiment at pH 6.84, the reaction was allowed to proceed 
to 40% completion in 24% 180-enriched water. The un- 
reacted nitrosourea was recovered from this experiment. 
Mass spectroscopy revealed that this substance contained 
less than 0.5% lag. Knowledge of the detection limits 
established that the exchange rate ratio, kh/k,, is greater 
than 8. In another experiment initiated at  pH 9.6, the 
reaction was allowed to proceed to 60% completion in 40% 
180-enriched water. The nitrosourea recovered from this 
experiment contained 0.86% excess l80. This result in- 
dicates that kh/k, is 28.0 f 2.8. 

Reaction Products. The products of the decomposi- 
tion of N-methyl-N-nitrosourea were determined at several 
pH values by NMR spectroscopy, thin-layer chromatog- 
raphy, and other qualitative methods. 

In neutral or modestly acidic solution, this nitrosourea 
decomposed to form methanol quantitatively. The 
methanol obtained from the reaction in deuterium oxide 
did not contain deuterium atoms. 

At pH 9.7, N-methyl-N-nitrosourea also decomposed to 
produce methanol quantitatively. Spot tests indicated 
carbonate and carbamate ions were present. Cyanate ion, 
urea, and methylurea, which are stable under the exper- 
imental conditions, were absent. In 0.1 M sodium hy- 
droxide, carbamate ion was produced quantitatively. 

The course of the reaction of N,N'-dimethyl-N- 
nitrosourea in unbuffered deuterium oxide was also studied 
by NMR spectroscopy. Essentially quantitative yields of 
methanol and N,"-dimethylurea (0.5 mol of the urea/mol 
of methanol) were obtained upon completion of the reac- 
tion. At intermediate stages, the product mixture consisted 
of the starting material, methanol, N-methylcarbamate ion, 
and N,N'-dimethylurea. The sum of the areas of the 
methyl resonances of the urea and the carbamate was equal 
to the area of the methyl resonance of methanol and fully 
accounted for the disappearance of the nitrosourea. The 
variations in the relative intensities of the signals indicate 
that dimethylurea is formed via the carbamate. 

Discussion 
Decomposition Reactions. The relationship between 

the logarithms of the observed first-order rate constants 
and the pH is shown in Figure 4. 

For N-methyl-N-nitrosourea there are three distinct 
regions of reactivity. In the first region, the decomposition 
is apparently first-order in the concentration of the acid. 
The product studies establish that denitrosation and hy- 
drolysis occur competitively. In an intermediate region 
between pH 2 and 4, this compound undergoes hydrolysis, 
but not denitrosation, in a reaction which is independent 
of pH. In the third region, the reaction is first-order in 
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Table XI. Observations for the Acid-Catalyzed Denitrosation of N-Nitroso Compounds in Water at 25 "C 

N-nitroso comDd 

sulfonamideC 
aminea,b amideb CH,C,H,SO,- uread 

observation C,H,N( CH,)NO CH,CON( C,H,)NO N( CH,)NO H,NCON( CH,)NO 

rate const, 104k,, M-'  s- '  0.30 (H,SO,, 2.5) 0.12 (HClO,, 1.0) 510 (HCl, 0.16) 2.5 (HCl, 1.1) 

~ H , O  l k ~ , o  0.5 1.8 1.4 1.3 
halide ion catalysi,s Yes no  no  n o  

(acid; concn, M )  

OI8 exchange, 1 06k,, 1.0e M-1 s - l  

Reference 1 7 .  Reference 18. Reference 19. This study. e Reference 15b. 

the base. The produch obtained in basic solution indicate 
that the hydrolysis reaction is predominant. For N,N',- 
N'-trimethyl-N-nitrosourea there are two regions of re- 
activity. In the acidic region, the decomposition is prob- 
ably first-order in the concentration of the acid. The 
product analyses establish that denitrosation is the pre- 
dominant reaction. In the basic region, the decomposition 
reaction is first-order in base, and the hydrolysis reaction 
is the dominant process. N,N'-Dimethyl-N-nitrosourea 
behaves similarly in the basic region. 

Acid-Catalyzed Reaction. The kinetic information 
and the product distributions observed for the decompo- 
sition of N-methyl-N-nitrosourea and N,N',N'-tri- 
methyl-N-nitrosourea (Tables I-IV) establish that the 
acid-catalyzed decomposition reactions occur by inde- 
pendent denitrosation and hydrolysis reactions. The rate 
constants for denitrosation in 1.1 M hydrochloric acid 
could be estimated by the addition of excess urea which 
cleanly scavanges nitrous acid and renders the denitrosa- 
tion effectively irreversible. The second-order constant 
for the denitrosation of N-methyl-N-nitrosourea is about 
2.2 X M-l s-l. Although the rate constants for the 
slower denitrosation in 0.1 and 0.01 M hydrochloric acid 
solution could not be defined with equal confidence, the 
estimated second-order constants, 2.3 X lo4 and 2.4 X lo4 
M-ls-l, for these solutions are within experimental error 
of the more accurate datum for 1.1 M acid.16 Essentially 
the same rate constants are observed for the reaction in 
sulfuric acid and in the presence of added chloride salts. 
Hence, chloride ion does not catalyze the denitrosation. 
The solvent kinetic isotope effect for this reaction of me- 
thylnitrosourea is 1.3. 

In contrast to the results for the monomethyl derivative, 
the decomposition of the trimethyl compound is acid 
catalyzed over a broad pH range. The product distribution 
a t  low and neutral pH suggests that the denitrosation 
reaction is dominant. The second-order rate constants for 
this reaction, kobd/[M+], increase somewhat as the pH of 
the solution increases,. This variation apparently results 
from the fact that the renitrosation of trimethylurea is acid 
catalyzed and is a more significant reaction in the more 
acidic solutions. The denitrosation of the trimethyl com- 
pound is about 25-fold more rapid than that of the mo- 
nomethyl compound under comparable condtions. 

Challis and Williams and their associates have investi- 
gated the acid-catalyzed denitrosation reactions of several 
N-nitroso corn pound^.^^-^^ Several lines of evidence have 

(16) The observed rate constant for the catalyzed reaction in 0.01 M 
acid has been corrected for the concomitant uncatalyzed hydrolysis re- 
action. 

(17) (a) Challis, B. C.; Osborne, M. R. J.  Chem. SOC., Perkin Trans. 
2 1973, 1526. (b) Biggs, I. D.; Williams, D. L. H. Ibid. 1975, 107. (c) 
Williams, D. L. H. Ibid. 1975,655. (d) Williams, D. L. H. Ibid. 1977,128. 
(e) Thompson, J. T.; Williams, D. L. H. Ibid. 1977,1932. (fl Crampton, 
M. R.; Thompson, J. T.; Williams, D. L. H. Ibid. 1979, 18. 

Scheme IIIa 

C,H,N(R)NO + H,O+ Z+ C,H,N+HR(NO) + H,O 
C,H,N+HR(NO) + X :  Z+ C,H,NHR + X'NO 

X: = H,O, halide ion, etc. 

Scheme IVa 
H,O+ + CH,N(NO)CONH, == H,O + CH,N+H( NO)CONH, 

CH,N+H(NO)CONH, + X: --L XNO' + CH,NHCONH, 
or 

CH,N+H( NO)CONH, --L NO+ + CH,NHCONH, 

been presented to define the most probable reaction path. 
Certain of their observations are presented in Table XI 
for convenient comparison with the information obtained 
for the nitrosoureas. 

The reactions of the N-nitrosoamines are quite different 
than the reactions of the other compounds. The most 
striking differences are the solvent isotope effect and the 
influences of nucleophilic reagents, e.g., halide ion, thio- 
urea, etc., on the reaction rate. These observations have 
prompted Challis and Williams and their students to 
conclude that the reaction proceeds in two steps and that 
the second step is generally rate limiting 17-19 (Scheme 111). 
It is pertinent that the addition of excess bromide ion to 
the reaction of N-nitrosdiphenylamine leads to a situation 
in which the reaction rate is independent of the concen- 
tration of bromide ion and for which the solvent isotope 
effect increases to 1.25."d This finding is good evidence 
that the proton-transfer reaction can be rate limiting in 
appropriate c i rc~mstances.~~- '~ 

The general features of the reactions of the amides, the 
sulfonamide, and the ureas are strikingly similar. The 
available evidence, therefore, suggests that the reactions 
of the nitrosourea occur by a slow proton-transfer reaction 
followed by a rapid displacement reaction (Scheme IV). 
This formulation accounts for the observations that the 
more basic trimethyl derivative is more reactive, that the 
reaction is not accelerated by nucleophilic reagents, and 
that the solvent isotope effect is greater than 1. 

The relative reactivity of N-methyl-N-nitrosourea and 
N,N',N'-trimethyl-N-nitrosourea can be rationalized on the 
basis of this formulation. Presumably, the additional 
methyl groups increase the reactivity of the trialkyl com- 
pound by an increase in its basicity and reactivity in the 
slow proton-transfer reaction (eq 8). The relative re- 
EtN(NO)C(O)NEt, L EtN(NO)C(O)NMe, > 

MeN(NO)C(O)NEt, 1 MeN(NO)C(0)NMe2 (8) 

activity of the mono- and trimethyl compounds and of the 

(18) (a) Berry, C. N.; Challis, B. C. J .  Chem. SOC., Perkin Trans. 2 

(19) Williams, D. L. H. J .  Chem. SOC., Perkin Trans. 2 1976, 1838. 
1974, 1638. (b) Challis, B. C.; Jones, S .  P. Ibid. 1975, 153. 
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Scheme V 

H,O+ t CII,N(NO)C(OH),NH2 * H,O + 

CH,N'HNOC( OH),", -t CH,N+H=NOH + H,NCO,H 
CH,N'H-NOH + H,NCO,H + CH,OH,CH,NH: + 

CH,N+H(NO)C(OH),NH, 

N, + CO, + NH,* t H,O 

trialkylated compclunds studied by Lijinsky and Taylor'* 
a t  pH 2 is in accord with a simple interpretation based on 
the direct polar effects of the ethyl and methyl groups. 
However, the matter is probably not so simple because 
structural models suggest that the additional alkyl groups 
distort the N(C=O)N core with a resultant decrease in NC 
double bond character and an increase in basicity. 

The hydrolysis reaction which accompanies the deni- 
trosation of methylnitrosourea is about tenfold less rapid. 
The reaction also appears to be first-order in the concen- 
tration of acid. Like the denitrosation, this process is not 
accelerated by salt effects and exhibits a solvent isotope 
effect which is about 2.20 The isotope effects for the 
denitrosation and hydrolysis reactions differ. Conse- 
quently, it seems unreasonable to postulate that the re- 
actions proceed via a common intermediate. It is not 
unreasonable, however, to postulate that the slow proton 
transfer is made to a hydrate of the nitrosourea present 
in low concentration. One of several alternative formu- 
lations is presented in Scheme V.21 

The ultimate products of the reactions are formed in 
rapid reactions which follow the rate-determining reaction. 
Product formation in the denitrosation is apparently 
straightforward. The product distribution is more complex 
in the hydrolysis reaction. The N-methyl group of the 
monomethyl derivative is converted to methylamine. In 
contrast, the N-me thy1 group of the trimethyl derivative 
is converted to methanol. The product distribution also 
depends upon the pH of the solution, with less methyl- 
amine formed in the less acidic solution. Presumably, the 
intermediates decompose to yield derivatives of methyl- 
diazonium hydroxide and carbamic acid (Scheme V). 
These unstable compounds decompose very rapidly in acid 
solution to produce methyldiazonium ion and water and 
carbon dioxide, ammonia, and water, respectively (eq 9). 

CHJ=NO+HZ HZlVC02H + 

CH,N,+ H,O Pm2 - CHBOH + CH3NH3+ (9) 

Snyder and Stock 

In this instance, the additional methyl groups presumably 
slow the rate of decomposition of the carbamate and the 
fragment recombination rate. Other information supports 
this interpretation. First, the decomposition of carbamic 
acid is very rapid in acid solution. The initial products 
are reported to be ammonia and carbon dioxide.22 Second, 
the decomposition of methyldiazonium hydroxide is also 
acid catalyzed. The decomposition products of molecules 
of this class react very rapidly with surrounding molecules 
and ions at rates which are competitive with the rates of 
diffusion and rotation.23 

Uncatalyzed Reaction. There is a narrow pH range 
over which the reaction rate of N-methyl-N-nitrosourea 
is independent of the concentration of acid or base (Figure 
4). The behavior of this molecule contrasts sharply with 
the behavior of the trimethyl compound. To decide 
whether or not this reaction proceeded via a cyclic tran- 
sition state such as the ones produced by Huisgen and 
Montgomery and their  associate^^^,^^ (I and 11), we exam- 

The finding that more methylamine is obtained in the 
more acidic solutions indicates that the initial products 
do not achieve equilibrium with their surroundings prior 
to the recombination reactions which produce methanol 
and the amine. These observations prompt the suggestion 
that the initial intermediates which are derivatives of 
methyldiazonium hydroxide and carbamic acid immedi- 
ately decompose to form an equally reactive group of 
molecules which react before they diffuse. The decom- 
position reactions of the intermediates are more rapid in 
acid solution, and more methylamine than methanol is 
produced. This interpretation also accounts for the dif- 
ferent course of the hydrolysis of the trimethyl compound. 

(20) The solvent isotope effect was estimated from the rate constants 
for the slower hydrolysis reactions which accompany the denitrosation 
reactions. These rate constants are not as precisely defined, and, as a 
consequence, there is an element of uncertainty in the value of this 
isotope effect. 

(21) Other possibilities include rate-determining addition of the proton 
to another site in the molecule or rate-determining addition of the proton 
to a hydrogen-bonded adduct of water and the nitrosourea rather than 
to the hydrate. 

I I1 

ined the rate of the reaction in chloroform and methanol 
at 25 "C. N-Methyl-N-nitrosourea was stable for several 
weeks in these anhydrous solvents. The observation that 
the reaction proceeds rapidly only in the polar solvent and 
the fact that the reaction of the trimethyl compound does 
not proceed by an uncatalyzed pathway prompt our con- 
clusion that the uncatalyzed decomposition of the mono- 
methyl compound occurs by the rate-determining reaction 
of a water molecule with the carbonyl center of the ni- 
trosourea (or the kinetic equivalent of the reaction of the 
conjugate acid with hydroxide ion) to yield a tetrahedral 
intermediate which decomposes to give the reaction 
products. More work will be necessary to verify this 
suggestion. 

Base-Catalyzed Reaction. The three methylnitroso- 
ureas undergo base-catalyzed hydrolysis over a broad pH 
range. The kinetic data, observations of buffer catalysis, 
the solvent kinetic isotope effect, oxygen-18 exchange data, 
the modest salt effects, and the products provide a basis 
for the description of the principal reaction path. The 
reactions of the monomethyl and trimethyl compounds are 
strictly first order in the concentration of hydroxide ion. 
In contrast, the second-order rate constant for the dimethyl 
compound at pH 7 is about fivefold greater than the rate 
constant for this compound at  pH 12. Although the dif- 
ferences in the rate constants are not exceptionally large 
when the pH range is considered, we believe that the 
somewhat larger variations observed in the rate constants 
for the dimethyl compound are real and that the dimin- 
ution in the apparent second-order rate constant should 
be attributed to the formation of the unreactive conjugate 
base of N,N'-dimethyl-N-nitrosourea at  high pH.26927 

(22) Adams, P.; Baron, F. A. Chem. Rev .  1965, 65, 567. 
(23) Moss, R. A. Acc. Chem. Res. 1974, 7, 421. 
(24) Huisgen, R.; Reimlinger, H. Justus Liebigs Ann. Chem. 1956,599, 

183. See also other articles in that series. 
(25)  Montgomery, J. A.; James, R.; McCaleb, G. S.; Johnston, T. P. J. 

Med. Chem. 1967, 10, 668. 
(26) Similar phenomena have been observed in the hydrolytic reac- 

tions of amides and have been attributed to the formation of the conju- 
gate base.27 The pK, of the amido protons of N,"-dimethyl-N-nitroso- 
urea, we estimate, is between 12 and 13. Thus, the concentration of the 
conjugate base would be significant at high pH. 
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Table XII. Rate Constants and Partition Factors for the Base-Catalyzed Reactions of the Nitrosoureas in Water at 25 "C 

J. Org. Chem., Vol. 45, No. 10, 1980 1997 

kzk,[B- 1 I 
nitrosourea pH buffer" k , ,  M-I s-l k,, M-l s-l kJHB1, s" k,/k_,, M-l 

MNU 9.7 t i  sodium borate 1.31 3.38 X lo-'  6.32 x 10-3 
MNU 9.7  t i  lithium borate 1 .88  4 .39  x IO-' 5.72 x 10-3 

MNU 9.75  sodium glycinate 6.8 X 1 0 ,  3.27 4 .26  X lo-' 1 .40  X lo - '  

MNU 9.40 sodium glycinate 2.62 2.32 X lo-' 2 .53 X lo- '  
MNU 9.40 sodium borate 0.76 2.20 x lo- ,  2 .00 x 

9 . 7 5  sodium glycinate 2.1 3.89 X lo-'  1 .19 x 10-4 3.29 X lo - '  DMNU 
DMNU 9.7 5 sodium borate 2.22 x 10-3 1 .00  x 1.10 x 10-2 
TMNU 9.7!5 sodium borate 2.7 X lo-' 1 . 8 4  X 1.84 X 2.40 X 1 0 - '  

" The [B']/[BH] ratio is 0 .35  and 0 .93  for the glycinate at pH 9.40 and 9.75,  respectively. The ratio is 1.45 and 4 . 0 8  for 
the borate at pH 9.40 and 9.75,  respectively. 

Scheme VI 

?- 

Several lines of evidence point to the involvement of a 
tetrahedral intermediate in the reaction. First, the change 
in the dependence of the rate constant on the concentra- 
tion of the buffer from first order to zero order (Figure 3) 
for two buffers at two pH values provides kinetic evidence 
for its formation and decomposition in rate-limiting re- 
actions. The absence of a term second order in hydroxide 
ion for these reactions suggests that the formation of the 
intermediate is general-base catalyzed. Second, N- 
methyl-N-nitrosourea undergoes exchange with water-180 
during the reaction. Third, the observation that the kinetic 
solvent isotope effect is less than 1 for the hydroxide ion 
catalyzed and buffer-catalyzed reactions suggests that the 
hydroxyl unit is delivered to the carbonyl group in the 
kinetically significant step of the reaction. The fact that 
these isotope effects are virtually identical for the mono-, 
di-, and trimethyl compounds infers that all three of these 
molecules react by the same reaction mechanism. Fourth, 
the finding that the monomethyl compound is about 2 X 
lo4 times more reactive than the trimethyl compound is 
most compatible with the steric effects anticipated for the 
addition of a nucleophilic reagent to the carbonyl group 
of these ureas in the rate-determining step. A general 
mechanism which is in accord with this information is 
presented in Scheme VI. In this formulation, B- is a 
general base. The rate law based upon this mechanism 
for the reaction with hydroxide ion and one buffer anion, 
n = 2, is given in eq 10. At  low buffer concentration, k3 
-dlMNUl /dt = 

> (k-l + kT2[BH]), and the observed rate constant is given 
by eq 11. The tetrahedral intermediate is produced in 

(11) 

the rate-limiting step under these conditions. On the other 
hand, a t  higher buffer concentration, k-,[BH] > (k3 + 

kobsd = klLOH-1 + k2[B-][HZO] 

(27) (a) Brooke, D.; Gutt.man, D. E. J. Am. Chem. SOC. 1968,90,4964. 
(b) Bruylants, A.; Kezdy, I?. Rec. Chem. Prog. 1960, 21, 213. 

Scheme VI1 
0 

A B 

I 
products  products 

18 - B 

k1[H2O]), and the observed rate constant is given by eq 
12. The values of [OH-] and the ratio [B-]/[BH] are 

hkd0H-I  + k2kdB-I W2OI (12) 

constant in a buffered solution. A t  high buffer concen- 
tration, the second term is dominant, and the rate constant 
is independent of the actual concentration of the buffer 
components. The tetrahedral intermediate is decomposed 
in the rate-limiting step under these conditions. 

For convenience, the second-order rate constants for the 
hydroxide ion catalyzed reaction and the buffer anion 
catalyzed reaction and the k3/k4  ratio determined from 
the limiting rate constant, kL, are summarized in Table 
XII.28 

As expected, the rate of the reaction with hydroxide ion 
is much greater than the rate of the reaction of the buffer 
anions for the three nitrosoureas examined in this study. 
However, the partition ratio, k3/k-2, indicates that only 
modest concentrations of the conjugate acid of the buffer 
anion are required to equalize the rates of the forward and 
reverse reactions of the tetrahedral intermediate. The 
I t 3 /  ratios for the mono-, di-, and trimethylnitrosoureas 
are in a ratio of 1:2:38. The larger value for the trimethyl 

k-,[BHI k-*[BHI kobsd 

(28) A referee has pointed out that, strictly speaking, eq 11 is not 
correct at low buffer concentration and kz cannot be directly calculated 
from this equation alone because the buffer-independent step for which 
the rate constant is k3 contributes significantly to rate limitation even at 
very low buffer concentration. An alternate approach for the calculation 
of k2 which considers this factor [Sayer, J. M.; Jencks, W. P. J .  Am. 
Chem. SOC. 1969, 91, 63531 can be employed to obtain more accurate 
values. These more correct values differ by no more than 2% from the 
values presented in Table XII. 
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compound suggests that the rate of decomposition of the 
intermediate to the products is significantly larger than 
that for the less sterically encumbered compounds. It is 
also pertinent that the sodium glycinate buffered reaction 
of N,”,”-trimethlyl-N-nitrosourea does not reach a lim- 
iting value. This observation suggests that the decompo- 
sition of its tetrahedral intermediate is catalyzed by this 
buffer. Bifunctional catalysis may be important in this 
instance as in other circumstances.29 

The exchange reaction between the oxygen atoms of 
water and the carbonyl group of the nitrosourea could be 
determined because the exchange reaction with the nitroso 
group is slowl5 (Scheme VII). The exchange was examined 
in 0.1 M borate buffer, pH 9.75. Under these conditions 
the decomposition of the tetrahedral intermediate is the 
rate-limiting process. The hydrolysis reaction is favored 
by a factor of about 28 compared to the exchange reaction. 
Thus, even though the reverse reaction is significant, there 
is little exchange. The results of a previous study suggest 
that the nitrosoureas have a strong internal hydrogen 
bond.30 Accordiing to the stereoelectronic theory of 
Deslongchamps, thie reaction of this compound with hy- 
droxide ion should proceed along a preferred reaction path 
to yield a tetrahedral intermediate in which the entering 
group, laOH2, and the nitrogen atom lone pair are anti- 
~ e r i p l a n a r . ~ ~  Expulsion of 180H- occurs along the same 
reaction path. Conversion of A to B is required for the 
expulsion of the unlabeled hydroxyl group. This conver- 
sion may be slow relative to the other modes of decom- 
position of the intermediate because the inversion at  the 
nitrogen atom requires the disruption of the hydrogen 
bond structure with attendant changes in the conformation 
of the molecule. A proton transfer is also required for 
exchange to occur. I t  seems unlikely that this process is 
slow compared to the rate of conformational change or to 
the rate of expulsion of the leaving group. It should also 
be noted that the intermediate has six electronegative 
atoms and that hydrogen bonding between these atoms 
and the solvent molecules must be substantial. Thus, the 
role played by the solvent in determining the relative rates 
of the various processes must be significant. Unfortu- 
nately, a t  the preslent, there is no adequate method to 
assess its role. 

The salt effects observed in the basic hydrolysis of 
N-methyl-N-nitrosourea (Table VIII) are quite modest and 
quite specific. At higher pH the second-order rate con- 
stants for the reaction are somewhat greater for lithium 
ion than for sodium or potassium ions. The addition of 
lithium ion to solutions containing a large excess of po- 
tassium ion also causes a small rate acceleration. These 
results suggest that there is a very specific interaction 
between the lithium ion and the nitrosourea. One possible 
interpretation is that the carbonyl group is less solvated 
in the more basic solutions with a corresponding decrease 
in its electrophilicity. Neither sodium ions nor potassium 
ions can compensate for this change. Lithium ion, how- 
ever, is a better cooirdination agent and, in part, compen- 
sates for the variation in solvation of the incipient anion. 

The products of the decomposition of the nitrosoureas 
are formed in several reactions which occur after the 
rate-determining step. The information obtained in the 
course of this study indicates that carbamic acid deriva- 
tives are often produced during the course of the reaction. 
The data strongly infer that methyldiazonium hydroxide 
derivatives are also formed as first intermediates. In basic 

Snyder and Stock 

(29) Jencks, W. P. Chem. Reu. 1972, 72, 705. 
(30) Snyder, J. K.; Stock, L. M. J .  Org. Chem. 1980, 45, 886. 
(31) Deslongchamps, 1’. Tetrahedron 1975.31, 2463. 

CH3N=NOH - CH30H + N2 

RNHCO2 H 

=% RNCO + H20  

RNH2 + RNCO - RNHCONHR 

solution, the diazonium hydroxide decomposes to form 
methanol as the predominant product. The fate of the 
carbamate depends upon the pH of the solution and the 
time allotted for the attainment of equilibrium as outlined 
in Scheme VIII.32 This scheme accounts for the obser- 
vations, including the fact that the base-catalyzed decom- 
position of N,N’-dimethyl-N-nitrosourea first gives the 
N-methylcarbamate ion but eventually provides N,N’- 
dimethylurea as the dominant product. 

Conclusion 
This research indicates that the decomposition reactions 

of the N-methyl-N-nitrosoureas in acid solution proceed 
by both denitrosation and hydrolysis reactions and that 
the denitrosation is more rapid. A slow proton transfer 
is the key step in the reaction. These observations cor- 
respond nicely with the results obtained in the study of 
other N-nitroso compounds by Challis and Williams and 
their associates. The product distribution in the acid- 
catalyzed reaction is unusual because the N-methyl group 
of the nitrosourea is converted to methylamine. The facts 
suggest that this product is formed from a diazonium 
hydroxide and a carbamic acid derivative in a solvent cage. 

The base-catalyzed decomposition reactions apparently 
proceed via a tetrahedral intermediate. The reaction with 
hydroxide ion is much more rapid than the general-base- 
catalyzed reactions of other buffer anions. The N-methyl 
group of the nitrosoureas is converted to methanol under 
the conditions of our experiments. The decomposition 
products also include ureas, cyanates, carbamates, and 
carbonates. The relative quantities of these materials 
depend upon the reaction time and conditions. Our con- 
clusion that the reactions of the nitrosoureas in basic so- 
lution proceed via a tetrahedral intermediate contrasts 
with the suggestions of Hecht and Kozarichg and of Jones 
and his co-workers.8 These investigators presented evi- 
dence that the reactions with strong bases in nonaqueous 
solutions proceeded, at least in some cases, by the ab- 
straction of an amido proton (Scheme 11) or by the reaction 
of the base at the nitroso group (Scheme I). Several lines 
of evidence favor the view that the reactions of the three 
compounds examined in this study do not proceed in this 
way in aqueous solution. There is no discernible difference 
in the character of the reactions of the monomethyl and 
the trimethyl compounds for which the elimination reac- 
tion is impossible. For both these molecules, the reactions 
are bimolecular over a broad pH range, are insensitive to 
salt effects, respond similarly to changes in the concen- 
tration of the buffers, and exhibit identical kinetic solvent 
isotope effects. This information and the product dis- 
tribution data eliminate serious consideration of a reaction 

(32) The reactions of the sodium and ammonium salts of cyanate, 
carbonate, and carbamate ions have been studied for many years. Al- 
though uncertainties remain, the rates of most of the reactions important 
for an understanding of the product distribution in the decomposition 
of the carbamate ion have been measured. The recent articles by K. J. 
Hall and D. W. Watts [Aust. J .  Chem. 1977,30,781,903] contain many 
leading references. 
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at the nitroso group in basic aqueous solution. Rather, the 
available information strongly supports the conclusion that 
the reaction occurs via a tetrahedral intermediate over a 
broad pH range. 

Experimental Section 
Caution: The alkylnitrosoureas are suspected to be carcino- 

genic substances. Suitable precautions must be observed in work 
with these compounds. 

Materials. The methods for the preparation of the ureas and 
nitrosoureas used in this work have been recently described.30 
N-Methyl-N-nitrosourea (mp 123-124 "C), N,N'-dimethyl-N- 
nitrosourea (mp 95-96 "C), and N,","-trimethyl-N-nitrosourea 
(a yellow oil) were freed o f  traces of residual urea by extraction 
of a chloroform solution with chilled water. Quite pure samples 
of the mono- and dimethyl derivatives were obtained directly. 
However, the trimethyl derivative required further purification 
by preparative thin-layer chromatography on silica gel with 
chloroform-methanol (8:l). The spectroscopic properties of the 
compounds were studied to examine the purity of the samples 
prior to kinetic work. 

Kinetic Experiments,, Solutions of the alkylnitrosoureas were 
prepared in very carefully dried methanol. These solutions were 
stored at -9 "C. Control experiments established that these stock 
solutions were stable for months. An aliquot of the stock solution 
(0.02-0.2 mL) was subsequently dissolved in a buffer solution (50 
mL) a t  constant ionic strength a t  25 "C. The concentrations of 
the alkylnitrosoureas in the kinetic experiments were about 
10-3-10-4 M. The ionic strength of the solution was usually 
adjusted with 2 M potassium chloride solution. 

The reaction rates were studied spectrophotometrically at the 
absorption maxima of the nitrosoureas (235, 224, and 237 nm, 
respectively, for the mono-, di-, and trimethyl derivatives). The 
experiments were conducted a t  25 "C. The hydrolysis reactions 
were followed to a minimum of 2 half-lives. The absorbance after 
a minimum of 6 half-lives was adopted as A,. This value was 
generally between 0.00 and 0.01 absorbance units. When the 
reactions were very slow and it was impractical to measure A ,  
directly, the average A ,  value determined for the more rapid 
reactions of the compound was adopted. Typical rate data are 
shown in Figures 1 and 2 All the rate constants presented in the 
tables are based on replicate experiments. 

Kinetic Solvent Isotope Effect. Solutions of the buffer salts 
were prepared by the addition of boric anhydride or sodium 
phosphate to 99.8% deuterium oxide. The buffer concentrations 
were comparable to the concentrations used in the work with 
water. The pD was adjusted to the desired value by the addition 
of sodium deuterioxide or deuterium chloride solutions. The pD 
was determined by the method of Glasoe and Long.33 The 
reaction solutions were prepared and studied as previously de- 
scribed. 

The kinetic solvent isotope effect was also determined for the 
reaction in the presence of hydrogen chloride in water and deu- 
terium chloride in deuterium oxide. The concentrations of the 
acids were determined by the Volhard method. The reactions 
were studied as previously described. 

Isotope-Exchange Experiments. The exchange between 
water enriched in l80 and N-methyl-N-nitrosourea was first 
studied in nearly neutral solution. A suitable experimental 
procedure was developed in preliminary work with unlabeled 
compounds. A phosphate buffer was employed because the oxygen 
atom exchange rate is slow for this anion.% N-Methyl-N- 
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nitrosourea (0.048 mmol) was dissolved in methanol (0.1 mL), 90% 
180-enriched water (0.53 mL) was added, and the volume was 
adjusted to 2 mL with the phosphate buffer solution (0.1173 M, 
pH 7.50). The pH of this solution was 6.64. After 1.55 h, an 
aliquot (0.1 mL) of the reaction solution was withdrawn and 
diluted to 10 mL with water. Measurement of the absorbance 
of the remaining nitrosourea indicated that the reaction was 40.2% 
complete. The remainder of the solution was extracted with ether 
(5 X 5 mL). The ether solution was washed with water (10 mL) 
and brine solution (2 X 10 mL) and then dried over sodium sulfate. 
The mixture was filtered, and the ether was removed in vacuo. 
The isotopic composition of the residue was studied by mass 
spectroscopy. There was no discernible enhancement of the signal 
at mle 105. Control experiments suggested that an l80 content 
of 0.5% in the methylnitrosourea could have been readily de- 
termined. These results indicate that k h / k ,  is greater than 8 for 
water with 100% l80. 

The exchange reaction was also examined in basic solution by 
using a borate buffer. A proportionately greater amount of l80 
was used in this experiment to compensate for the slow rate of 
the exchange reaction with the nitrosourea and for the rapid rate 
of the exchange reaction of borate anion.34 N-Methyl-N- 
nitrosourea (0.054 mmol) was dissolved in methanol (0.1 mL), 90% 
180-enriched water (1.0 mL) was added, and the volume was 
adjusted to 2 mL with the borate buffer solution (0.200 M, pH 
9.53). The pH of this solution was 9.53. The reaction was allowed 
to proceed for 30 s. Control experiments indicated that the 
reaction was 60% complete a t  this time. The residual N- 
methyl-N-nitrosourea was isolated as described previously and 
studied by mass spectroscopy. The spectrum indicated that the 
ratio of the mle 103 and 105 signals was increased to 0.86%. 
These results define k h / k ,  to be 28.0 h 2.8 for water with 100% 
180 .  

Reaction Products. Several methods were employed to de- 
termine the product distributions. In one method, the nitrosourea 
(0.1 mmol) was dissolved in an aqueous buffer solution (2 mL). 
Aliquots of the solution were studied by thin-layer chromatog- 
raphy on silica gel (eluent, 1:5 methanol-chloroform). The ni- 
trosoureas were monitored by study of the plates under ultraviolet 
light. The ureas and methylureas were monitored visually after 
treatment of the plate with p(dimethy1arnino)ben~aldehyde.~~ 
Aliquots of the reaction solution were also analyzed for isocyanate, 
carbonate, and carbamate ions by known  procedure^.^^ When 
the chromatographic analysis indicated that the reaction was 
complete, the mixture was distilled to separate methanol from 
the other reaction products. The quantity of methanol produced 
in the reaction was determined by NMR spectroscopy. The 
concentrated residue was dissolved in deuterium oxide or di- 
me th~1-d~  sulfoxide for the examination of the NMR spectrum. 

In a second approach, a known quantity of the nitrosourea 
(about 3.5 mg) was dissolved in deuterium oxide (about 0.5 mL) 
or a solution of deuterium chloride in deuterium oxide. The 
progress of the reaction was monitored by NMR at 270 MHz. The 
reaction products were identified by the appearance of charac- 
teristic resonance signals which had been established by the study 
of authentic compounds under identical conditions 

The curious product distributions observed in acid solution 
prompted us to examine the behavior of methylurea and tri- 
methylurea under the same reaction conditions. It was found that 
these molecules were unchanged after prolonged contact with 0.01, 
0.1, and 1 M hydrochloric acid. 

Registry No. MNU, 684-93-5; TMNU, 3475-63-6; DMNU, 
13256-32-1. 
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