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a) - The neutral and alkaline solvolyses of N-methyl-N’-p-fluorophenyl-N-nitrosourea,
1,6-dimethyl-1,6-dinitrosobiurea, N-methyl-N’-phenethyl-N-nitrosourea, trimethylenebis-
N-methyl-N-nitrosourea and N N'-d1methy1~N nitrosourea are subject to spontaneous
and specific hydroxide ion catalysis, i.e. Rapp (sec™!)=Fko--kon[OH-]. The decreasing
order of reactivity is in the order given and is consistent with the fact that electron-with-
drawing substituents abet hydroxyl ion attack by inducing a more positive center. The
fact that substitution of an alkyl for a hydrogen on the N’-nitrogen inhibits hydrolysis -
favors the adjacent carbonyl carbon as the primary focus of hydroxide ion attack.

b) The log k-pH profiles of N,N’-dimethyl-N-nitrosourea and 1,6-dimethyl-1,6-
dinitrosobiurea show a deviation in the linearity of the alkaline branch which can be attri-
buted to a kinetic pKa* where these compounds may exist as anions at higher pH values
and thus be more resistant to hydroxide ion attack.

c) The gas chromatographically analyzed alcohol products of alkaline degradatlon
of N-alkyl-N’-nitrosoureas are various in several cases and thus clearly implicate a potential-
ly rearranging carbonium ion intermediate in the alkaline solvolyses of these compounds.
The N-n-butyl compound gives a mixture of #-butyl alcohol in 45%, yield, and secondary
butyl alcohol in 24%, yield for pH values greater than 7.0. The fact that the N-isobutyl
compound yields -butyl alcohol (76%), sec-butyl alcohol (229) and isobutyl alcohol (189%)
also implicates a methyl shift. The N-alkyl- and N-benzyl- compounds yield only the
corresponding alcohols.

The N-nitrosoureas are active as anticancer agents,3? carcinogens,® and mutagens.?
They demonstrate a high 1nstab111ty in aqueous solutions, even at neutral pH values, with
decomposition rates increasing with pH.,19-12 The normal products of neutral and alkaline
degradation of 1l-substituted and 1,3-disubstituted l-nitrosoureas are presumed to include
an alcohol and nitrogen.1*-1» However, 1,3-bis (2-chloroethyl)-1-nitrosourea and several

NO O H R-OH + Nz + CO; + R’NH:

R-N-C-N-R’ + OH- <
R-OH + N» + R/NH-CONHR/
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other similar chloroalkyl derivations in aqueous solution decomposed anomalously to produce
acetaldehyde, HCl, N, and derivatives of 2-chloroethyl isocyanate. Fluorine analogs of
these compounds decomposed in the normal manner.!3 _ ‘ ‘

This paper considers the kinetics of solvolysis of additional 1,3 disubstituted nitrosoureas
and the nature and yield of various alcohols from the alkaline solvolysis of several alkyl nitro-
soureas.

Experimental

Kinetic Studies The general procedure was to dissolve a specific N-methyl-N-nitroso-N’-substituted
urea, I, in 100 ml distilled water maintained at the temperature of the prospective kinetic study. This
original solution was subsequently diluted 1: 99 with the appropriate buffer solution which was also thermal-
ly preequilibrated. The difficultly solubilized N-methyl-N-nitroso-N’-phenethyl and N-methyl-N-nitroso-
N’-fluorophenyl ureas were initially dissolved in a small amount of ethanol prior to their dissolution in water.
In these cases; 5 ml of the nitrosourea solution was added to 90 ml of the appropriate thermally preequili-
brated buffer solution and made up to a total volume of 100 ml. The alcohol concentration of the final re-
actant solution was 0.49, by volume. In general, the final concentration of N-nitrosourea, ca. 10-*m, was
optimum. for reading spectrophotometric absorbances.

~ For the slow reactions, #;/,>>30 min, the aliquots were rapidly cooled to room temperature before
reading at the appropriate wavelengths on the Beckman Model DU Ultraviolet (UV) spectrophotometer.
The rates of fast reacting materials had to be obtained differently. The pertinent reacting solution was
permitted to degrade in the thermostatted cuvette holder of the Beckman DU. The absorbance was
continuously plotted on a time-calibrated Sargent SRL recorder with the aid of a Beckman energy recording
adaptor (ERA). No photolytically catalyzed reactions were observed.

The conditions for the various studies and the composition of the various phosphate buffers are given
in the various tables. 'When necessary, ionic strength was adjusted by the addition of potassium chloride.
The wavelengths that were characteristic of the Amax of the N-methyl-N-nitroso-N’-R’ substituted ureas,

I, for various R’ were. H, 232 my; CH,, 230 my;

10 ‘ ’ phenethyl, 230 my.; p-fluorophenyl, 265 my.. The Amsx
™ g for 1-1’-trimethylene bis[3-methyl-3-nitroso] urea was
0:9 Fo 225 my, and for 1,6-dimethyl-1,6-dinitrosobiurea was
0.8 245 my, and for tetrahydro 1,3-dinitroso-2(1H)-pyri-
g07 midinone was 260 my..
:g 0.6 The absorbance at this Amax was read as a function
505 of time until it either disappeared or, as in the cases
2 0.4 of the phenyl compounds, approached. an asymptotic
<™ value. Typical spectrophotometric curves as a func-
03 " tion of time are given in Fig. 1 for N-methyl-N’-
0.2F \ 1= phenethyl-N-nitrosourea, N,N’-dimethyl-N-nitrosourea
0.1 1 and N-methyl-N’-p-fluorophenyl-N-nitrosourea ~ and
L1 ' V10 were recorded on a Cary UV recording spectrophoto-
230 270 300220 260 300 220 260 300,
A m nm meter, Mgde.l 15. o

No significant effects were observed on variation
Fig.1. Typical Spectrophotometric Curves of buffer concentrations, substrate concentrations or

as a Function of Time in Minutes for ionic strength.
several N’-Substituted-N-methyl-N-nitro- The nitrosoureas were obtained from the Southern
soureas : Research Institute of Birmingham, Alabama through
A) N-methyl-N’-phenethyl-N-nitrosourea at pH 7.61 the courtesy of Dr. John A, Montgomery. Their
and 35.1°; B) N,N’-dimethyl-N-nitrosourea at pH 7.60 structures and polarographic behavior have been given

and 40.0°; and C) N-methyl-N’-p-fluorophenyl-N- previously.1

nitrosourea at pH 6.42 and 30.0° Investigation of the Degradation Products of N-

Nitrosoureas by Gas Chromatography Amounts of

N-alkyl-N-nitrosoureas sufficient to prepare 10 ml of a 10—2M solution were weighed on a Mettler balance
into a 10 ml injectable vial. A solution (10 ml) of 0.1 NaOH was added and the mixture allowed to stand
overnight. The evolution of nitrogen was observed early in the reaction. The reaction mixtures were
sealed with a crimped aluminum cap over a rubber stopper to prevent the escape of volatile products.
The following morning, a 5 ml sample was transferred to a new 10 ml injectable vial and 4.0 g of NaCl

was added. ZExtraction was effected with 2 ml of diethyl ether by shaking a min on a Vortex mixer. After

13) J.A. Montgomery, R. James, G.S. McCaleb, and T.P. Johnston, J. Med. Chem., 16, 668 (1967).
14) E.R. Garrett and A.G. Cusimano, J. Pkarm. Sci., 55, 702 (1966).
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standing 5 min to separate the phases, 5 or 10 microliters of the ether extract with 2 dodecane internal standard
was injected into an F. and M. Model 700 gas chromatograph equipped with either an electron capture or
flame ionization module. Qualitative identification and quantification of products were effected by injecting
a 10 microliter sample from an ether extract of 0.000, 0.001, 0.003, 0.005, 0.007 and 0.010M solutions (at the
PH of degradation of the N-nitroso compound) of the predicted alcohols expected from the degradation.
The electron capture detector was used to search for small quantities of intermediates in the reaction whereas
the flame ionization detector was used for the major products.

The conditions used in the gas chromatography were: 4 foot stainless steel column packed with 209,
carbowax, 20M on 60—80 mesh chromosorb W, detector temperature, flame 250,° electron capture 190°;
injection port temperature, 160°; gas flow rates, He 60 ml/min at 30 psig, H, preset at 10 psig, Air preset at
30 psig, argon~methane (90: 10%) at 30 psig and 140 ml/min; oven temperature, 70° for n-butyl, isobutyl
and allyl N-nitrosoureas, 145° for benzyl-N-nitrosourea. Other conditions were: range 100, attenuation 2,
chartspeed at 4 inches/min and e.c. pulse 15.

Acetate derivatives of normal and secondary butyl alcohols were prepared from 1 ml of the alcohols
and 1.5 ml of acetyl chloride. The excess acid was neutralized with conc. NaOH solution to a pH of 8.
An aliquot (10.0 pl) of the oil phase of the acetylated alcohol was diluted with 2.0 pl of ether and 10 yul of
the ether solution of the internal standard (dodecane) was added. Unfortunately, the retention times of
the primary and secondary butyl alcohols were too close to those of the acetate derivatives to permit satis-
factory resolution. The derivatization procedure was repeated with benzoyl chloride with a drop of pyridine
for a catalyst. The sealed vials were heated at 70° for one hour, cooled and neutralized with concentrated
NaOH. Two drops of the benzoyl alcohols were added to 10 ml of ether. Aliquots (2 pl) of the resultant
solutions were analyzed chromatographically with the flame ionization detector with an oven temperature
of 125°, Peaks assignable to the benzoate were clearly observed that were not assignable to the alcohols,
pyridine or benzoyl chloride.

A series of solutions, 0.001 to 0.010m in the alcohol were prepared in 6.80 pH phosphate buffer and to
each 40 ml aliquot, 14 g NaCl, 40 ml of ether and 20 yl of internal standard (dodecane) were added. The
mixtures were.shaken for 5 min and the ether phase separated and placed in separate vials. The ether was
evaporated under ambient conditions. Benzoyl chloride (0.5 ml) was added to each vial and the vials sealed.,
The vials were heated for one hour at 90°, cooled and 10 ml of 0.6N Na,CO, added. The resultant solutions
were heated for 15 min at 90°. They became clear and were cooled.

Ether (4.0 ml) was added to each vial and the vials were shaken. The phases separated and 10 pl of
ether extract was gas chromatographically analyzed. Alkaline degraded #-butyl-N-nitrosourea solutions
were neutralized and subjected to the same extraction and derivatization procedures as was effected with
the alcohols.

Calculation and Result

Rate Constants

The first-order rate constants, %, were calculated from the slopes of plots of the logarithm
of the difference in absorbance, 4, at time, ¢, and the final absorbance, 4., against time in
accordance with

log (A—A.) = —Fkt/2.303 + log 4o )

Typical first-order plots for the solvolysis of these compounds are given for the typical example
of N,N’-Dimethyl-N-nitrosourea at various pH values (Fig. 2).

Kinetics of N,N’-Dimethyl-N-Nitrosourea Degradation

The log %-pH profiles for the solvolysis of N,N’-dimethyl-N-nitrosourea are given in Fig. 3
as based on the data of Table I. Particular attention should be given the 85.0° data.

Above a pH of 9, specific hydroxyl ion catalyzed solvolysis is indicated by the fact that
the log & vs pH plot approaches a slope of +1 in this region. Below this pH value, the rates
of solvolysis appear to be affected by a) a pH independent solvolysis of rate constant %,
characterized by a constancy of rate with pH below a pH value of 6.0 and b) a change in the
nature of the hydroxyl ion catalyzed solvolyzing species at high or alkalinities in the pH range
7.5—9.0. Thus, in addition to the pH independent solvolysis below pH 6.0 there appears
to be a concomitant attack of hydroxyl ion on the species present in acid solution and a lessened
attack of hydroxyl ion on a modified species as evidenced by an inflection in the log 2-pH
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TasLe I.  Conditions and Apparert First Order Rate Constants (& in sec-?)

. °C

for the Solvolysis of 10~*M N,N’-Dimethyl-N-nitrosourea

- Buffer composition pH 108
: [H,PO,"] [HPO4-]
30.0 - 0.0330 '0.0330 7.00 2.15
30.0 0.0198 0.0462 7.18 3.44
30.0 - 0.0066 0.0594 7.80 12.29
35.0 "~ 0.0328 0.0008 © 5.18 2.43°
'35.0 0.0594 -0.0066 5.91 2.69
35.0 0.046 -0.0198 6.49 3.84
35.0 0.0462 0.0198 6.53 4.61
35.0 0.0198 0.0462 7.18 8.45
35.0 0.0066 0.0594 7.70 27.7%:0
35.0 *0.0066 0.0595 7.76 24.6
35.0 0.0033 0.0627 8.04 38.0°
35.0 0.0017 - 0.0643 8.32 60.7
35.0 0.0000 0.0660 9.00 200259
37.5. 0.0198 0.0462 7.16 134
40.0 0.0328 0.0008 5.20 3.27°
40.0 0.0462 0.0198 6.41 4.48
40.0 0.0330 0.0330 6.78 -9.60.
40.0 0.0198 0.0462 7.12 17.1 _
40.0 0.0100 0.0234 7.18 21.2a:9
40.0 " 0.0066 0.0594 7.67 56.8
- 45.0 0.0300 0.0034 5.70 4.982)
* 45.0 0.0234 0.0100 6.33 10.6%)
45.0- 0.0167 0.0167 6.68 22,190
45.0 0.0100 0.0234 7.11 49.59
- 45.0 0.0066 -0.05%4 7.65 1200
©50.0 0.0300 0.0034 5.80 14:4
50.0 0.0234 0.0100 . 6.33 41.5
50,0 0.0167 -0.0167 6.62 79.8
50.0 0.0100 0.0234 6.95 126
50.0 0.0034 0.0300 7.42 256
[CH, COOH] [CH COO—]
35.0 0.037 0.003 3.05 2.56
35.0 0.033 0.007 3.51 2.51
35.0 0.025 0.015 4.02 2.35
35.0 0.020 0.020 4.29 2.38
35.0 ~0.008 0.030 490 2.30
" 35.0 0.004 0.036 5.39 . 2.28
50.0° 0.020 0.020 4.39 9.00
[Na,B,0,] [HCI] .
35.0 0.188 0.0495 8.42 67.0
. 35.0 0.119 0.0390 9.20 248
7 35.0 0.158 0.0198 - 9.30 347
[Na,B;0;]' [Na,COs]
35.0 0.025 *0.0000 9.10 258
35.0 0.0161 0.0089 9.39 433 .
33.8 0.0062 0.0188 9.99 11509
33.8: 0.0033 0.0217 10.40 27809
33.8 0.0021 0.0229 10.69 52209 .
40.0 0.0250 - 0.0000 8.90 4679
45.0 0.0250 . 0.0000 8.90 9970
a) Wheri'thé concentration of the phosphate buffer was varied, in some cases down to 0.1 of
~" . -the stated values, no significant difference in the observed rate constant was observed. B
b)  When the concentration of the nifrosourea was varied, in some cases over a ten—fold range,
. no significant difference in the observed rate constants was observed.
¢) When the ionic strength was varied in the range 0.10—0.40 with KCl, no 51gn1ﬁcant dxfference
" in the observed rate constant was observed.
d) These values were obtained' directly from the recording of. absorbance as a contmuous

. function.of time in a thermostatted cell:
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Fig. 2. Typical First Order Plots for the loss 3040 50 60 Z)SI 8.0 ’ ) ’
of Absorbance on Solvolysis of Nitrosoureas.
The Loss of 230 my Absorbance of N,N’- Fig. 3. Log k-pH Profiles for the Solvolysis of N,N’-
Dimethyl-N-nitrosourea at 45.0°, u=0.1 at Dimethyl-N-nitrosourea at Various Temperatures
Various pH Values with % in sec™*

:proﬁle (Fig. 8) ca. pH 8.20 at 35.0°. The log %-pH profiles in Fig. 3 for 35.0° were
fitted'® by ‘ '

k= (ko+kor-[OH Nfua + #ou[OH]fa- &)
where an equilibrium for the nitrosourea (HA) is postulated as:
K,
HA = H* + A~ (3)
The fraction of the nitrosourea, fgs, that is presumed to be nonionized is calculated fromi®
‘ __[H*]
fua = 1K, 4)
‘The fraction that is ionized is calculated from
; X,
bl 5
Sa s 1K, 5)

Tasre II. Pertinent Constants, and the Microscopic Rate Constants® (kom and &'ox
in liter/mole sec, %o in sec™?), Arrhenius Parameters? and pK, values for
the Solvolytic Degradation of N,N’-Dimethyl-N-nitrosourea
Calculated from log k-pH Profiles.

°C pKw pK. 10%%, Fon kon
30.0 13.83 — (1.60)2 10.8 —
35.0 13.66 8.20 2.40 22.9 6.5
40.0 13.54 (8.10)® 3.27 39.8 20.19
45.0 13.40 (7.90)® 5.00 89.1 3179
50.0 13.26 — 9.00(8.0)® 269(182)0  (55.0)9
AH (kcal mole™) 16.4 28.6 28.6
log P 6.0 - 20.9 21.4 -

a) Where Rapparent= (ko+kon[OH])fus +% on[OH-1fs~ and fus=[H*+)/([H*]+K,)
and fa-=K,/((H*]-+K,) and [OH-]=10-r0H, [H+]=10-PH and pOH=pKy,—pH
b) where log k;=4H,/2.303 RT+logP .
¢) estimated from Arrhenius plot of pertinent log ki vs. 1/T
~d’) ' estimates only '
- e) based on one point only i.c., k at pH ca. 9 and the expresswn log k’on_log -
s kapparent—PH+PKw

15) E.R. Garrett, ‘‘Advances in Pharmaceutical Sciences,” des. H S. Bean ‘A, H Beckett and J. E. Carless,
Vol. II, Academic Press, London, 1967, pp. 1—94.
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where the hydroxyl ion concentration was calculated from

[OH-] = 10-70E (6)
where the pOH was obtained from the expenmental pH and the literature pKy (Table II})
pOH = pKw — pH )
and similarly,
[H*] = 10-® ®)

" The excellent fits to the data of Table I are shown in F1g 3 for 85.0° as based on the equa-
thIl (2) using the estimates of the pertinent parameters given in Table II.

‘The data for the other temperatures were not as complete as for 35.0°. The ‘general
_estimates of the specific rate constants %, and koy are also given in Table II. The values for
k' o are very rough estimates based only on one point (Table I) obtained at higher alkalinities.
These values have higher errors since the rates are fast but nevertheless indicate the decided

“presence of a perturbation in the linearity of the log k-pH profile that could be ascribed to a
change in the charge on the nitrosourea in accordance with Eq. (3).

Spectrophotometric verification of a pK, for this compound was obtained by studying
the rapid decreases of absorbance of a constant concentration of NN'DMNU at 225 mp. at
35° at various pH values and obtaining zero time estimates of absorbance. In the pH range
8.8—10.0 the zero time absorbance values decrease with pH and are constant between pH 10
and 10.5, indicative of an apparent spectrally affected pK,.

1000
- 50.0°,. ,47 7
10000 L
r = .
3 - { 40 oc 30.0°
1000= 37 5
- 100
- . o [
T u 2 B
$ 100: J = F /
= f / ER
s L B
10¢ _/ 10p
4;.0-. e / L
i I L]
1 L ! | 1 1 1 1 3 | | \ ) |
4 5 6 7 8 9 10 1 55 6.0 6.5 7.0 7.5 80
pH pH
Fig. 4. Log k-pH Profiles for the Solvolysis Fig. 5. Log k-pH Profiles for the Sol-
of N-Methyl—N’-phenethyl-N-pltrosourea at volysis of N-Methyl-N/-p-fluorophenyl-
Various Temperatures with % in sec™ ‘ N-nitrosourea at Various Temperatures
A) 30.0°; B) 38.6°; C) 35.0°; D) 40.0°; E) 45.0°; F) 50.0° with % in sec~!

Kinetics of N-Methyl-N'-phenylethyl-N-nitrosourea, N-Methyl-N'-p-fluorophenyl-N-nitrosourea
and Trimethylene bis N-Methyl-N-nitrosourea Degradation

The log k-pH profiles for the solvolysis of N-methyl-N’-phenethyl-N-nitrosourea, N-
methyl-N’-p-fluorophenyl-N-nitrosourea and trimethylene bis-N-methyl-N-nitrosourea are
given in Fig. 4, 5 and 6 respectively as based on the data of Table III, IV and V. The data
can be readily fitted with the equation

E = ko + kop[OH"] . ‘ : ®
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where the hydroxide ion concentration is ob- :
tained from Eq. (6) and (7). The method used | Nop ONO

was to obtain an estimate of 4, and from the CHaNCNH (CH: ):NHCNCHL
plot of log (k—£%;) vs pH of slope unity, the .
resultant intercept had the value of log koz—
PKyw. Thus log %kox can be calculated from the

knowledge of pKy® at the pertinent temper- 100k

ature (Table II). This is based on the ex- i

pression ‘ I

log (k—ko) = log kor[OH "] = log konkw/[H*] r

= log kor — pKw + pH (10) ~

The pertinent microscopic rate constants T

are given in Table VI for the various tempera- . |
tures and the lines drawn through the data =

of Fig. 4—6 are based on those constants.
In contrast to the N’-methyl compound

the log #—pH profiles of these compounds did 10;
not indicate any apparent kinetic pK, values, -
at least up to the highest pH values studied. I
Kinetics of Solvolysis of 1,6-Dimethyl-1,6-dini- -
trosobiurea ' 7 1 '
. 4.0 5.0 6.0 7.0 8.0
The apparent first order rate constants } pH

for .the solvoly§1s of 1,6-d1methy1-1,6-'d1n1trf)- Fig. 6. Log (k—hq)-pH Profiles for the Sol-
sobiurea at various pH values are listed in volysis of Trimethylene bis-N-Methyl-N-
Table VII and the log 2—pH profile at 35.0° nitrosourea at Various Temperatures with
is plotted in Fig. 7. Hydrogen-ion catalyzed k and k, in sec™

i i The ko val f rent pH-i .
solvolysis below a pH of 8 and hydroxyl fon el it e o smpamt st opdet
catalyzed solvolysis above a pH of 5 on the 40° and 30 at 50°.

uncharged species is apparent from the plot.

Tapre III.  Apparent First Order Rate Constants ( in sec-1) for the
Solvolysis of 10~*mM N-Methyl-N’-phenethyl-N-nitrosourea

°C PH  10% °c  pH 10% °C  pH  10% °C. pH  10%
30.0  6.79® 4.80 350 3.8 410 40.0 6459  9.06 450 6.829  37.1
7.139 7.55 4.209  4.25 6.80%  18.4 7.149 825
7719 19.8 4.40  4.26 6.86»  19.3 7729 217
33.8  8.909 440 5039  4.64 7.67% 887  50.0 5.820  16.8
33.6  9.120 709 6.529  3.80 450 5.86%  6.72 6.339  47.2
9.469 1890 6.909  10.4 588  7.23 6.620  93.3
9.969 4560 7.219  16.8 6.439  20.7 6.959 198
35.0  3.31» 5.25 7.619  46.0 6.799  39.0 7.420 445

a) HyPO;~~HPO,;= buffer system

b) HCH;0.,~C.H;O;~ buffer system .

¢) Na,B,0,-Na,CO; buffer system. These studies were conducted by recording absorbance as a continuous function of
time in a thermostatted cell.

The deviation from linearity between pH values of 7.5 and 10 can be readily rationalized
by the assumption that the compound is a dissociable acid with a pK,’ of 7.4. The plotted
curve through the values of Fig. 7 is fitted to the kinetic dependency of

16) H.S. Harned, and B.B. Owen, ‘“The Physical Chemistry of Electrolytic Solutlons,” 3rd Ed., Reinhold
Publishing Co., New York, N.Y., 1958.
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Tasie IV, Apparent First Order Rate Constants (& in sec=%)for the Solvoly31s
of 10—*m N-Methyl-N’-p- ﬂuorophenyl—N—mtrosourea :

°C Buffer composition . . pH 108k
[HzPO[] [HPO,~] - ) o
30.0 0.0300 0.0034 - 586, 48.0
30.0 0.0234 0.0100 6.42 , 139
30.0 0.0167 0.0167 . . 6.80 283
30.0 0.0100 0.0234 ' 7.14 553
30.0 0.0034 0.0300 - 7.69 - 1550
35.0 0.0167 0.0167 ' 6.68 663
37.5 . 6.79 698
40.0 6.73 1150
47.7 : 6.62 oo 29200
47,7 0.0100 0.0234 . 691 ) 5940@)
50.0 0.0300 0.0034 o581 . 659
50.0 0.0284 0.0100 6. 32 Co 1860

a) These values were obtained dlrectly from the recording of absorbance as a contmuous functlon
of tlme in a thermostatted cell. .

TapLe V. Apparent First OrderRate Constants (% in sec~!) for the
Solvolysis of 10—4m Trim.ethylene bis-N-Methyl-N-nitrosourea

°C Buffer composmon : . pH 108%
_ [H,PO,7] . [HPO{] ‘

30.0 0.0167 0.0167 6.79 5.36

35.0 - 0.0234 0.0100 6.40 6.40
0.0167 0.0167 6.72 9.53
0.0034 0.0300 . 7.52 46,1
0.0017 0.0317 - 7.87 767

40.0 . - .0.0234 . . 0.0100. : 6.40 - .10.1
0.0167 . - 0.0167 f 6.72 197
0.0084 0.0084 6.74 - 224
0.0035 0.0035 6.78 28.1.
0.0034 0.0300 7.52 85.4

50.0 0.0300 - 0.0034 : 5.81. 43.0
0.0234 0.0100 6.32 . 68.0
0.0167 0.0167 6.62 109
0.0100 - 0.0234 6.91 173
0.0004 0.0300 7.42 378

TaerLe VI. Microscopic Rate Constants® (kog in liter/mole-sec; &, in sec™t) for the
Solvolytic Degradation of Variously substituted Nitrosoureas
Calculated from Log &-pH. Profiles

N-Methyl-N'- N-Methyl-N’-p- Trimethylene bis-
oe phenethyl-N- fluorophenyl-N- N-Methyl-N-
e e F—————T N T
108%, ko 10%%, kon 10%%, EBor
30.0 3.0 22.4 20 2690 -— -
33.6 3.7 31.0 — — — —_
35.0 4.1 37.2 — — , 2.5 "~ 61.7
37.5 — — : — 4570 — ’ —
40.0 5.0 67.7 — 7250 . 5.0 91.2
45.0 5.0 139 — 15900 —_ —
50.0 6.0 355(235)» — 17400 30 324
AHy — 23.0 — 18.8 — 22.6
log P9 — 17.9 —_ 17.0 — ' 17.8

a) Where k (in sec?)=ko-+kor [OH-], [OH-]=10-70%, and pOH=pK,—pH. Thus, log (k—k,)=log
kon[OH-]=logkon—pK+-+pH where the pK, values for the several temperatures are listed in Table
1I.

b) Estimated from the Arrhenius plot of log kon vs. 1/T where logkoH_AH,ﬂ 303RT +-logP where AH,
is in kcal/mole.
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‘Tasre VII. Conditions and Apparent First Order Rate Constants (& in sec—?)
for the Solvolysis of 10~*m '1,6-Dimethyl-1,6-dinitrosobiurea. .= " .

e

°C Buffer composition S pH. 10%
[CH,COOH] [CH,CO0-] ‘ =
35.0 - 0.095 0.003 3.11 2.50
‘ 0.0495 0.0495 ‘ 4.50 3.70 .
0.0198 0.0792 - - 5.10 5.00
- 0.003 o 0095 ' 6.00 25.3
[(H,PO,7] [HPO,~]
35.0 0.0594 0.0066 5.80 19.5
0.0462 - 0.0198 6.37 59.2
0.0330 - 0.0330 6.70 125
0.0198 ‘ 0.0462 7.01 212
0.0066 0.0594 7.60 492
0.0017 0.0643 8.19 772
— 0.0660 ) 8.56 7952
— 0.1000 8.92 915
40.0 0.0330 0.0330 6.58 203
37.5 0.0330 0.0330 6.60 152
30.0 0.0330 ©0.0330 6.60 56.0
[H,PO,"] [B,0O;7]
35.0 0.017 0.041 9.10 837
35.0 0.005 -0.047 9,20 1130®
[NaOH]}
35.0 0.00083 10.60% o 2320®
0.0013 10.799 3740
0.0021 11.059 4600
0.0032 11.23» 7220
0.0042 11.35® 6750®)
0.0064 11.49" 9560
24.5 0.0013 11.12® 28402
0.0032 o 11.52» 5950
0.0064 : 11.82D 10600%

a) SRL recorder used.
b) Caleulated from pH=pK,—~pOH=pKy+10g fnaon[NaOH] where the pK v and the fxaon as the
mean activity coefficients of the sodium hydroxide solution are obtained from the literature (16)
= ka[H*] + ko + kor[OH"1fua + k'on[OH';]fA? ' an
where the fractlons fua and f4- of nonionized and ionized species respectwely, are calculated
from the relations of Eq. 4 and 5. The values of the log kox=3.0 and log &'ox=0.21 were
estimated by application of Eq. (10) to the linear segments of positive unit slopes in the alkaline
branch of the log 2—pH profile. The log ky==—3.13 was estimated from the 1ntercept of the
lmear segment of negative unit slope in the amd branch as based on the expressmn'
log & = log ka[H*] = log ks — pH : , (12) ‘
Thus the values of the constants at 35.0° are k0—2 bX 10“6 in sec! and kH—7 5% 10 kOH_
1000 and %'og=1.62 in liter/mole-sec.

Kinetics of Solvolysis of Tetrahydro-1, 3-d1mtroso-2(lH)-pynmldmone
The apparent first order rate constants obtained by monitoring the UV absorbance at

260 myp. at various phosphate buffer concentratlons and pH values is given for tetrahydro-l 3-
NO

. N . v . .

dinitroso-2(1H)-pyrimidinone < N>=O at 85.0° in Table VIII. A plot of log % against pH

|
- NO
is not unity and showed significant variation in the & values with varying phosphate buffer
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concentrations at the same pH value. The fact that the apparent first order rate constants
- varied widely with phosphate buffer concentration at a higher pH value where the major
contribution is from the monohydrogen phosphate dianion and negligibly at a lower pH
value where the major contribution is from the d1hydrogen phosphate monoanion implicates
the dianion in catalysis in accordance with the expression

k = ko + krpo[HPO4*"] + kon[OH"] (13)

Specific monohydrogen phosphate catalysis has been observed also in the solvolysis of
1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea and 1,3-bis-(2-chloroethyl)-1-nitrosourea.!®

logk (k in sec™?)

—2.01 NO O 0 NO / TasLe VIII. Rate Constants (% in sec~?) for the
CHa—N —C —NH—NH—C X — CH, '/I Apparent First Order Solvolysis of Tetrahydro
1,3-dinitroso-2 (1H)-pyrimidinone at 35.0°
and 0.100 Ionic Strength
_ Buffer compositi
* P o, PO, 10%
4.99 0.0325 0.00083 1.17
4.99 - 0.0163 0.00042 .17
5.00 0.0082 0.00021 1.17-
—4.0 5.41 0.0300 0.0034 1.10
5.40 0.0150 0.0017 1.00
5.38 0.0075 0.0009 1.01
6.41 0.0234 0.0100 3.06
6.41 0.0117 0.0050 2.36
—5.0 6.40 0.0059 0.0025 2.00
6.60 0.0084 0.0084 3.64
6.59 0.0084 0.0084 . 3.64
6.59 0.0042 0.0042 3.32
60 7.23 0.0100 0.0234 12.5
0 ; 7.18 0.0056 0.0117 10.8
pH 7.51 0.0034 0.0300 18.7

Fig.7. Log k-pH Profile for the Solvolysis. of 7.49 0.0017 0.0150 . 17.3

. 1,6- D1methyl-1 6 d1n1trosob1urea at 35.0° W11:h
“kin sec—1

When the apparent first order rate constant, &, was plotted against [HPO,=] at the several
pH values, the slope (Bupo.) and intercepts (B +kox[OH-]) were: pH, pOH, Zgpo,, E o TRou[OH];
7.50, 6.16, 1.00 X102 (liter/mole-sec), 15.9 X 10~4(sec~); 7.20, 6.46, 1.44 1072, 9.18 X 10—4;
6.59, 7.07, 1.26:x1072, 3.02x10%; 6.41, 7.25, 1.41 x10-2, 1.66x10~%; 5.40, 8.26, 0.0, 1. 00>< :
10—4; 5.00, 8.66, 0.0, 1.17x10* where pK,=13.66=pH-pOH at 35.0°. Thus an average
value of Egpo, at 35.0° is 1.3 X102 liter/mole-sec. A plot of the resultant intercepts: (2,4
kon[OH-]) against the hydroxyl ion concentration calculated from Eq. (6) gave a straight
line of slope, kon=213 liter/mole-sec’ and an intercept of 1.15 X 10~* sec~! for %,. This latter
value is coincident with the observed apparent first order rate constants at pH 5.00 where
no phosphate buffer effect was observed and hydroxyl ion catalyzed solvolysis is apparently
negligible.

Arrhenius Parameters:

Wherever possible the Arrhemus parameters were determined from the m1croscop1c rate
constants in accordance with the expression :

logki = —AH,[2.303RT +logP =~ : (14)
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where T is in degrees Kelvin and R is 1.986 cal deg—! mole~1. Values for the pertinent
N-nitrosourea are given in Table IT and VI. In other cases the parameters were obtained
from Arrhenius plots of apparent first order rate constants at pH 6.80. These are given for
various nitrosoureas in Fig. 8 for purposes of comparison. The structures of these compounds
are also given in the Figures. : ' ’

e

‘ N-methyl-N’-p-fluorophenyl-N-nitrosourea
3 NO O -
%J_LO.H :

CH3—II\T——I(’3—\IH—< >-—F

26.5 15.8 N-methyl-N-nitrosourea

o NO O
\\\\\)\\ ! ] H
\ 265153  CHy-N—C-NH

1,6-dimethyl-1,6-dinitrosobiurea

\ 24713,

\ MO0 mONO

\ CH,-N—C-N-N-C-N—CH,

N-methyl-N’-phenethyl-N-nitrosourea
\ . NOO

/

log (k—ko)

—5) \ ‘ CH,,—N——C—\I—CHZCHz-< >
\.\ 27.5114.9 trimethylenebis—N—methyl-T\I -nitrosourea
o 27.4[14.8 NOO 3 g O NO

I
\: CH,-N—C-N(CH,);N-C-N—CH,
3

| ) 352|195  N,N’-dimethyl-N-nitrosourea
31 3.2 NO O
‘ 103X 1/T & CHS—N——C—N—CH
Fig. 8. Arrhenius Plots and Parameters of Apparent First Order Rate Constants
for the Solvolys1s of Various N-Nitrosoureas at pH 6.80

Investigation of the Degradation Products of N-Nitrosoureas by Gas Chromatography

The solutions of mixtures of #-butyl alcohol, isobutyl alcohol, secondary butyl alcohol
and tertiary butyl alcohol were analyzed on the gas chromatograph with the flame ionization
detector under the experimental conditions specified. No signals were observed with the
electron capture detector. These conditions gave clean separations of each alcohol with
clearly defined peaks and the retention time decreased in the order given. The retention
times were obtained from studies on each alcohol separately. Good linear plots of peak heights
of injected ether extract against concentration in the aqueous solution were obtained for
each alcohol in the mixture and were used as calibration curves.

The degradations of N-nitroso-N-butylurea conducted at various pH values of 7. 27
9.05, 10.85 and 12.30 overnlght showed no significant differences among the peaks observed
by flame ionization or in their peak heights. The peaks corresponded to #-butyl alcohol
with an average yield of 459, and secondary butyl alcohol with an average yield of 299%,.

The products of alkaline degradation were benzoylated and the injected solutions pre-
pared showed peaks with the same retention time as the benzoylated normal and secondary
butyl alcohols. These were at different retention times than the non derivatized alcohols
that were the product of the N-butyl-N-nitrosourea degradation and thus clearly showed
that both alcohols were obtained on alkaline degradation.

The degraded 1.22x10~2m N-isobutyl-N-nitrosourea at pH 12.30 (0.1m NaOH) was
monitored gas chromatographically and demonstrated peaks consistent with #butyl -alcohol
(769,), sec-butyl alcohol (229%,) and isobutylaleohol (189,) where the parenthetical values
are the percentage yields of each alcohol based on the calibration curves prepared for alcohol
mixtures for peak height ratios with the internal standard dodecane.
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Degraded 10-2m N-allyl-N-nitrosourea at pH 12.30 (0.1 NaOH) showed only one peak,
consistent with an 879, yield of allyl alcohol based on comparison with a calibration curve
of peak height ratio against concentration prepared for allyl alcohol with the internal standard.

Degraded 1.23x10~%m N-benzyl-N-nitrosourea at pH 12.30 (0.1m NaOH) showed only
one peak consistent with a 1209, yield of benzyl alcohol based on comparison with a calibra-
tion curve of peak height ratio against concentration prepared for benzyl alcohol with the
internal standard.

Discussion -

Log k—pH Profile

The log £#—pH profile of N N’-dlmethyl—N-mtrosourea (Fig. 3 and Table I and II) indica-
ted that the neutral species degraded with hydroxyl ion attack and that there was a lessened
attack of hydroxyl ion on some modified species in alkaline solution. Such a phenomenon
can be rationalized by assuming that the nitrosourea dissociates to a proton and a negatively
charged species at increasing alkalinities where the latter is more resistant to hydroxyl ion
attack:

ON O H ON OH

1l 1] ’

CH;-N-C-N-CH; == CHs~N-C=N-CH;
ON O ' ON O-

CHs-N-C-N-CH; == CHs-N-C=N-CHj
The apparent pK,’, kinetically determined, was 8.20 at 35.0° which was also indicated by spe-
ctral measurements of rate studies at various pH values extrapolated to zero time. However,
it is admitted that these are very fast reactions and these extrapolated data may not be too
relative to estimate a spectrophotometric pK,’.

The N-methyl-N’-phenethyl, N-methyl-N’-p-fluorophenyl-N-nitrosoureas (Fig. 4 and 5,
Table III and IV) trimethylene bis-N-methyl-N-nitrosourea (Fig. 6, Table V) and tetrahydro
1,3-dinitroso-2 (1H)-pyrimidinone (Table VIII) show no such apparent kinetic pK,'. However;
all of these compounds, except the first were studied only below pH 8.0.

The log k—pH profile of 1,6-dimethyl-1,6-dinitrosobiurea also exhibited an apparent
kinetic pK,’ (Fig. 7 and Table VII), of 7.4 at 35.0°. Potentiometric titration geve an apparent
pK,’ consistent with this value for this compound. No apparent pK,’s were obtained on
titrating the other nitrosoureas. : :

Comparison of Reactivities of 1-Substituted and 1,3-Disubstituted Nitrosoureas

The substitution of an alkyl on the N’-nitrogen decreases the rates of hydrolyses of the
neutral N-methyl-N-nitrosoureas. The relative reactivities of several of these compounds

are readily seen from the Arrhenius plot of Fig. 8. For example, whereas the bimolecular
NOO

rate constants for hydroxyl ion attack at 35. 0° for R—N—C—NH 12) are 2380 for R= methyl
' NO O

and 4300 L/M -sec for R——phenethyl for CHS-N——C -NHR’ (Table VI) it is 22.9 for R’=methyl,
87.2 for R’=phenethyl. This is approximately a ten-fold decrease in relative reactivity for
the introduction of an N'-substituent. The sequences of activities, however, in both series!®
are reasonably consistent with the fact that electron withdrawing properties of the substituents
abet hydroxyl ion attack by inducing a more positive center. The higher reactivity for R'=
p-fluorophenyl (kogm4000 at 35.0°) conforms to this assertion. The fact that an R’ substitu-
ent inhibits the hydrolysis can be rationalized in that substitution of an alkylfor a hydrogen
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on the N'-nitrogen should significantly lower the positive polarity of the adjacent carbonyl
carbon which is thus favored to be the primary focus of attack of the hydroxide ion.1®

Products and Mechanisms of Alkaline Solvolysis of N-Alkyl-N-nitrosoureas

The retention times of the gas chromatographically analyzed solutions of the alkaline
degraded N-alkyl-N-nitrosoureas clearly showed consistency with standard alcohols that
could be anticipated as possible products. In the specific case of alkaline degradation of
N-nitroso-N-butylurea the benzoyl esters of the degradation products were prepared. They
had different retention times than the original alcohols but the same as the retention times
of the standard benzoyl esters. This provided definitive proof of their identity. Also, there
was no significant difference among the kinds and yields of alcohols from the alkaline degrada-
tion of this compound above pH 7.3.

The facts that the alkaline degradation products of N-#-butyl-N-nitrosourea were #-butyl
alcohol (459,) and secondary butyl alcohol, that the products of N-isobutyl-N-nitrosourea,
were #-butyl alcohol (76%), sec-butyl alcohol (229,) and isobutyl ‘alcohol (18%) imply that
electron and methyl shifts occur in the reaction processes. The implication is that in the
N-»n-butyl-N-nitrososurea case, the intermediate product is the #-butyl carbonium ion which
equlhbrates its charge with the secondary carbon to produce both primary and secondary
alcohols via the shift of a hydride ion.

CH3~CH2-CH2—CH2+ = CHsCHz-CH—CH3

Similarly, the N-isobutyl- N—m’crosourea produces a carbomum ion that shows ‘electron
and methyl shifts. } ‘
:  CHs CHs
CH3—CH2-,-CH2—CH3 — CHa—CH—CH2+ == CHs—C—CHs

which can account for the alcohols with the observed rentention times. These are phe-
nomena characterized by carbonium ion formation and have been well demonstrated inFriedel-
Kraft type reactions and the action of alkyl halides with aluminum chloride.!” * Thus, the
probable diazoalkane product in N-nitrosourea degradation most probably goes through a
carbonium ion 1ntermed1ate e.g.

CHs~CH;-CHs~CH2-N=N+ —— CH3~CH2~CH3~CHz+ + N2

As would be expected, since there is no available neighboring methylene group in N-
alkyl-N-nitrosourea and N-benzyl-N-nitrosourea, the alkaline solvolyses of these compounds
yielded only the expected alcohol.

17) L.F. Fieser and M. Fieser, ‘“Advanced Organic Chemistry,” Remhold Publishing Co.,.New York, N.Y.,
1961, pp. 653—654.
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