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The nucleophilic reactivity of the fluoride, chloride, imidazole, pyridine, and p-nitrophenyl diphenylcarbamoyl 
derivatives have been investigated. The pyridinium ion is reactive to nucleophiles, following closely the reac- 
tivity sequence of these nucleophiles to p-nitrophenyl acetate. On the other hand, except for amine nucleo- 
philes, diphenylcarbamoyl chloride is insensitive to nucleophiles, reacting instead with water. The AS* of 
- 5  eu for the water reaction and the small deuterium solvent isotope effect of 1.2 strongly suggest that diphenyl- 
carbamoyl chloride hydrolyzes by an ionization reaction. 

Diphenylcarbamoyl chloride (1) is known to specifi- 
cally inactivate chymotrypsin3v4 and ch~linesterase.~ 
This fact is very interesting because carbamoyl chlo- 
rides are thought to undergo hydrolysis by an ioniza- 
tion mechanism6 and therefore to be insensitive to nu- 
cleophilic attack. If this is so, then the enzyme must 
be able to alter the mechanism of displacement reac- 
tions with the acid chloride, so that the ionization mech- 
anism is bypassed by a lower energy process of direct 
reaction with the enzyme. For this reason we have 
studied in detail the sensitivity of the acid chloride 
and of the pyridinium derivative to  nucleophilic attack. 
Diphenylcarbamoylpyridinium ion (2) has been found 
to be a good irreversible inhibitor of a variety of serine 
esterases and proteinases as well as of ~ r e a s e . ~  

1 2 

Results 

Diphenylcarbamoyl Chloride. -1 has no reactivity 
to acetate, sulfite, phosphate, or formate, as demon- 
strated by the identical rate constants obtained in the 
presence or absence of these agents (Table 11). No 
acid-catalyzed hydrolysis is observed in 1 M HC1 or 
HC104. Concentrations of phosphate or acetate as 
high as 0.9 or 1 M give rise to quantitative yields of 
diphenylamine with identical rates. Had diphenyl- 
carbamoyl phosphate been produced, then diphenyl- 
amine would not be produced in quantitative yield, 
because separate experiments with diphenylcarbamoyl- 
pyridinium ion, which reacts rapidly with phosphate 
to produce the phosphate derivative with a Amax at 
248 nm, demonstrate that the intermediate yields di- 
phenylamine only slowly over the period of a week. 

On the other hand, diphenylcarbamoyl chloride re- 
acts readily 1Tith amine-containing buffers. In  the 
case of imidazole the diphenylcarbamoylimidazole 
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product, Amax 233 nm, can be spectrophotometrically 
detected as well as the diphenylamine (Amax 280 nm) 
product, In addition diphenylcarbamoylimidazole can 
be isolated from aqueous solutions containing imidazole 
and 1. (See Experimental Section.) The yield of the 
diphenylamine decreases as the yield of diphenylcar- 
bamoylimidazole increases and the total rate increases 
with the increasing imidazole concentration in the buffer. 
These results are displayed in Table I. Similar prod- 

TABLE 1 
YIELD OF DIPHENYLAMINE FROM DIPHENYLCARBAMOYL 

CHLORIDE IN IMIDAZOLE BUFFERS" 
Yield, Calcd,b 

% diphenyl- 7% diphenyl- 
Buffer composition amine amine 

0.05 M Im, 0.05 M ImH 52 48 
0.10 M Im, 0.02 M ImH 36 31 
0.15 M Im, 0.03 M ImH 22 23 
0.10 M Im, 0.01 M ImH 46 31 
0.20 M Im, 0.02 M ImH 24 18 

a Constant ionic strength of 0.20 M maintained with KCl. 
Temperature is 25'. Calculated from eq 1 substituting imid- 
azole for glycine and using 0.0020 min-1 for kb and 0.045 M-1 
min-1 for k,. 

uct results are obtained in glycine containing buffers, 
0.4 M in Tris, pH 8.3, in which the glycine concen- 
tration varies from 0.1 X to 5 X to 10 X 

The yield of diphenylamine determined at  
280 nm decreases in this series from 100 to 67 to 29%. 
These results are in accord with eq 1, which describes 

loo/% diphenylamine = 1 + k,( glycine)/kb (1) 

the expected yield of diphenylamine in terms of the 
kinetic constant observed in a separate set of experi- 
ments. Diphenylcarbamoyl chloride is known to react 
with amino acids, including glycine, in water-ethanol 
mixtures to give high yields of crystalline diphenylcar- 
bamoyl derivatives.8 In eq 1 k ,  is the apparent cata- 
lytic coefficient of glycine in the buffer, and kb is the 
constant buffer term. The derivation of eq 1 was made 
assuming that competitive kineticsga give rise to di- 
phenylamine as the hydrolysis product and diphenyl- 
carbamoylglycine as the product of nucleophilic attack 
by glycine. The latter urea derivative is assumed to 
be optically transparent at  280 nm in analogy with 
1,l-diphenylurea, which has a Amax at 235 nm. A plot 
of eq 1 yields a straight line with a value of 50 for 

M .  

(8) D. E .  Rivet t  and J. F. K.  Wilkshire, Aust. J .  Chem., 18, 1667 (1965). 
(9) (a) 8. A. Frost and R. G. Pearson, "Kinetics and AMechanism," 

Wiley, New York, N. Y., 1961, p 161; (b) p 66. 
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TABLE I1 
KINETICS OF DIPHENYLCARBAMOYL CHLORIDE IX AQUEOUS SOLUTIONS~ AT 25' 

Reactant solutionb 
0.20 M HClOa 
1 .0  M HC1 
0-0.20 M HClOae 
0-0.20 M HCl* 
0-0.2 M DClj 
0.01 M HC1 at 25" 
0.01 M H C l  at  48.8" 
10% MeCN 
1 . 0  M KCl, 10% MeCN 
2.45 M KCl, 10% MeCN 
0.20 M Na formate, 0.20 M formic acid, 

0.20 M NaOAc, 0.10 M HOAc, and five 

1 . 0  M NaOAc, 0.08 M HOAc in 10% 

0.05 M NazHP04, 0.05 M NaH2PO4, and 

0 I 90 M NazHPOa, 0.10 M NaHzP04, 

Hydrazine, 10-4, 

Hydroxylamine, 5 X 10-3, 

Hydroxylamine, IOb4, 5 X 10-3, 

0 .2  M Naps08 
0 . 2  M NaNs 
Butylamine, 10-4, 5 X 10-4, 

Glycine, 5 x lo+, 5 X 10-2, 

Glycine, 10-8, 5 x IO-a, 10-2, 10-1 M in 

0.18 M Im, 0.18 M ImH, and five dilu- 

0.08 M Im, 0.008 M ImH, and four dilu- 

0.70 M Im, 0.10 M ImH, and five dilu- 

0.20 M Im, 0.04 M ImH, and five dilu- 

1 , O  M Imidazole 
0.60 M MeIm, 0.20 M MeImH, and one 

dilution 
0.20 M Tris, 0.20 M TrisH 
0.20 M K F  
NaNO2, IOd3, 10-2, 5 X 10-2 M in 0 .2  M 

KZC03 buffer 
Mercaptoethanol, 0,063 and 0.016 M in 

0 . 1  M phosphate buffer, 10% MeCN 
0 I 90 M pyridine, 0 I 09 M pyridineH in 

10% MeCX 
NaOH, 0.01, 0 04, 0.06, 0.08, 0.10, 

0.14, 0.20 M 

and five dilutions 

dilutions 

MeCN 

five dilutions 

0.10 M NaCl in lOy0 MeCK 

in 0 .2  M K&Oa buffer 
5 X lo+, 10-2 M 

M in 0 . 2  M KzC03 buffer 

10-2 M in 0 . 4  M Tris buffer 

M in 
0 .2  M K&Oa buffer 

10-1 M in 0.40 M Tris buffer 

0 . 2  M K2C03 buffer 

tions 

tions 

tions 

tions 

CI, 
Ma 

0.20-1.0' 
1 .0  
0.20 
0.20 
0.20 
0.01 
0.01 
0 
1 . 0  
2.45 
0.20 

0.20 

1 . 0  

0.20 

2.45 

0.20 

0.20 

0.20 

0.60 
0.20 
0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 
0.20 

0.20 

0.09 

0.20 

PH 

3.81 

4.78 

5.58 

6.85 

7.51 

10.3 

10.3 

8 . 4  

9.71 
9 . 5  

10.3 

8 . 4  

10.4 

7.45 

8.08 

7.83 

7.90 

10.1 
7.4 

8.29 

10.3 

7.78 

6 . 2  

ko, 
min-1 

0.00226 =t 0.00011 
0.0017 
0.00225 =t 0.00015 
0.00193 f 0.00020 
0.00165f0.00011 
0.00182 
0.0308 
0.0015 
0.00148 
0.00109 
0.0020 

1 

0.0018 

0.0014 

0.0017 

0.0005 

0.0018 

0.0016 

0.0023 

0.0014 

0.0025 

0.0016 

0.0020 

0.0022 

0.0020 

0.0016 

0.003 

0.0018 
0.0021 
0.0022 

0.015 

0.0019 

<0.002 

<0.002 

<on 0002 

<0.007 

<o. 0001 

0.70 

0.24 

0.26 

<0.001 
0.063 
0 . 5 5 ,  

0 I 14e 

0.188 

0.036. 

0.052 

0.052 

0.048 

0,049 
0.022 

<o.  0018 
<o.  001 

0.008 

< l o a  

0.043 

1.04 

a Ionic strength maintained with KC1 unless otherwise noted. * Abbreviations used: Im, imidazole; Melm, A'-methylimidazole; 
HOAc, acetic acid; *MeCN, acetonitrile; Tris, tris(hydroxyethyl)aminomethane. c Concentration of diphenylcarbamoyl chloride is 
4 X 10-5 M .  The final 
concentration of acetonitrile is 0.37, unless otherwise noted. k ,  refers to the water term and k ,  refers to the second order nucleophile 
term. 6 Calculated using a value of 9.6 for the pK, of glycine. 
f Calculated using a value of 10.6 for the pK, of butylamine. 0 Five separate determinations. h Nine separate determinations. 

i Three separate determinations in 0.05, 0.10, and 0.20 M DC1, ,u = 
0.20. 

The substrate was dissolved in acetonitrile and introduced into the reaction medium to  initiate the reaction. 

d Calculated using a value of 9.5 for the pK, of mercaptoethanol. 

Five separate determinations in NaC1O~-HCIOa mixtures. 

L,/kb, the slope. This is in good agreement with the 
value of 0.071 M-' min-l/0.0025 min-' = 28 M-l ob- 
tained in the separate kinetic experiments. 

The kinetics of the disappearance of 1 in various 

buffers are given in Table 11. The salt effects and co- 
solvent effects are fairly small, as demonstrated by the 
less than 10% rate effect in the perchloric acid buffers 
of ionic strength varying from 0.02 to 1.0 M and the 
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TABLE I11 
KINETICS OF DIPHENYLCARBAMOYLPYRIDINIUM ION IN AQUEOUS SOLUTIONS AT 25'. 

kobadt kr ,  
Reactant solutions PH min-1 M - 1  min-1 

~ ~ 0 - 1 0 - 3  M HCP 
OH-, determined* in 0.12 M NazCOa 9.75 1.40 =!= 0.25 0.25 i 0.05 x 106 

4.95 x 10-4 

buffer and four dilutions 

buffer and three dilutions 
OH-, determinedb in 0.20 M Na2C08 9.43 2 . 2  * 0 . 2  0 . 8  zt 0.08 X lo6 

1 . 0  M NaOAc, 0.10 M HOAcc 5.68 0.17, 0.18 0.17, 0.18 
0 50 M N aOAc, 0.05 M HOAc 5.65 0.079 0 16 
1 . 0  M Nab formate, 0.10 M formic acidc 4.58 0.18 0.18 
1.0 M Nab formate, 0.10 M formic acide 4 58 0 21, 0.18 0.21, 0 .18 
0 50 M N a formate, 0.05 M formic acida 4.55 0.13 0 26 
0.02 M Sodium phosphate bufferd 7 . 0  0.0167, 0.0168 1 . 2  
0.10 M Sodium phosphate buffer 7.56 0.069 0.78 
0.02 M Tris buffer 7 .28 0.0038 2 . 0  
0.02 M Tris bufferd 9 . 0  1.16 3 . 6  
Mercaptoethanol 0.0135 M in 0.02 M 7 . 0  20 4 . 7  x 106d 

Mercaptoethanol, 0 0068 M in 0 . 2  M 7 . 0  11 5 . 2  x 106 
phosphate bufferd 

phosphate bufferd 

M phosphate buff erd 
Mercaptoethanol, 0.000138 M in 0.02 7 .0  0.20, 0.26 5 6 X lo6, 

4 . 2  X lo6 
d Based on a pK, value of 9.5 for mer- a Followed at 280 nm. Followed at  340 nm. c Followed by alkaline quenching method. 

captoethanol. e Abbreviations: Tris, tris(hydroxymethy1)aminomethane; AcO, acetate. 

25% rate decrease obtained by adding 10% acetonitrile 
to  the aqueous medium. The reaction of 1 with hy- 
droxide is relatively slow, with the result that the al- 
kaline hydrolysis term does not become important until 
the pH is raised to 12.2. The activation parameters 
for the hydrolysis of 1 determined in 0.01 M HC1 at 
48.8 and 25" are AH* = 22 kcal and AS* = - 5  eu. 
Diphenylcarbamoyl chloride hydrolyzes a t  nearly the 
same rate in heavy water as in light water, giving a 
value of 1.2 for the solvent deuterium isotope effect, 
k H z O l k D 2 0 .  

No terms second order in imidazole or first order in 
imidazole and first order in hydroxide ion could be de- 
tected for the interaction of diphenylcarbamoyl chlo- 
ride with imidazole, when the reaction is carried out in a 
1.0 M imidazole solution at pH 10.9. 

Diphenylcarbamo ylpyridinium Chloride. -In con- 
trast to 1, 2 is very sensitive to attack by nucleophiles, 
as demonstrated by the kinetic results in Table 111. 
Also, 2 undergoes a ring-opening reaction in more 
alkaline solution to produce the Schiff base of 1,l- 
diphenylurea and glutacondialdehyde 3, which absorbs 
maximally at  422 nm in its anionic form and 340 nm 
in its neutral form, pKa = 12 according to  eq 2. This 

0 

2 

3 

reaction is second order in hydroxide with a specific 
rate constant of klk2/k--1 of lo9 M - z  min-', as deter- 
mined by using the same techniques as were used with 
dimethylcarbamoylpyridinium ion. lo 

(IO) S. L. Johnson and K.  A. Rumon, Biochemistry, 9, 847 (1970). 

The products of the reaction of nucleophiles with di- 
phenylcarbamoylpyridinium ion have varying degrees 
of stability. The acetate derivative is only stable 
enough to  be detected as a kinetic intermediate in the 
reaction given by eq 3. The intermediate diphenyl- 

0 
k,iOAc-i 

-C,HjN 

2 
0 0  

0 
II 

(c,H,)NC-CH, + co2 
carbamoyl acetate 4 yields diphenylamine quantita- 
tively in the kq step with a rate comparable to the rate 
of attack of 0.5 or 1.0 M acetate with 2 in the ks step. 
The kinetics of diphenylamine production followed a t  
280 nm are not first order, but rather show a lag period 
and therefore were treated by the method of consecutive 
kinetics. The rate constant for the interaction of ace- 
tate with 2 is 0.17 min-' M-l,  as determined separately 
by the alkaline quenching method which measures di- 
rectly the substrate concentration. The rate constant 
for the production of diphenylamine from 4 is estimated 
to  be 0.25 min-' when the absorbance changes at 280 
nm are treated according to  eq 4. A similar treatment 

of the reaction in 0.5 M acetate buffer yields a nearly 
identical value of 0.20 min-l for kq, indicating that the 
intermediate 4 is not subject to nucleophilic or general 
base-catalyzed decomposition under these conditions. 
The decomposition rate of diphenylcarbamic acid 5 
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under the conditions used here (pH 5.7) is much greater 
than the rate of formation of 5, so that kq is rate limiting 
in the production of diphenylamine. The rate con- 
stant for this process is lo2 min-l,l1 The properties of 
diphenylcarbamoyl acetate can be compared with those 
of dimethylcarbamoyl acetate (k4 + k5 > 0.08 min-l), 
which is produced from the reaction of dimethylcar- 
bamoylpyridinium ion with acetate at a lower rate than 
its decomposition rate.12 The acetate derivative yields 
50% dimethylacetamide by rearrangement and 50% 
dimethylamine by hydrolysis at  pH 5.4.12 In  contrast 
4 does not internally rearrange (the kg step in eq 3), but 
rather quantitatively yields diphenylamine in the kq 
hydrolysis step. 

The intermediate diphenylcarbamoyl formate, pro- 
duced from the interaction of formate with 2, decom- 
poses with a rate constant which is at least five times 
greater than the rate constant for its production in the 
presence of 0.5 and 1.0 M formate. This is demon- 
strated by the identical first-order kinetics obtained 
from measuring either the amount of substrate present 
by the method of alkaline quenching, or by measuring 
the amount of diphenylamine produced by observing 
the reaction at  280 nm. A quantitative yield of di- 
phenylamine was obtained, indicating that the inter- 
mediate diphenylcarbamoyl formate hydrolyzes only 
to diphenylamine rather than internally rearranging to 
diphenylformamide, which would be expected if its be- 
havior were similar to that of dimethylcarbamoyl for- 
mate.I2 

The reaction of 2 with mercaptoethanol yields a stable 
thiol ester of diphenylcarbamic acid which absorbs 
maximally at 241 nm and does not hydrolyze to di- 
phenylamine at  pH 7.0 in a 0.1 M phosphate buffer 
over a period of 1 week. That 2 reacts with thiol to 
yield thiol esters, rather than other products such as 
pyridine ring addition products, is demonstrated by 
the isolation in high yield of the mercaptoethanol thiol 
ester upon treatment of 2 with mercaptoethanol in 
aqueous solution. (See Experimental Section.) The 
phosphate derivative of 2 absorbs maximally at  237 nm 
and decomposes very slowly at pH 7.56 to diphenyl- 
amine with an estimated half-life of 3 4  days. The 
hydroxylamine derivative of 2 or of 1 is very rapidly 
formed in a 0.1 M hydroxylamine solution, pH 6.3, and 
absorbs maximally at  237 nm, slowly decomposing 
overnight to give nearly quantitative amounts of di- 
phenylamine as determined spectrally at 280 nm. 
Sodium sulfite reacts exceedingly rapidly with 2 to 
form a highly absorbing intermediate, Amax 276 nm, 
which slowly decomposes over a week's time to the 
lesser absorbing diphenylamine. The sulfite reaction is 
too fast to measure using conventional techniques at  
pH 7 when quantities of sulfite as low as M are 
used. The azide derivative of 2 is quite stable at pH 
7.3, decomposing exceedingly slowly over a period of 1 
week to give only slightly increased absorption at  280 
nm. The above products from the interaction of 2 
with nucleophiles are assumed to be the diphenylcar- 
bamylated products by analogy with the corresponding 
dimethylcarbamylation of nucleophiles by dimethyl- 
carbamoyl pyridinium ion.12 Also, we have prepared 

(11) 9. L. Johnson and D. L. Morrison, J. Amer. Chem. Soc., 94, 1323 

(12) S. L. Johnson and K. A. Rumon, i b i d . ,  87, 4782 (1967). 
(1972). 

diphenylcarbamoyl fluoride by treatment of 2 with 
KF in 10% aqueous acetonitrile. (See Experimental 
Section.) 

Diphenylcarbamoylimidazole. -Because of the possi- 
bility that enzyme inhibition could involve histidyl 
residues, the chemical properties of diphenylcar- 
bamoylimidazole were investigated. This compound 
represents an exceedingly stable acylimidazole deriv- 
ative. I ts  spectrophotometrically determined pKa 
value is 3.5. The rate of diphenylamine production 
followed in a 0.55 M formate buffer at pH 2.36 and in 
a 0.60 M formate buffer at pH 2.72 gives rate constants 
of 1.12 X and 1.58 X min-' at 26', respec- 
tively. These results can be analyzed according to 
eq 5 .  In contrast to its unreactivity to water and car- 
rate = [5.6 X 10-6 + (formate) 9.2 X X 

[(CeH6)2NCOImH+] min-' (5)  

boxylate ion, a rapid reaction of diphenylcarbamoyli- 
midazole is observed with hydroxide ion, the specific 
rate constant from which is 3.6 M-l min-l) determined 
in 0.01-1.0 M NaOH solutions at  25'. This value is 
three times greater than the corresponding value for 
diphenylcarbamoyl chloride. 

Other Diphenylcarbamoyl Derivatives. -The rate 
of the alkaline reaction of the p-nitrophenyl ester and 
of the alkaline and water reactions of the fluoride were 
determined. These results are summarized in Table 
IV with the alkaline and water reactions of the chloride, 
imidazole, and pyridinium derivatives. 

TABLE IV 
RATE CONSTANTS FOR THE HYDROXIDE AND WATER REACTIONS 

O F  D I P H E N Y L C A R B B M O Y L  DERIV.4TlVES A T  25" 
k, > hOH, 

Fluoride 3 .8  x 77b 
Chloride 1.8 x 10-3 1.04 
p-Nitrophenol O I 0 1 8 C  

Derivative min-1 A - 1  min-1 

Pyridine 4.95 x 10-4 2.5-8.0 X lo6 
Imidazole 3 . 6  

a Determined in 10-1-10-3 M HCI, 10% acetonitrile. De- 
termined in 10-2 M XaOH. Determined in 0.88 M NaOH. 

Discussion 

The sensitivity of diphenylcarbamoyl chloride to re- 
action with nucleophiles is very small. This lack of 
sensitivity is most apparent in the low value of k o ~ / k , ,  
the ratio of the hydroxide rate constant and the water 
rate constant, 500 M-' for this substrate. The fluoride, 
on the other hand, has a k ~ H / k ,  value of 2 X los JP1,  
Typical values of k o ~ / k ,  for most esters, both reactive 
and unreactive, is 109-1010 Il4-l. Examples are 1.7 X 
lo9 A4-l for diphenylcarbamoylpyridinium ion found 
here, 7 X lo9 M-l for p-nitrophenyl acetate, 20 X 
l O l 0  M-l for phenyl acetate, 3.6 X lo9 114-l for l-ace- 
toxy-4-methoxypyridinium perchlorate, 2.2  X lo9 
M-l for acetyl-4-methylpyridinium ion, and 3.9 X lo8 
for methyl chloroacetate.13-15 No reaction of anionic 
nucleophiles with diphenylcarbamoyl chloride could be 
detected in the case of carboxylates, sulfite, phosphate, 
and carbonate. The value of 678 M-' min-l for k o ~  

(13) W. P. Jencks and M. Gilchrist, J. Amer. Chem. Soc., 90, 2622 (1968). 
(14) A. R. Fersht and W. P. Jencks, ibid., 92, 5442 (1970). 
(15) J .  F. Kirsch and W. P. Jencks, ibid., 86, 837 (1964). 
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Figure 1.-Rat e coefficients for nucleophilic reactions of di- 
phenylcarbamoyl chloride 5s. pK, of the nucleophile. Abbrevia- 
tions: gly, glycine; For, formate; AcO, acetate; Trk, tris- 
(hydroxymethy1)aminomethane; Im, imidazole; MeIm, N- 
methylimidazole; Pi, phosphate; O, oxygen nucleophiles; E, 
nitrogen nucleophiles. 

( 3 2 O ,  25% acetonitrile) reported by Erlanger, et ~ 1 . ~ ’ ~  
is in error, because this value was determined at  a single 
pH value of 7.16 where there is no significant hydroxide 
reaction with diphenylcarbamoyl chloride. Because 
of the insensitivity to  nucleophilic attack the hydroxide 
reaction does not become important until pH 11 due to  
its low value of 1 M-l min-‘. 

On the other hand, diphenylcarbamoyl chloride does 
react directly with amines forming the corresponding 
N,  N-diphenylurea derivatives, and with the reactive 
anionic nucleophiles azide and nitrite. Greater reac- 
tivity to  the “a effect” nucleophiles hydrazine and 
hydroxylamine than to primary amines of similar ba- 
sicity is displaged, as shown in Figure 1, where the rate 
constants for the nucleophilic reactions are plotted 
against the pKa of the nucleophile. The plot separates 
into two distinct lines; the amines are more reactive 
for their basicity than the oxygen nucleophiles water 
and hydroxide. The sensitivity to nucleophilic attack 
is small with the slope of the lines (the p values) being 
0.25.  The reactivity of nucleophiles to diphenylcar- 
bamoyl chloride can be correlated with their nucleo- 
philic reactivity to p-nitrophenyl acetate as shown in 
Figure 2 where also nucleophilic reactivity to diphenyl- 
carbamoylpyridinium ion is shown. The slope for this 
plot is 0.5 for diphenylcarbamoyl chloride and 1.1 for 
diphenylcarbamoylpyridinium ion. The slope of 0.5 
is considerably smaller than the slopes of unity for most 
reac t i~ns , ’~  thereby suggesting very little bond making 
in the transition state for diphenylcarbamoyl chloride. 
The small negative entropy of activation of - 5 eu and 
the solvent deuterium isotope effect of 1.2 for the water 
reaction of diphenylcarbamoyl chloride is in contrast 
to the large negative entropies of activation of -20 to 
-30 eul* and the sizable solvent isotope effects of >2 
observed in the water reactions of most carboxylic acid 
 derivative^.'^ These results, combined with the low 
sensitivity (low p)  in nucleophilic displacement reac- 
tions, suggest that the transition state for the reaction 

Data from Table 11. 

(16) B. F. Erlanger, S. M. Vratsanos, N. H. Wasserman, and A. G. Cooper, 
Bzochem. J . ,  118, 421 (1970). 

(17) S. L. Johnson in “Advances in Physical Organic Chemistry,” Vol. 
V, V. Gold, Ed., Academic Press, Kew York, N. Y., 1967. 

(18) L. L. Schaleger and F. A. Long, “Advances in Physical Organic 
Chemistry,” Vol. I ,  V. Gold, Ed., Academic Press, S e w  York, K. Y., 1963, 
P 1. 

J .  Org. Chem., Vol. 37, No. 9, 197a 1387 

-6 t 
-6 -4 - 2  0 2 4 

log kNpA, M-lrnin-l  

Figure 2.-Logarithmic plot of rate constants for the reactions 
of nucleophiles with p-nitrophenyl acetate, k N p A ,  us. the reactions 
of nucleophiles with diphenylcarbamoyl chloride, 0, and diphenyl- 
carbamoylpyridinium ion, 0.  ME is mercaptoethanol; For, 
formate; ilcO, acetate; Im, imidazole; hleIm, S-melhylimid- 
azole; Pi, phosphate. The formate rate constant for p-nitro- 
phenyl acetate was estimated from the data of Fersht and 
Kirby16a for nucleophilic reactions of 2,4-dinitrophenyl acetate 
assuming a similar relative reactivity to p-nitrophenyl acetate. 
The other rate constants for p-nitrophenyl acetate has been sum- 
marized by Johnson.” 

of diphenylcarbamoyl chloride with water and with 
other nucleophiles is very loose and nearly unimolecular. 
An even more extreme carbamoyl chloride reaction is 
that of dimethylcarbamoyl chloride, which exhibits an 
entropy of activation of 5 eu and is insensitive to reac- 
tion with added amine nucleophiles. 19,20 

In  acyl transfer reactions from acyl compounds with 
good leaving groups Ferscht and Jencks found low sen- 
sitivity to the nucleophile basicity as well as low sensi- 
tivity to the basicity of the leaving group.14 A very 
reactantlike transition state was suggested. The be- 
havior of diphenylcarbamoyl chloride to nucleophilic 
reagents represents a very extreme example of low sen- 
sitivity to  the reactivity of the nucleophile and can be 
accounted for by transition state 6. The maintenance 

6 

of sensitivity to factors other than basicity in the reac- 
tivity of diphenylcarbamoyl chloride to  the “01 nucleo- 
philes” hydrazine and hydroxylamine as well as to 
azide ion, a situation similar to the reactions of acyl- 
pyridinium ions, suggests that highly reactive nucleo- 
philes do not require much bonding in transition state 
6 to exert their special reactivity.14 

(19) H. K. Hall, J r . ,  J. Amer. Chem. Soc., 77, 5993 (1955). 
(20) I. Ugi and F. Beck, Chem. Ber., 94, 1839 (1961). 
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Experimental Section 
Materials.-Diphenylcarbamoylimidazole was prepared by al- 

lowing l M imidazole to react with O.0Zc5 M diphenylcarbamoyl 
chloride in 307, aqueous dioxane at  room temperature for 24 hr. 
Crystals were collected and recrystallized from ethanol, mp 119.3- 
122.5', YC-o 1695 cm-I. Analysis was performed by Schwarz- 
kopf Analytical Service, Woodside, N .  Y. Anal .  Calcd for 
C1OH&30: C, 72.99; H ,  4.98; N,  15.96. Found: C,  72.90; H, 
4.93; K ,  15.68. Diphenylcarbamoyl chloride 1,l-diphenylurea, 
ethyl diphenylcarbamate, and diphenylamine are from Distilla- 
tion Products Industries. p-Nitrophenyl diphenylcarbamate is 
from Sigma Chemical Co. Dimethylcarbamoylpyridinium chlo- 
ride was prepared by the method of Johnson and Rumon.zl Di- 
phenylcarbamoylpyridinium chloride, mp 107.5-108.5", was pre- 
pared by the method of Herzog.2z Diphenylcarbamoyl fluoride, 
mp 81.8-82.0°, was prepared by allowing equimolar KF and di- 
phenylcarbamoylpyridinium chloride to react in 10% acetonitrile, 
and twice recrystallized from ethanol. This product has the 
same melting point as the diphenylcarbamoyl fluoride obtained 
by treatment of diphenylcarbamoyl chloride with SbFB in xy- 
lene.5 The mercaptoethanol thiol ester of diphenylcarbamic acid 
was prepared from the treatment of 11, 0.10 M ,  with 0.2 M mer- 
captoethanol, pH 8.0, for 5 min. The product was isolated in 
89% yield in the crude form and recrystallized from ethanol, mp 
77.5-78.5'. Elemental analysis was performed by Schwarzkopf 
Microanalytiral Laboratories, Woodside, K.  Y. A n a l .  Calcd 
for CljHl0NOP: Found: 
C, 65.38; H ,  5.59; N ,  5.03; S, 13.23. The infrared spectrum of 
this compound (taken with a Beckman IR-4 spectrometer) shows 
an OH stretching frequency a t  3450 cm-l, a carbonyl stretching 
frequency at  1666 em-', and a single carbonyl stretching fre- 
quency a t  1666 cm-l. The latter frequency is in contrast with 
the 1724 em-' frequency of ethyl diphenylcarbamate, and serves 
to rule out the formation of the isomeric oxygen ester in the reac- 
tion. The presence of the OH stretching frequency confirms this 
structure because the isomeric product would have only a weak 
band due to SH stretching a t  ca. 2400 cm-I. The thiol ester 
product absorbs maximally a t  241 nmin the uv. 

Chemical Kinetics .-The hydrolysis rate of diphenylcarbamoyl 
chloride, fluoride, -imidazole, and -pyridinium ion was followed by 
measuring the increase in absorption produced a t  280 nm by the 
diphenylamine product. In  case of acetate, phosphate, Tris, 
and thiol-containing buffers which react directly with diphenyl- 
carbamoylpyridinium to form products which do not rapidly 
liberate diphenylamine, the disappearance of the substrate was 
measured by utilizing the ability of carbamoylpyridinium ions to 
undergo ring-opening reactions which produce chromophoric 
materials.z0 In this case diphenylcarbamoylpyridinium ion is 
allowed to react with the desired buffer, and 1-ml aliquots are 

C, 65.91; H ,  5.53; N ,  .?.13; S, 11.71. 

(21) S. L. Johnson and K. A. Rumon, J .  Phgs.  Chem., 68, 3149 (1964). 
(22) J. Herzog, Ber., 40, 1831 (1907). 

removed at  timed intervals and placed in 5 0-ml portions of 1 M 
NaOH. The absorbances of these solutions are then measured a t  
422 nm. At this pH the chromophoric material disappears only 
slowly with a specific rate constant of 0.012 min-1. 

The reaction of diphenylcarbamoylpyridinium ion with more 
basic buffers was followed at  340 or 422 nm, which is a measure of 
the concurrent ring-opening process. The alkaline hydrolysis 
of diphenylcarbamoyl chloride was followed a t  245 nm in 0.01-1 
M NaOH. Diphenylcarbamate, hmax 245 nm, is the stable prod- 
uct from this reaction from diphenylcarbamoyl chloride, Xmax 
227 nm. The reaction of diphenylcarbamate to produce di- 
phenylamine depends only on hydrogen ion and has a specific 
rate constant k~ = 0.45 X lo8 M - ]  min-l a t  25O.I1 The result is 
that this carbamate is the stable product of diphenylcarbamoyl 
chloride in alkaline solutions. The alkaline hydrolysis of di- 
phenylcarbamoyl chloride and fluoride and of diphenylcarbamoyl- 
imidazole was also followed by a quenching procedure, in which 
appropriate amounts of 1 M acetic acid are added to aliquots from 
the alkaline reacting solutions. This gives a pH 4-6 solution, 
depending upon the conditions, in which diphenylcarbamate from 
the alkaline hydrolysis reaction readily produces diphenylamine 
which can be monitored at  280 nm. The pK, of diphenylcar- 
bamoylimidazole was measured by placing known quantities of 
the substrate in buffers of various pH values and measuring the 
absorbance of the acid form at  226.5 nm and the basic form of the 
substrate a t  233 nm. The relationship pK = pH + log A ,  - 
A / ( A  - Ai) was used, where Ai, A,, and A are optical absorbances 
of the fully ionized form the unionized form, and observed form, 
respectively. 

Analysis of Kinetics.-Semilog plots of A L  - A ,  us. time were 
made, where the A ' s  refer to the optical absorbances. Good 
linearity is achieved to past 90% reaction in most cases. The rate 
constant is calculated from the slope of the line divided by 2.303. 
The observed rate constants are plotted against the buffer con- 
centration if a series of buffers of constant pH and varying con- 
centration is used. The slope of such a plot is taken as the spe- 
cific rate constant, l e z ,  for theinteraction of the substratewith the 
buffer component. The intercept, kl, is equal to k ,  +  OH-. 
(OH-), the sum of the water and hydroxide terms. In the case 
where hydroxide is the variable buffer component k ,  refers to the 
water term, le,. 

Registry No.-1, 83-01-2; 2, 33712-38-8; diphenyl- 
carbamoyl fluoride, 10055-41-1 ; p-nitrophenyl. di- 
phenylcarbamate, 3848-46-2 ; diphenylcarbamoyl- 
imidazole, 2875-79-8; mercaptoethanol thiol ester 
of diphenylcarbamic acid, 33712-42-4. 
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The decarboxylation of 2-cyano-Zphenylacetate ion via an intermediate carbanion is catalyzed ca. 660-fold 
by micelles of cetyltrimethylammonium bromide, CTABr, but that of 3-bromo-3-phenylpropionate ion via 
an intermediate carbonium ion is retarded by cationic micelles. The micellar-catalyzed decarboxylation of 
the 2-cyano acetate ion is enhanced by added inorganic salts, but added salts reduce the micellar inhibition 
of the decarboxylation of the 3-bromo propionate ion. 

Decarboxylation of the 6-nitrobenzisoxazole-3-carbox- implies that the transition state with its 'delocalized neg- 
ylate ion (I) is strongly catalyzed by cationic micelles ative charge interacts more strongly than I with the 
of cetyltrimethylammonium bromide (CTABr) . 3  This cationic micelle. We were therefore interested in ex- 
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amining micellar effects upon decarboxJrlations Of Other 
carboxvlate ions. Two reactions, having different mech- - 
anisms, were examined. acknowledged. 
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