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KINETICS OF REACTIONS OF para-SUBSTITUTED PHENYL
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The reaction of para-substituted phenyl isocyanates with amines and alcohols was studied by
stopped-ifow method. The Hammett correlation obtained showed that the sensitivity of the above
mentioned reactions toward substituent effects is the same as that of analogous reactions of phenyl
isothiocyanates (, 2). The rate constants of these reactions were found to be affected more by
steric effects than by solvent effects. An one step multicentre mechanism with partial charges in
transition state has been proposed for the title reactions.
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The high polarity of multiple bonds and the strong electrophilic character of the
carbon of the —N=C=O group are the reason why typical reactions of isocyanates
are nucleophilic addition reactions. The reactions of isocyanates with nucleophiles
were relatively often studied', mainly due to wide application of their products.
However, a general mechanism of these reactions has not yet been proved unambi-
guously. Most authors2 have preferred a mechanism involving cyclic transition
state to that including a zwitterion intermediate6. The possible role of catalysis by
the reaction components has also been discussed27.

In our previous works8 —10 we were concerned with kinetics of reactions of isothio-
cyanates with HO-, H2N- and HS-nucleophiles with the aim to determine and analyse
their reactivity—structure relationships. For that reason in the present work we de-
cided to compare previous results with data for analogous phenyl isocyanates obtained
both by us and by other authors. The reactions studied are depicted in Scheme 1.
They were followed by stopped-flow method under conditions of the pseudomono-
molecular reaction.

EXPERIMENTAL

Compounds

Series of para-substituted phenyl isocyanates la—Ih was prepared by the Curtius rearrangement
of the azides of corresponding carboxylic acids. The purity of the obtained compounds was
checked by comparing their physicochemical characteristics with reported data11.

Products

N-Phenyl-N'-alkylureas II were prepared by the reaction of equimolar amounts of the cor-
responding isocyanate with amine in dry diethyl ether. The raw product was isolated by filtration
with suction, washed with small amount of the ether and dried. Analogous procedure was also
used to prepare N-phenyl-O-alkyl carbamates III. UV spectra of the products were measured
in cyclohexane.

N-(p-Mthoxyphenyl)-N'-buty!urea (lEa), m.p. 112°C. UV spectrum: 241 nm, log c 385.
For C12H18N202 (2222) calculated: 6484% C, &16% H, 126O% N; found: 6502% C, 807% H,
1241%N.

N.(p-MethylphrnyT)-N'-butylurea (lib), in.p. 114°C. UV spectrum: 241 nm, loge 410.
For C,2H,8N20 (2O629) calculated: 6987% C, 880% H, 1325% N; found: 7003% C, 875% H,
1336% N.

N-Phenyl-N'-butylurea (lie), m.p. 130—131°C. UV spectrum: 240 nm, log c 369. For
C,H16N2O (l9226) calculated: 6872% C, &39% H, 1457% N; found: 6&93% C, &42% H,
1437% N.

N-(p-Fluor,pheny-N'-butylurea (LId), 132°C. UV spectrum: 237 nfn, loge 364. For
C,,H15N20F (2l025) calculated: 6284% C, 719% H, 1332% N; found: 62'90% C, 7.22% H,
1353% N.
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N-(p-Chlorophenyl)-N'-butylurea (lIe), m.p. 174°C. UV spectrum: 2max 247 nm, log e 386.
For C1 H1 5N20C1 (22671) calculated: 5828% C, 667% H, 1236% N; found: 5&09% C,
661% H, 1208% N.

N(p-Bromophenyl)-N'-butylurea (IIfl, UV spectrum: 2max 245 nm, loge 383. For C1 1H1 .
.N2OBr (27ll6) calculated: 4873% C, 558% H, l033% N; found: 4864% C, 56l% H, l026% N.

N-(p-Cyanophenyl)-N'-butylurea (hg), m.p. 130°C. UV spectrum: 2max 268 nm, log a 3'56.
For C12 H15N30 (21727) calculated: 6634% C, 696% H, 19'34% N; found: 66l5% C, 7.01% H,
1922% N.

N-(p-Nitrophenyl)-N'-butylurea (lIh), m.p. 128—129°C. UV spectrum: 'max 327 nm, log a
385. For C1 1H15N303 (23726) calculated: 5569% C, 637% H, 17.71% N; found: 554l% C,
635% H, 1767% N.

N-Phenyl-N'-isopropylurea (Iii), m.p. 157°C. UV spectrum: 'max 241 nm, loge 543. For
C10H14N20 (17&24) calculated: 6739% C, 729% H, 1560% N; found: 6745% C, 7-86% H,
1560% N.

N-Phenyl-N'-tert-butylurea (hIj), m.p. 171—172°C. UV spectrum: Amax 242 nm, loge 529•
For C11H16N20 (19226) calculated: 6&72% C, &39% H, 1457% N; found: 6891% C, &36% H
1441% N.

1-(N-Phenylcarbamoyt)piperidine (Ilk), m.p. 171—172°C. UV spectrum: 2max 241 nm, log a
537 For C12 H16N20 (20427) calculated: 7056% C, 790% H, 137l% N; found: 704O% C,
797% H, 13-69% N.

N-Phenyl-O-butyl carbamate (LIla). UV spectrum: 2max 234 nm; loge 598. For C1 1H15N02
(19325) calculated: 6837% C, 782% H, 725% H; found: 6822% C, 787% H, 736% N.

N-Phenyl-O-(l-methoxypropyl)carbamate (Ihib). UV spectrum: 2max 234 nm, log a 557. For
C11H15N02 (19325) calculated: 6&22% C, 782% H, 725% N; found: 6&41% C, 775% H,
72l% N.

N-Phenyl-O-tert-butyl carbamate (mc). UV spectrum: 2max 236 nm, loge 564. For C1 1H15.
.N02 (193-25) calculated: 6&22% C, 782% H, 725% N; found: 6845% C, 791% H, 7'32% N.

Kinetic Measurements

Reactions of p-substituted phenyl isocyanates Ia— lh with selected amines and alcohols were
followed by stopped-flow technique12 (the instrument: Model 1705, Applied Photophysics,
G.B.) in the following solvents: cyclohexane, dioxane and acetonitrile. Concentrations of iso-
cyanates 1 and amines or alcohols were such that it ensured the pseudomonomolecular course
of the reactions. The reaction course was recorded with a HP3437A voltameter and immediately
evaluated by a HP-85 computer which was connected to the voltameter via a HP-lB 82937A
interface. The apparent rate constants k' were determined from the relation log [log( V/ V)1
= const. —k't/2303, where V is the voltage in time t (proportional to the intensity of the light
passing through the reactor in time t), V is the voltage at the end of the reaction (proportionaf
to the intensity of the light which has passed through the reactor at the end of the reaction).
The values of the real rate constant k were calculated as k = k'/[C], where [C] is the concentra-
tion of a given amine or alcohol. The whole arrangement and its testing is described in more
detail in our works13'14. The order of the studied addition reactions was verified by the reaction
of phenyl isocyanate with nine different concentrations of butylamine in cyclohexane at 25°C
and at 2 245 nm (Table I). Each k' value represents the average of ten measurements. The values
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of k' and butylamine concentrations [BuNH2] are related by the expression k' = 17'77 [BuNH2]
with the correlation coefficient r= 0998. The increase of the rate constant k with butylamine
concentration can be ascribed to the change in the polar properties of the reaction medium
under given reaction conditions2'15. The dependence of the apparent rate constant k' on phenyl
isocyanate concentration has been followed similarly. By using seven different concentrations
of phenyl isocyanate at sufficient excess of butylamine (100 fold excess) we have found that k'
is almost identical with the value presented in Table I, i.e. 17'5 . 10—2 i• This value does
not change even if the catalytic amount of N-phenyl-N'-butylurea is present at the beginning
of the reaction. On the basis of the equation log k' = log k + n log [BuNH2], the reaction
order was found to be n = F08 (r = 0999).

RESULTS AND DISCUSSION

Substituent Effect

The values of the rate constants k presented in Table II speak for the important
effect of substituents on the rate of the reaction of p-substituted phenyl isocyanates
with butylamine. The reaction with the nitro derivative Ih proceeded by about
300times faster rate as with the methoxy derivative Ia. The k values correlate well
with the substitution parameters16 o according to the relation log k = 2OO5 o +
log 3O5 with the correlation coefficient r = O991. It is of interest to compare now
the reactivity of phenyl isocyanate and of phenyl isothiocyanate1° toward butylamine
in cyclohexane at 25°C. Under these reaction conditions the reaction of the un-
substituted phenyl isocyanate proceeds 300times faster than the reaction of the

TABLE I

Kinetic data on the reaction of phenyl isocyanate with butylamine in cyclohexane at 25°C (phenyl
isocyanate concentration is 105. i0 mol 1, ) = 245 nm)

[BuNH2]. iø Excess k'. l02(
molFt BuNH2 s

2 20 286
3 30 459
4 40 6'27
5 50 791
6 60 933
7 70 1104
8 80 13'25
9 90 l568

10 100 17•51

a k' apparent rate constant.
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unsubstituted phenyl isothiocyanate. Comparison of the values of the rate constants
of the studied isocyanates and the corresponding isothiocyanates'° as well as the
values of the slopes (QNC0 and QN) of the given dependences show that the reactions
of phenyl isocyanates are faster but almost as sensitive to substituent effects ( 2)
as those of phenyl isothiocyanates. This allows us to assume that the same mesomeric
structures can play role in the reaction of both phenyl isothiocyanates and phenyl
isocyanates17 and hence that the mechanism of the reactions could be the same
in both cases. The fact that phenyl isothiocyanates are less reactive than phçnyl
isocyanates comports with the total charges on the carbons of —NCO and —NCS
• groups calculated by17 MNDO method. The charge on the carbon of the —NCO
group (0.396 e) is markedly greater compared to that on the carbon of the NCS
group (0.247 e). In the p-substituted series Ia —Ih there exists the correlation between
the rate constants k and the total charges Q on the carbon of —NCO group in the
form log k = 15F59 Q — 5878 (r = 0955).

Reaction of Phenyl Isocyanate with Selected N and 0 Nucleoph lies
in Cyclohexane at 25°C (Steric Effects)

The effect of nucleophility and steric effects of the reagents were studied by using
the properly chosen nucleophiles (Table III). In accordance with the assumed in-
crease of nucleophility, in the case of the little sterically hindered reagents, also the
rate of the above mentioned reactions is increased, as demonstrated by comparison

TABLE II

Kinetic data on reactions of p-substituted phenyl isocyanates Ia—liz with butylamine in cyclo-
hexane at 25°C (phenyl isocyanates concentration is c. 1 . 10 mol l I)

Compound X
A

nm
[BuNH2] . 1O

mo111
k
s_i

k
1 mo11 s

Ia OCH3 245 107 011 105
lb CH3 250 108 017 161
Ic H 245 100 018 175
Id F 240 098 044 450
le Cl 255 103 107 1043
If Br 250 104 089 851
Ig CN 280 108 838 7758
I/i NO2 280 106 1433 1 3515

k' values were measured at lOOfold excess of butylamine with respect to phenyl isocyanates;
A values are optimum wavelengths for given measurement.
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of kinetic data in Table III: n-BuOH: sec-BuOH : n-BuNH2 : (CH2)5NH = 1: 14:
27: 1 245. The reactivity of piperidine, (CH2)5NH, is thus 1 200times greater than

that of n-butanol and about SOtimes greater than the reactivity of n-butylamine.
From the following relations of the relative rate constants for the amines (n-butyl-
amine: isopropylamine: tert-butylamine = 53 : 65: 1) and for the alcohols (n-butyl
alcohol : sec-butyl alcohol : tert-butyl alcohol = : 204: 1) it follows that in the
series of both the amines and the alcohols the steric hinderance at the tertiary carbon
has such a strong effect that it prevails over the effect of the higher nucleophility
of the attacking atom and the corresponding reaction proceeds here at the slowest
rate. It is further worthy of mentioning that the marked difference between the
reactivity of n-butyl alcohol and sec-butyl alcohol is no more observed with the
corresponding amines (n-butylamine and isopropylamine). On the basis of deter-
mined rate constants of the reactions of phenyl isocyanate with N- and O-nucleo-
philes, the following sequence of the nucleophiles according to their increasing
reactivity can be written:

(cH3)3coH < H3C(CH2)30H <(cH3)3cNH2 < CH3(C2H5)CHOH

H3C(CH2)3NH2 <CH3(C2H5)CHNH2 <(CH2)5NH.

Reactions of p-Substituted Phenyl Isocyanates I with Butylamine
in Different Solvents

The solvent effect in the reactions of p-methoxyphenyl, phenyl and p-chlorophenyl
isocyanate was examined by using three solvents : cyclohexane, dioxane and aceto-

TABLE III

Kinetic data on reactions of phenyl isocyanate with different N and 0 nucleophiles in cyclohexane
at 25°C (phenyl isocyanate concentration is c. 1 .i0mol 11)

Nucleophile
%

nm
[Nu] . 1o'

mol r1
k'

1
k

1 mor s

C4H9NH2 243 100 018 175
(CH3)2CHNH2 245 104 022 213
(CH3)3CNH2 245 F00 003 33
(CH2)5NH 245 100 817 8167
C4H9OH 240 100 001 07
C2H5(CH3)CHOH 240 100 010 9•5

(CH3)3COH 240 108 001 05

a Nu nucleophile.
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nitrile (Table IV). Kinetic data obtained show that the studied reactions proceed
faster in polar solvents (l7Otimes faster in dioxane and l2Otimes faster in aceto-
nitrile compared to cyclohexane). From Table V it follows further that the differences
in logarithms of the rate constants for a given substituent are practically constant.
This indicates that the polarity of solvents does not affect the slopes of the reactions

(i.e. ).

Proposed Mechanism

Reactions of phenyl isocyanates with butylamine are typical nucleophilic additions,
AdN, that can proceed in general either by a synchronous or by an asynchronous

TABLE IV

Kinetic data on reactions of p-substituted phenyl isocyanates I (Scheme 1) with butylamine in
different solvents at 25°C (compoud I concentration is c. 1. i0 mol l)

X SlVflt" A

nm
[BuNH2]. 102

moIF1
k'

s
k

lmol1s'

OCH3 ACN 245 101 1252 I 2394
H ACN 245 096 2035 2l202
Cl ACN 255 101 13276 13 1448

OCH3 DIO 245 099 17-18 1 7349
H DIO 245 099 324O 3 285-8
Cl DIO 255 101 177'72 17 595-5

a ACN acetonitrile, DlO dioxane.

TABLE V

Logarithms of rate constants of reactions of p-substituted phenyl isocyanates I with butylamine
(Scheme 1) in cyclohexane (CHX), acetonitrile (ACN) and dioxane (DIO) and their differences
for given substitent in the solvent pairs

log k
X - log (kACN/kcHx) log (kDJo/kcHx)

CHX ACN DIO

OCH3 F02 309 3-24 1-07 2-22

H 1-24 333 3-52 2-08 2-27

CI 2-02 412 425 210 2-23
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mechanism via cyclic (A) or zwitterionic (B) intermediate1. The observed increase
of the rate of the reaction of phenyl isocyanate with butylamine in polar solvents
cannot be accounted for by synchronous mechanism with intermediate A where solvent

C6H5N---C---.O
+ I

HR
A B

effect would operate less. Molecules of polar solvents are known to stabilize charges
of zwitterion B which could be formed in the first step of the reaction, and thus to
lead to rate acceleration. However, the great negative values of the activation
entropy EtS* and the small activation enthalpy LH* of the reactions of isocyanates
with amines18 are strong arguments against the operation of the zwitterion inter-
mediate B. Although such data cannot be presented by us for the reactions studied
in our work because of the arrangement used, our assumptions can be based on the
results of the studies of similar systems which show for the zwitterion intermediate
the solvent effect of acetonitrile/cyclohexane19 by an order of iø or small values
(e.g. acetonitrile/heptane2° the values of an order of 10) for the transition state of
the type A. Hence, the obtained results along with literature data allow to conclude
that in the transition state there is not any uniform formation of new bonds. There-
fore, the nucleophilic addition of butylamine to phenyl isocyanate is not strictly
synchronous but it takes place with formation of partial charges in intermediate C.

C6HcO

C
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