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The base-catalysed addition of H-acidic compounds HX, such as alcohols, phenols and amines, t o  
isocyanates giving carbamates and ureas may proceed by three fundamental mechanisms depending 
on the acidity and nucleophilicity o f  the particular HX and the basicity of  the catalyst B. Acidic, less 
nucleophilic HX. such as phenols and acidic alcohols, are transformed by the base catalyst into the 
anionic X-  which is then added t o  the isocyanate (mechanism I). HX of moderate acidity, like the 
common alcohols, may react in a concerted single-step reaction, in  which proton transfer to  the 
base and nucleophilic addition to isocyanate occur simultaneously (mechanism I I). With strong 
bases as catalysts, a changeover of  mechanism II into I can occur. Less acidic, stronger nucleophilic 
HX, such as aromatic amines, are added directly t o  the isocyanate fo l lowed by  base-catalysed proton 
transfer in the resulting adduct (mechanism 1 1 1 ) .  

The three mechanisms leads t o  different rate laws and structure-reactivity relationships. The 
concerted and the stepwise mechanisms II and Ill are susceptible to  steric hindrance of  HX and the 
catalyst 6, whereas the anionic mechanism I is not influenced by steric effects of  6. The relative 
reactivity of  HX towards isocyanate rises wi th  the basicity (decreasing acidity) of HX in mechanism 
Ill (amines: Brsnsted pn,, > 0), but is independent of it in mechanism II (common alcohols: 
pn,, = 0 ) .  In mechanism I wi th  strong acidic HX, the reactivity of  HX increases wi th  decreasing 
acidity (strong acidic phenols: pn,, > 0), but decreases wi th  the less acidic HX (less acidic phenols 
and acidic alcohols: p,,, < 0). 

Organic isocyanates readily react with compounds containing 
acidic hydrogen (HX) to produce the corresponding carbamoyl 
derivatives (Scheme 1). In this way, alcohols and phenols 

R-N=C=O + H-X R-NH-CO-X 

Scheme 1 

(R'OH) are transformed into carbamates (urethanes RNH- 
COOR'). Other hydroxylic compounds, such as water or 
carboxylic acids, react similarly, but the primarily formed 
carbamic acids (RNHCOOH) and anhydrides (RNHCOO- 
COR') decarboxylate giving amines and amides (RNH, and 
RNHCOR', respectively). Amines (R'NH,) and amides 
(R'CONH,) react with isocyanates to form substituted ureas 
(RNHCONHR' and RNHCONHCOR', respectively). 

Most of these transformations are subject to catalysis by 
bases, acids, Lewis acids and certain metal compounds, of which 
tertiary amines and tin carboxylates are used on a large scale in 
the industrial production of polyurethanes from diisocyanates 
and polyalcohols. 

Due to this importance, a wealth of experimental investig- 
ation has been performed into the kinetics and mechanisms of 
these reactions,' but many of these studies have been done 
under intricate conditions, resulting in considerable mis- 
interpretation and open questions, which prevent a deeper 
insight into the relationships between structure, reaction 
conditions and reactivity of the compounds involved. 

Most of the earlier studies have been performed in non or 
weakly polar solvents such as hydrocarbons and ethers. In 
these solvents the reactants, in particular alcohols, are 
associated with themselves, the catalysts and with the reaction 
products via hydrogen bonds which affect markedly their 
reactivity. Kinetic considerations which did not take into 
account these phenomena, therefore, have led to incorrect 
conclusions. 

Thus, concerning the nature of base catalysis, Baker et al., 

who carried out the first kinetic studies to elucidate the 
mechanism of catalytic action of tertiary amines (B) in dibutyl 
ether as solvent, assumed nucleophilic catalysis involving 
activation of the isocyanate by addition of B,, (Scheme 2). 

B +RN=C=O - + HX B+RNHCOX 

Scheme 2 

It was soon recognized, but slowly accepted, that this 
mechanism leads to many contradictions and cannot be valid in 
general. 

Baker discussed but rejected a mechanism in which the base 
activates not the isocyanate but the alcohol through formation 
of a hydrogen bonded complex which is more or less ionic 
(Scheme 3). This mechanism was first proposed to occur in the 
catalysis of more acidic HX such as thiols and  phenol^,^ but 
later also for the alcohol r e a ~ t i o n . ~  

B + HX e B-HX e BH+X- B + RNHCOX 

Scheme 3 

This mechanism is now generally accepted, but it can be valid 
only for reactions in less polar solvents, because in media of 
higher polarity the hydrogen bonded complexes play no role. 
Moreover, the detailed mechanism of the essential last step of 
Scheme 3 is by no means clear at present. For the amine 
catalysed reaction of phenyl isocyanate with aniline in 
acetonitrile, it was concluded by examination of hydrogen 
isotope effects and base structure-reactivity relationships that 
the base catalyst functions by accelerating the rate-limiting 
proton transfer from an intermediate isocyanate-aniline 
adduct (Scheme 4). 
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Scheme 4 

In a detailed study by Williams and Jencks,6 this was 
confirmed to be true also for the reactions of cyanic acid with 
arylamines in water, whereas with aliphatic amines the addition 
of HX onto the isocyanate was rate-determining and base 
catalysis was completely absent. 

Kinetics of Base-catalysed Reactions of Isocyanates with 
Hydrogen-acidic Compounds.-Dealing with the problem of 
base catalysis of isocyanate reactions comprehensively, one can 
start from the fact that the general transformation (Scheme 1) 
proceeds at least in two steps, shown in Scheme 5, of which step 

(b) ?JR NHR 
X-C:' - +HB+ - X-C' + B  

Scheme 5 

0 "0 

(a) is rate-limiting. This step (a) involves the proton transfer 
from HX to B and the nucleophilic addition of X to the 
isocyanate with formation of the X-C bond. The timing of 
these two events is the essential problem of understanding 
the mechanisms of base catalysis of isocyanate reactions 
(Scheme 1). 

Proton transfer and X-C bond formation may take place in 
one step synchronously (Scheme 6, 11) or in two steps 
successively, in the latter case both proton transfer (I) or X-C 
bond formation (111) may occur as the first step. 

Scheme 6 

It may be anticipated that, depending on the electrophilicity 
of the isocyanate, the acidity and nucleophilicity of HX and 
the basicity of B, which all are strongly solvent dependent, each 
of these three basic mechanisms is possible. HX Compounds of 
high acidity and low nucleophilicity (e.g. phenols) should react 
according to path I, those of low acidity and high nucleophilicity 
(e.g. amines) according to path 111, and HX of intermediate 
acidity and nucleophilicity (e.g. alcohols) according to path 11. 

Criteria to differentiate between the three basic mechanisms 
of Scheme 6 are: (a) the rate equations; (b) the dependence of the 
rate on the basicity of HX in terms of p,,, VHx) of a Brernsted 
relationship correlating lgk with PK,,~+; and (c) the Brernsted 
coefficient pB of a correlation of lgk with pKHB+, the basicity of 
the catalyst base. 

Rate Equations.-At first we shall consider the problem for 
reactions in highly polar solvents, for example water where 
neither ion pair association nor B(HX),, X-(HX), or (HX), 
complex formation occur. Under these conditions, mechanism I 

in which the anion X- is formed first [Scheme 7(a)] and reacts 
with the isocyanate I in a second rate-limiting step (b), 

B + HX;--"BH+ + X -  (4 

x- + I - x I -  (b) 
Scheme 7 

This leads to the rate eqn. (l), where k, is the rate constant of 

step (b) (Scheme 7) and KO the equilibrium constant of the 
proton transfer (a). KO may be determined from the acidity 
constants of HX and HB' by eqn. (2) .  

Mechanism I may be divided into two subclasses. 
Ia: For strongly acidic HX and strong bases B, where 

Ko[HX] % [Bl0, the base is completely transformed into HB' 
so that [HB'] = [X-] = [Bl0, and eqn. (1) simplifies to give 
eqn. (3), which is of zero order with respect to HX. The 

rate constant, k,, of addition of X- to the isocyanate is then 
directly accessible from this rate law. 

Ib: For less acidic HX, where Ko[HX] -g [Blo and [B] = 
[Bl0, eqn. (1) reduces to eqn. (4), which is of half order in [B] 

and [HX]. Mechanism Ia becomes Ib when eqn. (3) = (4), that 
is when KO = [B]o/[HX] or eqn. (5) is satisfied. 

In media of intermediate polarity, such as the common 
dipolar aprotic solvents acetonitrile, dimethyl sulfoxide 
(DMSO) and dimethylformamide (DMF), where homo- 
association by hydrogen bonding [Scheme 8(a)], but no 
formation of B=HX takes place, the second step [Scheme 7(b)] is 

x- + H X ~ X H X -  (4 

HX,- + TLHX + XI- (b) 

Scheme 8 

as shown in Scheme 8(b) and the rate law, if KOKas[HXl2 + 
[Bl0, becomes first order in [HX] but remains half order in [B] 
Ceqn. (6)l. 

Here, mechanism Ia becomes Ib when KO&, = [Blo/[HX12 
or eqn. (7) is satisfied. 

Mechanism I1 involving the concerted reaction of B, HX 
and the isocyanate I via a termolecular transition state 
B . H X I leads, if Ko[HX] G [Bl0, to the simple 
rate equation (8). 

Finally, mechanism 111, involving the initial addition of HX 
to the isocyanate [Scheme 9(a)] followed by proton transfer to 
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B [Scheme 9(b)] gives, if the intermediate HXI' is short 

HX + I&HXI 
k -  1 

Scheme 9 

lived, the rate law eqn. (9). 

u =  k1k2CB10 [HX][I] 
k-1 + ~ZCBlO 

(9) 

Mechanism 111 also includes two subclasses. 
IIIa: If k- ,  % k,[B],, equilibrium (a) (Scheme 9) is always 

established and eqn. (9) simplifies to eqn. (10). 

IIIb: If k- ,  4 k2[BI0, eqn. (9) simplifies to eqn. (1 1) which is 

u = kl[HX][I] 

of zero order in [B]. In this case, step (a) (Scheme 9) is rate 
determining and the reaction exhibits no base catalysis; k ,  is 
directly accessible. 

Summarizing these kinetic considerations, it is obvious that 
mechanism I with strongly as well as less acidic HX (Ia and Ib, 
respectively) and mechanism IIIb with strongly nucleophilic 
HX can be easily diagnosed by means of their rate laws which 
are independent of [HX] in the first case, half order in [B] in the 
second, and independent of [B] in the last case. Mechanism I1 
and IIIa with less nucleophilic HX, however, cannot be 
distinguished from each other because both follow identical 
rate laws. A discrimination, however, is possible by looking at 
structure-reactivity correlations, see below. 

In weakly or non polar solvents, the kinetic conditions are 
both more complicated and less informative due to the 
formation of (HX), and X-(HX), complexes and ion pair 
associates, e.g. BH'X-, by hydrogen bonding. A simplified 
mechanistic scheme is then as shown in Scheme 10. 

(1) 
K 

B+HX B-HX 

B H + * X - + I  

/ \  

[HX], and for a H X ]  @ 1 eqn. (14) first order in [HX]." 

The rate law for mechanism I depends on the identity of the 
reacting B and X-  species. If the latter is the simple 
homoassociate XHX-, equations of form (12) may result. In 
other cases also those of half order in [HX] and [Bl0 may be 
valid. 

Brmsted Relationships.-The dependence of rate constants of 
reactions of isocyanates with various HX in the presence of 
various bases B on the basicity of these HX and B in terms of 
the Brensted coefficients /JHx (J,,,,) and pB is a powerful 
tool to characterize the underlying reaction mechanisms and 
to understand structure-reactivity relationships. 

In a Brsnsted plot correlating the rate constants of the 
reactions of various HX with the pK,s of the conjugate acids 
H,X+ [eqn. (15)], the slope PHx (D,,,,) is a composite 

parameter. Because HX in the base-catalysed reaction [Scheme 
5(a)] acts both as an acid and a nucleophile, PHx (Jnu,) measures 
the development of negative charge of X brought up by proton 
transfer from HX to B and of positive charge of X caused by 
X-C-bond formation between HX and the isocyanate. If both 
these events are fully synchronized, as in the concerted 
mechanism TI, the electron density on X remains unchanged in 
going from reactants to transition state, and PHX should be zero. 
The value of PHx must be positive if proton transfer is ahead of 
X-C-bond formation, whereas if it is behind, pHx is negative. So 
pHx may vary between + 1 and - 1. 

In the case of the two-step mechanisms I and 111, PHx is the /? 
of that step whose rate constant appears in the actual rate 
equation; it may be the sum of several individual ps if the actual 
rate equation contains the product of several ks and Ks. So, for 
mechanism la, which holds for strong acidic HX and which 
follows rate eqn. (3), the value is given by eqn. (16), that is, the 

reactivity decreases with increasing acidity of HX. For 
mechanism Ib, however, with less strong acids HX according 
to eqn. (4), the relationship is given by eqn. (17) and the 

reactivity rises with increasing acidity of HX. 
Mechanism IIIa with less strong nucleophiles HX following 

rate eqn. (10) leads to eqn. (18), and mechanism IIIb with strong 

nucleophiles HX according to eqn. (1 1) to eqn. (19). 
Scheme 10 

For the mechanisms I1 and I11 the rate laws assume the 
form of eqn. (1 2),4 where K is the formation constant of B-HX. 

u =  kKCHX1 CBloCrl 
1 + a H X ]  

For a H X ]  + 1 this gives eqn. (13), which is independent of 

In both cases the reactivity increases with increasing basicity 
of HX, but this effect is more pronounced for mechanism IIIa 
than for IIIb. 

As a whole, studying the reactions of a series of HX of 
different acidity and nucleophilicity, non-linear Brarnsted plots 
should result (Fig. I), the sections of which belong to the five 
classes of mechanisms Ia to IIIb characterized by different 
Brensted coefficients and rate equations. Extrema and inflection 
points in these plots should change with the reactivity of the 



602 

X I  

J. CHEM. SOC. PERKIN TRANS. 2 1994 

/ 
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PKHX 

Fig. 1 
of isocyanates with H-acidic nucleophiles HX 

Anticipated over-all Brransted plot for basecatalysed reactions 

isocyanate and the basicity and concentration of the catalyst, 
cJ: eqns. (5) and (7). 

The Brsnsted coefficient /IB of a correlation between lgk 
and pKHB+ of reactions of a particular HX in the presence of 
various base catalysts B [eqn. (20)], measures, if anti-Hammond 

effects are absent, only the extent of proton transfer from HX 
to B in the course of the reaction shown as Scheme 5(a). PB 
may vary between 0 and + 1. 

Thus, the magnitude of PHx and pB enables location of 
the position of the transition state of the reaction [Scheme 5(a)] 
in a More O'Ferrall-Jencks diagram with the four corners as 
in Scheme 6. 

In order to elucidate the factors governing the affiliation of 
the reaction of a particular HX to the three mechanisms of 
Scheme 6, which is essential for understanding structure- 
reactivity relationships, we investigated the reactions of phenyl 
isocyanate with various alcohols, phenols and amines in the 
presence of various basic catalysts in acetonitrile and other 
aprotic solvents. Acetonitrile was chosen as the main solvent 
because it combines medium basicity with sufficient polarity so 
preventing the formation of ion pairs and hydrogen bond 
complexes of reactants and catalysts. Furthermore, absolute 
thermodynamic pKa values for a series of compounds in 
acetonitrile are known from literature.* For compounds where 
such values are not available, we have estimated them by 
extrapolation using the corresponding pK, values in DMSO 
or water. These pKa values in acetonitrile are more suitable 
for reactivity correlations in aprotic media than the commonly 
used pKa values in water. 

Experiment a1 
Materials. -Phenyl isocyanate was refluxed over copper 

powder for 5 h and then distilled. The acidic impurities were 
<30 ppm. The alcohols were purified from acidic and basic 
impurities and dried by azeotropic distillation. N-Arylamines 
were distilled or recrystallized. Amine catalysts were used as 
supplied. Acetonitrile and dioxan were purified by distillation 
over 4,4'-diphenylmethane diisocyanate in the presence of 0.1 % 
dibutyltin dilaurate; acetonitrile was additionally distilled over 
calcium hydride. Both were stored over 4 8, molecular sieves. 

The standard compounds for HPLC were prepared as known 
in literature, special products are listed in Table 1. 

Kinetic Methods.-All kinetic runs were carried out in 
acetonitrile or dioxan solution in a thermostatted vessel at 
50°C. Samples were taken at intervals, quenched with 
dibutylamine and analysed for isocyanate by titration with 

Table 1 Model compounds for HPLC 

Compound 

Retention 
time 
(t/min) Rfa kc254 

Aniline 
N-Morpholino-N '-phenylurea 
Methyl N-phenylcarbamate 
Triphen ylisoc yanurate 
N-Morpholino-N',N"-diphenylbiuret 
N, N'-Diphenylurea 
Methyl N,N'-diphenylallophanate 
Butyl N-phenylcarbamate 
N,N',N"-Triphenylbiuret 
Butyl N,N'-diphenylallophanate 
Diphen yluretdione 

4.25 
4.9 1 
6.61 
7.69 
7.85 
9.34 

11.29 
1 I .43 
13.53 
14.66 
16.30 

0.46 
0.53 3.72 
0.71 2.82 
0.82 2.95 
0.84 4.06 
1.00 4.54 
1.21 4.08 
1.22 2.92 
1.45 4.48 
1.57 4.12 
1.75 

Relative to diphenylurea R, = 1 .OO. 

Table 2 Rate constants of the triethylamine-catalysed reaction of 
phenyl isocyanate with butanol in acetonitrile at 50 "C. [PhNCO], = 
[BuOH], = 0.486 mol dm-3 

[B]/ k/l 0-3 kB/dm6 
mol dm-3 dm3 mol-' s-l rnolF2 s-l a 

0.95 4.3 
1.08 4.9 
1.72 7.0 
2.02 8.2 
2.18 9.4 
2.80 11.9 
3.55 14.8 

0.41 8 
0.424 
0.388 
0.390 
0.416 
0.414 
0.408 

mean0.408 k 0.014 

a kB = (k - k,)/[B], k, = 3.2 x lo4 dm3 mol-' s-l 

hydrochloric acid. For HPLC analyses, the samples were 
quenched with methanol or, in the case of reactions of 
isocyanate with alcohols and phenols, with morpholine. The 
quenched diluted samples were analysed by HPLC at 254 nm 
using a Hewlett-Packard HP 1080 LC apparatus with 
methanol-water as eluent. Methyl ethyl ketone and the 
isocyanate zero-sample functioned as standards. The concentra- 
tions of the products were monitored using externally 
determined extinction coefficients at 254 nm (Table 1). 

Results and Discussion 
Base-catalysed Addition of Alcohols to Phenyl Isocyanate.- 

The addition (Scheme 11) affords the corresponding alkyl N- 
phenylure t hanes. 

PhNCO + ROH - PhNHCOOR 

Scheme 11 

The kinetics of these transformations differ for alcohols of 
different acidity. The reactions of the common, less acidic 
alcohols follow a second order rate law [eqn. (21)] whose rate 
constant depends linearly on the concentration of the catalyst 
base [eqn. (22)] (Table 2). Catalysis by the alcohol or the 

- d[I]/dt = k[I] [ROH] 

k = k, + kB[B] 

product urethane was not observed. The catalytic constants k, 
determined according to eqn. (22) for the amine-catalysed 
addition of butanol to phenyl isocyanate in acetonitrile 
(Table 3) give excellent linear Br~nsted plots for several catalyst 
families when correlated with the pKa of the corresponding 
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Table 3 Kinetics of the base-catalysed addition of butanol to phenyl isocyanate in acetonitrile at 50 "C: [BuOH], = [PhNCO], = 0.50 mol dm-3 

Entry Base 
[B]/I 0-3 kB/ 10-3 

PKHB + (AN) EN a mol dm-3 dm6 molF2 s-l 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Pyridines and imidazoles 
4-Dimethylaminopyridine 
172-Dimethylimidazole 
1 -Butylimidazole 
4-Methylpyridine 
2-Methylpyridine 
Pyridine 
3-Bromopyridine 
3,5-Dibromopyridine 

Tertiary alkylamines 
DABCO * 
N-Meth ylpyrrolidine 
Triethylamine 
N,N-Dimethylhexylamine 
N,N-Dimeth ylcyclo hex ylamine 
2-Dimethylaminoethyl ethyl ether 
2-Dimethylaminoethyl acetate 
N,N-Dimeth ylbenzylamine 
N-Methylmorpholine 
2-dimethylamino propionitrile 
Lauroyl2,2-dimethylhydrazide 
Ethyl morpholinoacetate 

17.5 
17.0 
15.8 
13.6 
13.4 
12.3 
9.8 
7.8 

18.25 
18.42 
18.46 
18.20 
18.10 
17.40 
16.9 
16.6 
15.7 
14.7 

12.3 

- 1.3 
- 2.7 
- 3.8 
- 2.2 
- 3.0 

- 2.2 
- 3.0 

7 9 . .  14 
9.a .  19 

21 - 0 . 2 8  
58 90 

83 - a *  196 
58.5 
76.6 

2 * * * 1 0  
7-a .36 

11 *.a35 
15 * - 30 

11 -as23 
27 54 
26 * 52 
35 * 70 
38 - * 74 
8 15 

18 * *  114 

785 
590 
256 
41 
23 
22 
3.0 
0.8 

2680 
617 
408 
369 
325 
136 
115 
87 
55 
26 
6 
3.5 

a Steric constant, ref. 18. 1,4-Diazabicyclo[2.2.2]octane. 

3 

g2 
OI 

+ - 
" 1  

0 
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7 9 11 13 15 17 19 
P KHX 

Fig. 2 Brernsted correlation of I&, and pKHB+ for the reaction of 
phenyl isocyanate with butanol catalysed by tertiary amines in 
acetonitrile at 50 "C. (Numbering as in Table 3.) 0, Nonhindered 
amines. 0. Dimethylamines. 
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Fig. 3 Brernsted correlation of lgk, and pKHx for reactions of phenyl 
isocyanate with alcohols catalysed by triethylamine in acetonitrile at 
50 "C. (Numbering as in Table 4.) 

acids HB' (pKHB+ in acetonitrile), see Fig. 2. The Brsnsted 
coefficients are equal for pyridines and imidazoles (p, = 0.33) 
and for substituted dimethylamines (pB = 0.34), but the former 
are approximately 0.7 lgk, units more active than the latter at 
the same basicity. 

The pB values show that only a partial protonation of the 
base has occurred in the transition state. Similar values have 
been obtained for the reactions of phenyl isocyanate with water 
in water (p, = 0.33) lo and in dioxan (0.2," 0.4) 1 2 3 1 3  and 
with butanol in toluene (0.3),14 tetrachloromethane (0.30) 
and 2-ethoxyethyl acetate (0.25). l 6  A somewhat higher value of 
pB = 0.49 has been found for PhNCO + BuOH in tetra- 
chloromethane, where the hydrogen bonded complex BuOH-B 
was studied as the attacking agent. l 7  

The parallel shift of the straight lines in the Brsnsted plots for 
different families of catalyst bases (Fig. 2) is attributed to 
differing steric hindrance of the particular bases, as it is also 
reflected by their steric parameters EN.18 The difference y = 
1gkDABCO - lgkEt3N can be considered as a measure of the 
susceptibility of the catalytic reaction towards steric hindrance 
in the base catalyst. It amounts to y = 0.86 in the present 
case of the reaction of butanol with phenyl isocyanate in 
acetonitrile. 

The high catalytic activity of diazabicyclooctane (DABCO) 
in comparison with pyridines and imidazoles and the only 
slightly higher activity of 4-methylpyridine compared to 2- 
methylpyridine also suggest that the amines do not act as 
nucleophilic catalysts as formerly proposed by Baker et d 2  
However, the Brsnsted coefficients, steric effects and the kinetic 
isotope effect kHOMe/kDOMe = 2.1 (Table 4) are consistent with a 
mechanism of general base catalysis. 

Other simple, not too acidic alcohols react with phenyl 
isocyanate with rates quite similar to butanol. Some rate 
constants of the triethylamine-catalysed reactions are listed in 
Table 4. These rate constants do not depend on the acidity of the 
alcohol. From a Brsnsted plot of Igk, vs. pKHoR (in acetonitrile 
as solvent), a bnu, (pHx) = -0.08 results (Fig. 3). 

Similar, low Brsnsted coefficients PHX in the range of 
-0.03 to +0.09 may be calculated from a study of the amine- 
catalysed reactions of 2,4-tolylene diisocyanate with alcohols of 
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Table 4 Triethylamine-catalysed addition of alcohols to phenyl isocyanate in acetonitrile at 50 "C: [ROH], = [PhNCO], = 0.50 mol dm-3 
kDABCOC [B]/10-3 kB/dm6 kB/dm; k ___ 
kEt,N Entry Alcohol pKHx(AN) a mol dm-3 nB mol-2 s-' mol4 s-' 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

~~ 

B utan ol 
Ethanol 
[ 2H]Methanol 
Methanol 
2-Methoxyethanol 
Benzyl alcohol 
4-Methoxybenzyl alcohol 
4-Methylbenzyl alcohol 
4-Chlorbenzyl alcohol 
3-Nitrobenzyl alcohol 
4-Nitrobenzyl alcohol 
Methoxymethanol 
Propargyl alcohol 
2,2,2-TrifluoroethanoI 
Phenol 

(39.1) 
(38.7) 

(37.1) 
(36.5) 
(37.7) 
(38.5) 
(38.2) 
(37.2) 
(35.8) 
(35.7) 
(34.5) 
(34.1) 
(31.7) 
26.9 

11 -0.35 1.18 

7.0.18 

17 - 28 
17 * *  - 35 
7 0 . 0  17 

70.0 17 
0.58 
0.55 
0.4 
0.65 

0.41 
0.6 
0.35' 
0.73 
0.53 
0.84 
0.56 
0.50 
0.57 
0.79 
1.23 

0.86 

0.79 
0.55 
0.62 
0.61 
0.86 
0.92 
0.33 
0.23 

0.29 0.05 
0.33 

0.94 - 0.04 

8.6 -0.13 

a Estimated from PKHX in DMSO or water according to correlation equations derived for 3- and 4-substituted phenols [pKHx(AN) = 
I.03pKHx(DMSO) + 9.8 and pKH,(AN) = 2.14 pKHx(w) + 5.63. Susceptibility of the reaction 
against steric hindrance in the base-catalyst B. ' kH/kD = 2.1. 

Kinetic order with respect to base-catalyst. 

Table 5 Rate constants of the N-benzylpiperidine-catalysed reaction 
of phenyl isocyanate with 4-methylphenol in acetonitrile at 50 "C: 
[PhNCO], = [ArOH], = 0.486 mol dm-3 

[ B]/ 1 0-5 k/ 1 0-3 kB/dlll; 
mol dm-3 dm3 mol-' s-' mo1+ s-l a 

0.75 3.7 1.35 
1.20 4.4 1.27 
2.40 7.1 1.45 
4.01 8.4, 7.9 1.3, 1.25 
5.60 9.7 1.30 

mean 1.32 k 0.06 

k, = k/[B]'. 

different acidities in butyl acetate reported in the literature by 
Zhitinkina and Shostaeva." 

Such low Dn,, are not consistent with a stepwise mechanism 
I11 with rate-limiting proton transfer in the adduct HXI*, 
Scheme 9, for which a pHX z 0.5 should be expected. But the 
low DHx is compatible with the concerted mechanism I1 in 
which proton transfer from ROH to B and nucleophilic 
addition of ROH to PhNCO proceed synchronously, as shown 
in Scheme 12. 

a+ 9 NPh * 
B--H--O--Cz_ 6- 1 I 0 

B + HOR + PhNCO 

Scheme 12 

For the amine-catalysed reactions of more acidic alcohols 
such as propargyl alcohol, trifluoroethanol and methoxy- 
methanol with phenyl isocyanate a quite different kinetic form 
is observed (Table 4, Fig. 3). The kinetic order with respect to 
the base is no longer 1 but nearly in these cases and a larger 
negative value of pHx = -0.2 is found. All these facts are 
evidence for the above mentioned stepwise anionic mechanism 
Ib for the reactions of these acidic alcohols with the isocyanate. 
In acetonitrile as solvent, the alkoxide anion X- should be 

homoassociated with the alcohol HX to give the solvated HX, 
anion, Scheme 13(b), if a value of KaS = lo4 dm3 mol-' holds 
for the association constant (as in the case of phenols).20 Rate 
limiting addition of HX, to the isocyanate Scheme 13(c), then 
leads to rate eqn. (6)  which has been observed experimentally. 

ROH + B S RO- + HB+ (a) 

NPh 

0 (C) 
H(OR); + PhNCO ROH + RO-C:-- 

Scheme 13 

The observed decreased susceptibility of the reactions of the 
acidic alcohols towards steric hindrance in the amine catalyst: 
y = lg(k,,,,o/k,,3,) = 0, is also in accordance with 
mechanism Ib. 

The anionic mechanism I so discovered does not only explain 
the experimental pHx values but also the dominating 
occurrence of consecutive reactions of the formed carbamate 
with isocyanate giving allophanate and isocyanurate under 
certain conditions.' 

The Base-catalysed Addition of Phenols to Phenyl Isocy- 
anate.-The reactions of substituted phenols with phenyl 
isocyanate giving the corresponding aryl N-phenylurethanes 
take place in acetonitrile with high rates even in the presence of 
low concentrations of tertiary amines. Here also, the kinetics 
differ for the more and less acidic phenols. The reactions of the 
latter follow a second order rate law. As in the case of the acidic 
alcohols, the rate constants do not depend linearly on the 
catalyst concentration, but a half order dependence is found 
(Table 5). Phenols of higher acidity (when lgKo > -8 in 
acetonitrile), however, react with decreasing rates according to 
a first order rate law of zero order in ArOH, and the rate 
constants are linearly dependent on the amine concentration. 
The dependence of the catalytic constants on the acidity of the 
phenols is also different in the two classes: k,  decreases with 
increasing acidity in the case of the less acidic phenols (BHx = 
-0.19) but rises in the case of the more acidic ones (pHx = 
+ 0.48), see Table 6 and Fig. 4. 

All these results are evidence that the base-catalysed reactions 
of phenols with phenyl isocyanate follow the above mentioned 
stepwise anionic mechanism I involving homoassociated anions 
HX, formed from the catalyst bases and phenols (Scheme 13). 
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Table 6 
[RC,H,OHlo = 0.50 mol dm-3 

N-Benzylpiperidine-catalysed reactions of phenyl isocyanate with substituted phenols (RC,H,OH) in acetonitrile at 50 "C: 

[ B]/ 1 O-' kB/dmf k ./dm3 
R pKHx(AN)" mol dm-3 novb nnc  m o l t  s-l mol-' s-' 

4-Me0 
4-Me 
H 
4-C1 
3-C1 
3-NO2 
4-CO2Et 
4-CHO 
4-NOZ 

(28.0) 
(27.6) 
26.9 
25.8 
25.0 
23.9 

(22.9) 
(22.6) 
20.9 

4 . a .8  2 
1 * * . 6  2 
9 . * . 2 3  2 
1 ... 4 2 
3.2 2 
3.2 1 
3.2 1 
3.2 1 
4.8 1 

0.90 2950 
0.49 1.32 2730 
0.50 1.55 1430 

3.72 680 
3.09 320 

78 
13 
3.3 
0.1 

' Values in parentheses estimated from a Hammett-plot of the other phenols with op- constants. Overall pseudo reaction order. Order with respect 
to base-catalyst. 

Table 7 Base-catalysed reactions of phenyl isocyanate with phenol in acetonitrile at 50 "C: [PhNCO], = [PhOH], = 0.5 mol dm-3 

Entry Base 
- - - -  

1 Trieth ylamine 18.46 0 .6* . .  1.2 0.65 9.9 2210 

4 2-Dimethylaminoethyl ethyl ether 17.40 3 . . - 8 0.58 2.78 21 10 

6 N,N-Dimethylaminobenzylaniline 16.76 3 - 7 0.58 1.11 1810 

2 Tribut ylamine 18.10 2.0.. -4 .0  0.46 7.55 1940 
3 DABCO 18.25 0.8 1.7 0.55 7.30 2080 

5 N-Benzylpiperidine 16.97 9.q.23 0.50 1.55 1950 

7 N-Methylmorpholine 15.68 7.4 0.30 1730 
mean 1980 ? 160 

' Order with respect to base catalyst. 

3 

2 

1 

y" 
c n o  
0 - 

-1 

-2 

-3  I I 1 I 1 
20 22 24 26 28 30 

PKHX 
Fig. 4 Brernsted correlation of lgkB and pKHx for reactions of phenyl 
isocyanate with phenols catalysed by N-benzylpiperidine in acetonitrile 
at 50 "C. For the higher acidic phenols, a kB calculated according to 
k,  = kla(KoKas)* is depicted. 

For weakly acidic phenols, when lgKo < -8, rate eqn. (6) is 
then valid. From the catalytic constants shown by eqn. (23), the 

k,  = Ko*Kas*kla 

rate constants kla for the addition of ArO-OHOAr to phenyl 
isocyanate may be calculated, taking into account an associ- 
ation constant of K,, z lo4 dm3 mol-1.20 The so obtained 
values of k , ,  for the reactions of a series of substituted phenols 
with phenyl isocyanate catalysed by N-benzylpiperidine are 
summarized in Table 6.  A plot of lgkl, against pKHx is depicted 

4 

3 

2 

m 

51 
0 - 

0 

-1 

-2 
20 22 24 26 28 

P KHX 

Fig. 5 
phenolates with phenyl isocyanate in acetonitrile at 50 "C. 

Brernsted correlation of I&,, and pKHx for reactions of 

in Fig. 5 ,  upper branch. A PHX = 0.31 results which is also in 
agreement with the reaction mechanism Ib supposed. 

Using various tertiary amines as catalysts, diverse catalytic 
constants k,  [eqn. (23)] result in the reaction of phenol with 
phenyl isocyanate in acetonitrile (Table 7), but the k , ,  for the 
addition of PhO-*HOPh to PhNCO calculated from these k,  
are identical: kla = 2.0 x lo3 dm3 mol-' s-' at 50°C. A 
Brsnsted plot of lgk, vs. pKHB+ results in a straight line with 
pB = 0.55 (Fig. 6) .  These findings support the above men- 
tioned reaction mechanism Ib but not the participation of 
hydrogen-bonded complexes ArOH-B or ion pairs ArO--HB + 

in the rate limiting step. 
With the more acidic phenols, where lgKo < 8 (in aceto- 
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1.5r 1 

PKHB+ 
Fig. 6 Brernsted correlation of lgk, and pKHB+ for the reaction of 
phenyl isocyanate with phenol catalysed by tertiary amines in 
acetonitrile at 50 "C. (Numbering as in Table 7.) 

nitrile) and the base is completely transformed into HB', mech- 
anism Ia with rate eqn. (3) is valid. In this case the rate law is in- 
dependent of [HX], and thecatalyticconstant becomeseqn. (24). 

k ,  = kla (24) 

Rate constants for the reactions of a series of substituted 
phenols with PhNCO in acetonitrile are summarized in Table 6 
and depicted in Fig. 5 (lower branch), from which a Brsnsted 
coefficient pHx = 0.98 results. A similar high value of pHx 
has been found for the addition of phenolates to 3-nitrophenyl 
isothiocyanate (pHx = 0.81).22 

As is obvious from Fig. 5, the Bronsted plot for the addition 
of substituted phenolates (HX,) to phenyl isocyanate is non- 
linear, displaying a larger pHx for the less basic phenolates. A 
closer inspection of the data of Al-Rawi and Williams ' reveals 
that this is also true for the reactions of phenolates with 
isocyanic acid in water, where a /IHx of 0.3 comes out for the 
stronger, and a value of 0.8 for the less basic phenolates 
(giving an average of 0.66 quoted by these a ~ t h o r s ) . ~  Such non- 
linear Bronsted plots have been frequently observed for the 
reactions of oxyanions in acyl and proton transfer reactions, 
and various reasons have been made responsible for the non- 
linearity.23 In the present case, possibly a more difficult 
desolvation of the stronger basic homoassociated phenolates 
HX, in the addition to the isocyanate causes the increase of 
the Brsnsted slope for these anions. 

The Base-catalysed Addition of Anilines to Phenyl Isocyan- 
ate.-All experimental observations about this reaction 
(Scheme 14) are in accord with the already known stepwise 
mechanism IIIa with rate limiting proton c$ 
Scheme 9. 

kl 
ArNH2 + PhNCO A i H 2 - C f r h a  ArNHCONHPh 

kl 0 
Scheme 14 

Rate eqn. (9) is valid for mechanism I11 in polar solvents 
leading to a catalytic constant given by eqn. (25) which simpli- 

klk2 
k-1 + k2CBIo 

kB = 

Table 8 Triethylamine-catalysed addition of substituted anilines 
(RC6H,NH2 = HX) to phenyl isocyanate in acetonitrile and dioxan 
at 50 "C: [Et3N] = 3 - 28 mmol dm-3, [PhNCO], = [HX], = 
0.090 mol d m 3  

_ _ _ _ ~  ~ 

R pKHZx+(AN) in acetonitrile in dioxan 

4-Me0 12.10 
4-Me 11.25 
3-Me 10.81 
H 10.56 
3-Me0 10.1 
4-C1 9.56 
4-Br 9.39 
3-C1 9.02 
3-CF3 8.6 
4-COzEt 8.18 

4-NO2 6.15 
3-NO2 7.79 

2,4-CNO,), 

10 
3.32 
2.36 

1 .o 
0.70 
0.44 
0.43 
0.24 
0.17 
0.14 
0.0 12 
0.4 

1.38 

13.5 
2.73 
1.92 
1.12 

0.48 
0.36 
0.21 
0.11 
0.045 
0.091 
0.021 

I I I 

5 7 9 11 13 

PKH2X+ 

Fig. 7 Br~nsted correlation of lgk, and pKHZx+ for reactions of phenyl 
isocyanate with substituted anilines catalysed by triethylamine in 
acetonitrile and dioxan at 50 "C. 0, In acetonitrile. 0, In dioxan. 

(25) 

fies to eqn. (26) if k-, 9 k2[B] [mechanism IIIa, eqn. (lo)]. The 

value of K1k2 can be determined from eqn. (26) or by plotting 
k,-' against [Bl0 according to the reciprocal eqn. (25). 

The catalytic constants k,  of the triethylamine-catalysed 
reactions of phenyl isocyanate with a series of substituted 
anilines in acetonitrile and dioxan as solvents are summarized 
in Table 8. If lgk, is plotted us. pKArNH3+ (in acetonitrile), linear 
Brsnsted correlations result with pHX = 0.46 in acetonitrile 
and 0.53 in dioxan, Fig. 7. These pHx are the sum of the /3 
values for IgK, and lgk,, pHx = Pleq + p2. Because the 
rate of the proton transfer, k,, from HXI', should be less 
susceptible towards the basicity of HX than K ,  of the preceding 
equilibrium, p2 is anticipated to be small and negative so that 
Pleq should make the main contribution to pHx. The value 
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Table 9 Base-catalysed addition of aniline to phenyl isocyanate in acetonitrile at 50 O C :  PhNCO], = [PhNH,], = 0.09 mol dm-3 

Entry Base 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

3-ChIoroaniIine 
3-Bromopyridine 
Pyridine 
3-Methylpyridine 
1 -Methylimidazole 
N-Meth ylmorpholine 
N-Meth ylpiperidine 
DABCO 
Trieth ylamine 
1,4,8,11 -Tetramethyltetraazacyclododecane 

9.02 
9.8 

12.33 
13.1 
15.4 
15.68 
18.01 
18.25 
18.46 

(24) 

0.007 
0.13 
0.25 
0.53 
0.9 
0.2 
0.45 
1.94 
0.43 
4.6 

Table 10 Base-catalysed addition of aniline to phenyl isocyanate in dioxan at 50 "C: [PhNCO], = [PhNH,], = 0.090 mol dm-3 

Entry Base 
[B]/10-3 k,/dm6 K ,  k,/dm6 

pKHB+(AN) mol dm-3 mol-2 s-l rnolF2 s-l 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

DABCO 
4-Dimethylaminopyridine 
1,2-Dirnethylimidazole 
1 -Butylimidazole 
1 -Methylimidazole 
Triethylamine 
N-Methylmorpholine 
4-Methylpyridine 
Pyridine 
Aniline 
Dimeth yl formamide 

18.25 
17.4 
16.6 
15.8 
15.4 
18.46 
15.68 
13.6 
12.33 
10.60 
6.1 

1 * * *  10 9.86 

4s. .  10 4.03 
3 . s - 6  6.04 

4 . e - 8  2.93 
2.06 

4 - 0 . 8  1.12 
4 . ~ ~ 8  1.17 

20 - - .50  0.59 
24.**50 0.29 
90 480 

250 500 
0.022 
0.005 

11.8 
11.4 
7.6 
6.2 
4.8 
1.40 
1.49 
0.89 
0.43 
0.024 
0.005 

."*I / = -  

' t  0 I 
1 

01 I I 1 1 
5 10 15 20 25 

PKHB+ 
Fig. 8 Brransted correlation of lgk, and pKHB+ for the reaction of 
aniline with phenyl isocyanate catalysed by tertiary amines in aceto- 
nitrile at 50 "C. (Numbering as in Table 9.) 

of 8, can be estimated from pB (= 0.29 see below) to be 
-0.3 in dioxan, leading to a pleq = 0.53 + 0.3 = 0.8 in 
dioxan. This is a rather small value compared with 1.0 found 
for the addition of anilines to isocyanic acid in water.6 

Catalytic constants and K1k, values for various amines as 
catalysts of the reaction of aniline with phenyl isocyanate in 
acetonitrile and dioxan are listed in Tables 9 and 10 and 
displayed as a function of the basicity of the amines in Figs. 8 
and 9. The pyridine and imidazole bases studied give 
approximately linear Brsnsted correlations with a /jB = 0.16 
in acetonitrile and pB = 0.29 in dioxan. These values must 
be attributed to the proton transfer step (k2) ,  because K ,  is 
independent of the base. 

01 
5 10 15 20 

PKHB+ 
Fig. 9 Brransted correlation of lgk, and pKH,+ for the reaction of 
aniline with phenyl isocyanate catalysed by tertiary amines in dioxan 
at 50 "C. (Numbering as in Table 10.) 

For strong bases, k,  (K2k2)  approaches limiting values of 1 
dm6 mol-, s-' in acetonitrile and 10 dm6 mol-* s-' in dioxan 
which are independent of the amine basicity and obviously 
correspond to a K2k2 with diffusion-controlled k,. Assuming a 
K, = 1 x lo-' dm3 mol-', an estimation of k ,  for the DABCO- 
catalysed reaction of PhNH, with PhNCO in dioxan gives 
k ,  1 x lo8 dm3 mol-' s-' at 50 "C. This value is distinctly 
smaller than the possible kdiff = 8 x lo9 dm3 mol-' s-' 
(dixoan, 50 "C), but of the same magnitude as similar k ,  values 
in aprotic solvents.24 

The low reactivity of the sterically hindered amines N- 
methylpiperidine, N-methylmorpholine and triethylamine with 
respect to amines of similar basicity is not in accord with 
mechanism IIIa, because rate limiting proton transfer should 
not be sensitive to steric hindrance in the base catalyst. The 



608 

-4-  

-6. 

I 

Ia i Ib ; ' I; IIIa 
1 1 .  I 

4 Ia i Ib ; II ! IIIa 

same has been found in the literature,12 whereas the sterically 
hindered 2-picoline showed similar catalytic activity to the 
non-hindered 3- and 4 -de r iva t i~es .~ .~~  Why the more basic 
aliphatic amines do not behave in this manner is not clear. 

An Overall Brmsted Plot for the Base-catalysed Addition of 
H-acid Compounds to 1socyanates.-On the basis of the results 
hitherto described, a non-linear overall Brarnsted plot for the 
kinetics of the base-catalysed addition of H-acidic compounds 
to phenyl isocyanate can be constructed, the various branches 
of which are affiliated to the different mechanisms of these 
reactions. 

In order to display such an overall Brarnsted relationship, 
one has to consider that the different mechanisms obey different 
rate equations. The rate constants which are comparable are 
the ones of first order with respect to isocyanate in the general 
rate equation, eqn. (28). 

v = k[Il 

For the different mechanisms, these ks are given by eqns. 
(291i33). 

IIIb: k = kl[HX] (33) 

From the Brarnsted correlations above established for the 
reactions of phenyl isocyanate in acetonitrile at 50 "C, eqns. 
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Eqn. (38) was supposed to hold for the relationship between 
pKHx and pKH2X+ of amines. 

The non-linear Brarnsted plot resulting from the above 
relationships for the reactions of HX with PhNCO catalysed 
by triethylamine at [Bl0 = 0.01 mol dm-3 and [HX] = 1 dm3 
mol-' in acetonitrile at 50 "C is shown in Fig. 10. The dotted 
line in the figure is constructed for the reactions catalysed by the 
weaker base N-methylmorpholine (pKH,+ = 15.68, [Blo = 
0.01 mol dmp3) and the dashed line for triethylamine as catalyst 
in a higher concentration of [Bl0 = 0.1 mol dm-3. 
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