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Effect of 14 solvents has been studied on the reaction of phenyl isocyanate with 1,3-diphenyl­
triazene. For ten of these solvents temperature dependence of the reaction velocity has been 
determined and the respective activation parameters calculated. Hydrogen atom of the triazene 
imino group has been replaced by deuterium, and the deuterium kinetic isotopic effect has been 
studied in seven solvents. The results confirm the mechanism suggested in a previous communica­
tion. 

In a communication of this series! a mechanism of the reaction studied was suggested 
consisting in approach of the phenyl isocyanate molecule above the plane of 1,3-di­
phenyltriazene and subsequent electron transfer from the pz orbital of the nitrogen 1 
(HOMO) to the pz orbital of the carbonyl carbon (LUMO). Thereby formation 
of intramolecular hydrogen bond is facilitated, and planar six-membered ring of the 
reaction intermediate is formed. From the latter the product (N-phenylazo-N,N'-di­
phenylurea) is formed by mere electron shift inside the ring. 

Such type of reactions can exhibit an "inverse" primary deuterium kinetic effect 2
• 

According to some papers3 
- 5 the inverse isotopic effects are due to increase of vibra­

tion frequencies of solvent molecules accompanying formation of transition states. 
Hence the energy involved is that needed for destruction of the solvated reactant 
particles. TheoreticallyS - 8 the inverse deuterium isotopic effect can be encountered 
in the cases where the transition state is "similar to reactants", i.e. its formation 
is not accompanied by substantial structural changes. Another cause of the secondary, 
inverse deuterium kinetic effects is the changed basicity of the reactant particles 
due to higher electropositivity of deuterium4

. Hybridization change also plays 
an important part6

• The kinetic isotopic effect of the system studied has not yet been 
investigated. 

Temperature effects were studied first of all in the reactions of isocyanates with 
alcohols. Dyer and coworkers9 found the activation energy of the reaction of phenyl 
isocyanate with 1- and 2-butanol to be 33·8 and 41·4 kJ mol-!, respectively. Lovering 
and Laidler10 found the following activation parameters of the reactions of phenyl 
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isocyanate with 1-butanol, 2-butanol, and 2-methyl-1-propanol: f:..H* = 48·1, 52·3, 
and 48·1 kJmol - l,respectively; f:..S * = -154·4, -150·2,and -154.4Jmol- 1 K- 1

, 

respectively. From the large negative activation entropy change the authors infer 
charge separation in the activated complex. For the reaction of 3-chlorophenyl iso­
cyanate with methanol in heptane the found ll values of activation energy and activa­
tion entropy change were 34.3kJmol- 1 and -186.2Jmol - 1 K- 1 , respectively. 
The reaction was accelerated by catalyst due to its lowering the activation enthalpy 
and absolute value of activation entropy. If the reacting alcohol acted as the catalyst, 
then the activation energy and entropy changed to 28·0 kJ mol- 1 and - 99·2 J . 
. mol- 1 K- 1 (ref. 12

). For the reaction of phenyl isocyanate with 1-butanol in toluene 
catalyzed with tributylamine the found 13 activation parameters were f:..H * = 13 kJ . 
. mol - 1 and f:..S* = -254Jmor- 1 K- 1

. Japanese authors 14 studied temperature 
effect on reaction of isocyanates with amines and found more negative activation 
entropy and smaller activation enthalpy as compared with the reaction of the same 
isocyanates with hydroxyl ions in water. In all the cases given the large negative 
activation entropy change indicates a high degree of organization of the reactants 
in the transition state. 

TABLE I 

Reaction R~te Constants of 1,3-Diphenyltriazene with Phenyl Isocyanate in Various Solvents 
at 25°C 

kobs . 103 
a Rb cF

c .I02 kl . 103 e-ld 

No Solvent 
5- 1 % moll- 1 I mol- 1 S-1 28 + 1 

I Pentane 6·0935 1·53 5·438 112·047 0·180 
2 H exane 7·2984 1·92 7·648 95·426 0-186 

3 H eptane 5-7288 1-48 5-795 98-855 0-191 

4 Isooctane 5-8658 2-83 6-030 97-275 0-197 

5 Cyclohexane 6-0823 0-94 7-648 79-526 0-203 

6 Benzene 5-0476 1-49 7-648 65-997 0-231 

7 Dioxane 0-7516 I-51 6-181 12-218 0-231 

8 Diethyl ether 0-8489 0-55 7-599 11-171 0-345 

9 Ethyl acetate 0-8232 2-24 7-599 10-833 0-385 

10 Tetrahydrofuran 0-7483 1-74 7-648 9-784 0·407 

11 3-Methyl-2-butanone 1-3500 I-59 6-587 20·495 0-442 

12 4-Methyl-2-pentanone 0·9261 1-80 5-438 17-030 0·449 

13 2-Butanone 2-2191 1-35 6·587 33-689 0·461 

14 Acetone 1-6845 2·10 5-438 30-977 0-466 

" 1,3-Diphenyltriazene concentration 1-087-1 -356. 10- 4 moll-I; b mean relative error of de­
termination of kobs; C phenyl isocyanate concentration; d 8 = relative permittivity16. 
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EXPERIMENTAL AND RESULTS 

Preparation of 1,3-Diphenyl-3-2 H-triazene 

1,3-Diphenyltriazene (1'0 g) and 10 ml [O-2Hj2-propanol (96% isotopic purity) were mixed 
in a sealed glass ampoule, heated at 50°C, 5 h, and kept at _5°C 48 h. The separated crystalline 
solid was collected by suction, washed three times with 1 ml ether, and kept in vacuum over 
phosphorus pentoxide. Comparison of N 1H and N 2H vibrational band intensities in the IR 
spectra showed that the product contains 87% N 2H groups. 

The solvents used were dried by a long-term standing with suitable drying agents and were 
purified by distillation. Purification of phenyl isocyanate was described elsewhere1. 

The kinetic measurements were carried out by the technique described in ref.1. The solvent 
effects were followed at various phenyl isocyanate concentrations, the reactants being dissolved 
and then mixed in the ratio 1 : 1. Each experiment was repeated three times, from the results 
we obtained the average kobs value and relative error of the measurements; therefrom the bi­
molecular rate constant value k1 was calculated (Table I). The activation parameters (Table II) 
were determined from the rate constants obtained in similar way at 15, 20, 25, 30 and 35°C. 
The temperature was measured in the cell. For determination of the kinetic isotopic effect one 
sample of phenyl isocyanate solution in the respective solvent was treated with the deuterated 
compound, and another sample was treated with the non-deuterated one. Each experiment was 
carried out three times. In these cases only the pseudomonomolecular constants kobs were eva­
luated and used for calculation of the value of isotopic effect (Table III). All the calculations 
were carried out on an ADT 4100 computer by the described1S methods using our programs. 

TABLE II 

Activation Parameters of Reaction of 1,3-Diphenyltriazene with Phenyl Isocyanate in Various 
Solvents 

f..H* f..S* Correlation 
Solvent kJmol- 1 J mol- 1 K- 1 coefficienta 

Cyciohexane 37·00 ± 1·2 160·8 ± 4'1 0'9932 
Heptane 41-8 ± 1·6 146'0 ± 5'3 0'9948 
Isooctane 46·5 ± 2·4 128'9 ± 8'1 0'9963 
Benzene 52-8 ± 2'2 114·4 ± 7-3 0·9952 
Acetone 62-6 ± 4'9 97·9 ± 6·3 0'9858 

4-Methyl- 59·2 ± 1'3 92'7 ± 4'5 0'9924 
-2-pentanone 

Tetrahydrofuran 65-6 ± 2'1 85·9 ± 6·8 0·9982 
Dioxane 65·3 ± 1-6 54·7 ± 5-4 0·9952 
2-Butanone 67·3 ± 2'3 50·7 ± 7·6 0·9924 
Ethyl acetate 67·2 ± 3·0 47-8 ± 9'9 0·9868 

"The activation parameters were calculated by regression of linear form of the Eyring equation. 
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DISCUSSION 

The reaction of phenyl isocyanate with 1,3-diphenyltriazene represents a reaction 
between two dipolar particles. Therefore, according to the Laidler-Eyring equation17 

the plot of logarithm of the bimolecular rate constants against the value16 (8 - 1) : 
: (28 + 1) should be linear. As the Table I and Fig. 1 show this presumption is ful­
filled only partially. Linear dependences only exist within series of cognate solvents. 
A good linear dependence is found with hydrocarbons (points 1 to 6) and with tetra­
hydrofuran and ethyl acetate (points 9 and 10). The latter two solvents together 
with dioxane and diethyl ether (points 7 and 8) shown also another linear dependen­
ces. The points corresponding to the remaining four solvents (ketones 11-14) 
and those of tetrahydrofuran and ethyl acetate can be interlaced only very roughly 
with a third straight line. The fact that these three straight lines intersect practically 
in one point corresponding to tetrahydrofuran (point 10) is obviously accidental. 
The only conclusion which can be derived therefrom is that tetrahydrofuran (in the 
reaction studied) represents a solvent connecting the properties of all the media used. 
Very different slopes of the straight lines indicate solvation effects to be important 
in the system besides electrostatic interactions. Large reaction rate in hydrocarbon 
solvents and linear dependence on the electrostatic term of the Laidler-Eyring 
equation suggest that in this case the main effect is that of polarity, and the solvent 
does not solvate the reactants and the activated complex. On the contrary position 
of the points 7 to 10 and the fact that the reaction rate is lowered by orders of magni­
tude in oxygen-containing solvents (ethers, esters) indicate a significant influence 
of non-electrostatic interactions and almost complete independence of the reaction 
rate on relative permittvity of medium. Retardation of the reaction indicates solvation 
of reactants and necessity of overcoming of enhanced energy barrier on formation 

TABLE III 
Kinetic Deuterium Isotope Effect in Reaction of 1,3-Diphenyitriazene with Phenyl Isocyanate 

Solvent k~bS • 103 
S - 1 k~bS' 103 

S-l kHj kD 

Heptane 11·451 11,303 1-01 

Cyc10hexane 11-682 11'900 0·98 

Benzene 7,904 7,832 1-01 

Acetone 0·452 0'529 0·86 

Tetrahydrofuran 0·199 0·357 0,56 

2-Butanone 0·672 0·722 0,93 

Ethyl acetate 0,355 0·573 0·62 
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of the transition complex. Ketonic solvents (points 11 - 14) lie between these two 
extreme cases, both the solvation of reactants (decrease in the reaction rate by about 
0'5 order of magnitude) and electrostatic interactions being significant. In this case, 
however, the reaction rate is increased by increasing polarity in contrast to hydro­
carbons. 

If the studied solvents are arranged roughly according to their proton-acceptor 
abilities (basicities), then the activation enthalpy of the studied reaction increases, 
and absolute value of the activation entropy decreases in accordance with increasing 
possibility of formation of hydrogen bonds (Table II). In the previous communica­
tion! we suggested the reaction mechanism consisting of the rate-limiting formation 
of the addition complex and subsequent intramolecular reorganization of electrons. 
This mechanism is characterized by a large negative activation entropy due to high 
coordination of the reacting molecules and organization of the transition complex. 
If the reaction takes place in solvents of higher basicity, both the polar phenyl iso­
cyanate molecules and 1,3-diphenyltriazene are increasingly solvated, the latter 
being markedy associated in oxygen-containing solvents 18,1 9 . Thereby activity 
coefficients of the reactants are decreased. Formation of the activated complex 
is accompanied by desolvation of the reactants due to approach of the molecules 
during formation of the bond. If the synchronous mechanism 1 is presumed, little 
polar non-solvated complex is formed with high activity coefficient, the reaction 
is slowed down, and the activation enthalpy increases. Desolvation of reactants 
on formation of the transition state also increases entropy of the system substrate­
-solvent. This increase partially compensates the entropy change connected with 
formation of the organized activated complex. The result is a decrease of absolute 
value of activation entropy depending on increasing basicity of solvent. 
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FIG. 1 

Dependence of Logarithm of Bimolecular 
Rate Constant of Reaction of Phenyl Iso­
cyanate with 1,3-Diphenyltriazene on Rela­
tive Permittivity of the Solvents Used16 ac­
cording to the Laidler-Eyring Equation (for 
numbers see Table I) 
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From Table III it is seen that kH/kD 
;;; 1. This result proves unambiguously that the 

rate-limiting reaction step does not involve a proton-transfer. The ratio kH/kD is 
affected distinctly by solvent; the inverse character is marked in solvating media, 
it is, however, not proportional to polarity, being lowest in relatively little polar 
tetrahydrofuran and ethyl acetate. 

The inverse character of the deuterium isotopic effect in the reaction of 1,3-di­
phenyltriazene is obviously due to two effects. i) Inductive action of 2H is more 
electropositive than that of J H (ref. 4). This fact causes an increase in basicity of the 
N(!) atom of the triazene chain and better possibility of formation of hydrogen 
bond. Both these effects facilitate formation of the six-membered cyclic intermediate. 
ji) At both the N(!) atom of 1,3-diphenyltriazene and nitrogen atom of phenyl 
isocyanate the hybridization is changed from Sp2 to sp3, which is facilitated by the 
presence of the more electropositive deuterium atom at N(3) (ref. 4

). The inverse 
character of the deuterium isotopic effect is made more distinct in oxygen-containing 
solvents, which is obviously due to solvation of 1,3-diphenyltriazene through forma­
tion of hydrogen bond. Its formation makes the both above-mentioned effects 
more distinct, and the difference of the reaction rates of the! Hand 2H compounds 
increases, which results in a decrease of the kH I kD value. 

In conclusion it can be stated that the given experimental results agree with the 
findings published earlier and confirm the suggested reaction mechanism of 1,3-di­
phenyltriazene with phenyl isocyanate which is entirely different from the known 
mechanisms of reactions of this compound with other nucleophiles. 
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