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Abstract: To model the rates of interfacial polycondensations, the rates of reaction
of benzoyl chloride and methyl chloroformate with various aliphatic monoamines in
acetonitrile were determined at 25 °C. Buffering with picric acid slowed these extremely
fast reactions so the rate constants could be determined from the rate of disappearance of
picrate ion. The rates of the amine reactions correlated linearly with their Swain-Scott
nucleophilicities.
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1. Introduction

Interfacial polycondensation is an important polymerization technique, recently used for membrane
formation [1] and encapsulation [2]. It involves the extremely rapid reaction of diacid chlorides or
bis-chloroformates with diamines. Although this process has been known for over fifty years [3-5],
measurement of the rate constants has not yet been reported. This is not surprising since amines are
among the most nucleophilic molecules while acid chlorides are among the most electrophilic. Besides
the usual problems in measuring rate constants for ultrafast reactions, reactions often become
heterogeneous and the components lack UV absorption for stopped flow kinetics.

We worked with monoamines to simplify the kinetics. A requirement was that the amines be
reversibly masked to decrease their instantaneous concentrations. This can conveniently be done in
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water solution using buffer solutions of varying pH. A first step in this area was noticing that methyl
chloroformate hydrolyzed in water at room temperature with a half-life of about one hour [6,7]. This
made it possible to examine the rates of reaction with amines under buffered conditions in water. To
avoid competitive reaction with buffer components, a series of sterically hindered buffers was
synthesized [8]. The rate constants obtained by this technique were very high, up to 10* L/mols.

Subsequently, Castro and Moodie [9] used a pH-stat to follow the reactions, finding EtNH;
k> =390 L-mol "s'. Ahnfeldt and Harting [10] gave a rate constant of 1.1 x 10* L-mol "s' for ethyl
chloroformate—butylamine. These values are consistent with our previous ones. However, other acid
chlorides cannot be measured by these techniques because they hydrolyze in water too rapidly.

We utilized a novel technique to determine the rate constants in organic solvents: amine picrates
were reacted with acid chlorides in acetonitrile solution. The reactions were followed by UV, which
monitored the disappearance of picrate ion. In this way the concentration of free amine is buffered to
very low concentrations which allow rate measurements. Picrate ion was selected because its 2,6-dinitro
groups sterically hinder its capacity for competitive nucleophilic behavior. Building on our exploratory
studies on the base strengths of amines in nonprotolytic solvents [11], extensive elegant research on
acid-base reactions in acetonitrile solution by the groups of Kolthoff [12—15] and Coetzee [16] in the
1960s led to the evaluation of the dissociation constants of picric acid and of amine salts in
acetonitrile. These data were essential for interpreting our results.

2. Experimental Section

Chemicals were used as received from Aldrich. Picrates were prepared by mixing equimolar
quantities of the amine and picric acid in ether. In most cases the salt precipitated and was filtered; in
the remaining cases the solution was evaporated and the salt was dried in a vacuum desiccator over
P,0s. Serial dilutions of the amine picrates were used to crate a calibration curve which was used to
calculate the molar absorbtivity with Beer’s Law. In a glass cuvette various volumes and concentrations
of the acid chloride were added to 1.5 mL of the amine picrate solution. The solution was mixed for 2 s.
The absorbance dropped immediately because of dilution and then a smooth reaction decay curve
occurred. An Ocean Optics Chem 2000 UV-VIS spectrometer recorded absorbance values at 375 nm
every second until the reaction was finished. The absorbance values were then converted to
concentrations using Beer’s Law and plotted according to the rate equation.

3. Results and Discussion

The following rate equation was derived
2:In([P Jo+ [P ]) — In[P ];=0.5Ct+1In 4 [P],
where P = picrate anion and

oo 2k, (RCOCI), - g s

Hp
Ka

Two typical kinetic plots are shown in Figures 1 and 2.
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Figure 1. 2In([P ], + [P J) — In[P ]; vs. time for reaction of 3.12 x 10°M benzylamine
picrate with 1.18 x 107> M benzoyl chloride.
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Figure 2. 2In([P ], + [P ]¢) — In[P ]; vs. time for reaction of 2.40 x 10° M benzylamine
picrate with 1.18 x 10> M methyl chloroformate.

'85 T T T T
855 [ 500 1000 1500 2000 2500 3000 3500

_86 -

-8.65 -

-8.7

2n(P],+[P]) 875
- In[P7]; -8.8
-8.85

-8.9

-8.95

y=(1.14x 10%x-9.00
R==0.997

-9.05 - .
time ()

The kinetic data resulting from the averages of several runs at varying concentrations are summarized
in Table 1 with the amines listed in order of increasing nucleophilicity. Their rates of reaction with
benzoyl chloride and methyl chloroformate are given. The reactions were followed for >3 half-lives.
Amines of lower basicity gave measurable rates of reaction. Amines of higher basicity are too highly
protonated by picric acid to permit them to react; piperidine and pyrrolidine, the strongest bases,
overcome this barrier because of their extremely high nucleophilicity. Aliphatic amines, strongly basic
but less nucleophilic, react slowly. Aniline, on the other hand, is less strongly protonated, but its low
nucleophilicity gave measurable rates.
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Table 1. Reaction rates of amine picrates with acid chlorides.

Methyl chloroformate Benzoyl chloride

Amine in amine picrate

Ky, L'mol s Ky, L'mol s
Aniline 56+0.6x107° 1.0+0.1 x 10°
Benzylamine 12+0.1 x 10° 5.0+2x10°
Ethyl 1-piperazinecarboxylate 3.1£0.1 x 10’ 49+3x10*
Morpholine 6.6 +2.9 x 10 3.7+0.6 x 10*
Piperidine 6.7+0.6 x 10° 1.7+1x10°
Pyrrolidine 8.6 x 10° 1.1+0.8 x 10’

Tetrabutylammonium picrate and N-ethyldiisopropylammonium picrate reacted at negligibly slow
rates, showing that the sterically hindered, weakly basic picrate anion does not compete as a nucleophile.

Methyl chloroformate was always less reactive than benzoyl chloride. This is reasonable since
electron donation from OMe to the carbonyl group in the ester, deactivating it, exceeds that of phenyl
to the carbonyl group in the acid chloride.

The rate constants for reactions of amines with methyl chloroformate in acetonitrile were substantially
higher than those found earlier for the same reactions in water. This is reasonable since in water the
amines are hydrated, sterically and electronically diminishing their reactivity.

The rate constants for both benzoyl chloride and methyl chloroformate were shown to follow the
Swain-Scott equation log(k/k,) = sn, where s is the substrate constant and n is the nucleophile
constant [17]. We showed that aliphatic amines follow this linear free energy relationship and were
able to assign nucleophilicity values n to a variety of aliphatic amines [18]. Figure 3 plots n vs. logks
for the present results with benzoyl chloride and Figure 4 with methyl chloroformate. The correlations
are good over 7 powers of 10.

Figure 3. Swain-Scott nucleophilicity n vs. log k, for benzoyl chloride—amine reactions.
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The case of aniline allows a direct comparison with a literature value. This amine reacts slowly
enough to measure by conventional methods. Bose and Hinshelwood [19] showed that benzoylation

of m-chloroaniline in polar benzonitrile proceeded with rate constant 0.16 L-mol "s'. Multiplying
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this value by 10 to correct it to aniline gives 1.6 L-mol '-s”', which is in reasonable agreement with our
value of 1.0 L-mol '-s™".

Figure 4. Swain-Scott nucleophilicity n vs. log k, for methyl chloroformate—amine

reactions.
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4. Conclusions

The primary amines ethylamine and butylamine reacted too slowly to measure under these
conditions. The reason is that while they are about as basic as the secondary amines used here, they are
substantially less reactive; picric acid protonates them so highly that the free amine is present in too low
concentrations to react. A solution to this problem should be the use of a sterically hindered phenol
weaker than picric acid. Conversely, more reactive aliphatic acid chlorides will require a stronger acid
than picric.

In interfacial polymerization, the extremely high rates found for the free amines are much faster
than the rate of mixing; they even approach the diffusion control limit at which molecules react on
contact. Thus the rate of decrease of diamine in the water layer is a measure of the polymerization rate
as well.

The kinetics technique used here is very simple and flexible. It enables the measurement of
hitherto inaccessible aminolysis rates for a variety of readily hydrolyzable carbonyl, sulfonyl, and
phosphoryl chlorides.
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