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ABSTRACT. Rate constants for the reaction of methyl chloroformate with substituted anilines,
and for the halogen exchanges in phenyl chloroformate have been determined in acetone., Although
the rate data can be interpreted equally well with the addition-eliminaiton mechanism (S.N)
involving an intermediate, results of MO and isotope effect studies strongly favor the synchronous
(Sx2) mechanism for the reactions studied, It was concluded that for the fast reacting nucleophiles
the transition state is of “late” type while for the slow reacting nucleophiles it is of “early” type.

Nucleophilic substitution reactions of chlorofor-

INTRODUTION mates (ROCOCI) formally parallel those of other

Chloroformates have resonance stabilized types of carboxylic acidesters.® From the
ground state structures ! and this is reflected in mechanistic standpoint, the solvolytic reactions
their reduced nucleophilic reactivities as com- of chloroformates can be divided into two
pared with other carbonic acid derivatives, 2 main types, unimolecular and bimolecular,
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where as the nonsoivealytic resctions proceed
mainly through bimolecular mechanism.® The
main problem in the reaction of a chloroformate
with a non-solvolytic nucleophile such as amine
and halide, however, is whether the bimolecular
reaction takes place by a synchronous (Sy2)
or an addition-elimination (S,N) mechanism.

In the latter, the reaction is believed to proceed
through a tetrahedral intermediate,

We report here resulis of our structure-reac-
tivity studies of chloroformates by theoretical
as well as av  kinetic meth»d, In i%is work
we varied both the substrate, ROCOCI, where
R= CHj, C;H;, (CHjy); CH, and CsHs, and the
nucleophile, C1-, I~ and XCeH,NH, where X is
the meta or para substituent. In the case of
aniline, the reaction is represented as.

ROCOC]+2XCeH,NH,
= ROCONHC;H, X + XCHNH4CI™ (1)

EXPERIMENTAL

Ground State Electronic Structere Gf Phenyl
Chloroformate The CNDO/2 molecular orbital
(MOQ) calculations were carried out on phenyl
chloroformate similarly as described previously,
Standard values of bond lengths and bond
angles? were used in determination of atomie
coordinates in the molecule. The charge
density, Z., and frontier electrondensity, £, of
carbonyl carbon atomand the partial bond index
of C-Cl bond,
for the lowest unocccupied molecular orbital
(LUMO).*

Materials. Chloroformates and anilines were

We-c1, were then calculated

purified either by distillation. after drying
over sodium sulfate or by recrystallization. The
purity was confirmed by measaring physical
constants. The agreements with literature values
were satisfactory in all cases.? Anilinium .chle-
rides were prepared by passing HCI gas through

aniline solutions and then rcerystallized from

acetone and ether. Acetone was distilled afier
redistilled
after drying over phosphorous pentoxide.
Measvrement of Rate Constants. Rates were
followed by conductivity method using Beckman

drying over calcium sulfate and

RC-18A type conductivity bridge. The temper-
ature control was better than to <+ 0.05°C.
Reaction solutions consisted of 1.1~3.7X1072
1.1~8.1X107F M
aniline. The concentration of product anilinium

M. chloroformate and

chloride was determined from a conductivity
—concentration plot constructed specially for
each substituted anilinium chloride, A typical
conductivity concentration curve is shown in
Fig. 1. Sccond-order rate comstants were hen
deter mined by use of the integrated second-
order expression (2}, where a and & are the
initial concentration of substrate

alb—22)

.1
K= In .6(0'-_‘1:)

=5 =22 (2)

and nucleophile, and 2 is the concention of
anilinium chloride determined from measured
conductivity using a conductivity-conceniraiion

curve. Typical values are given in Table 1.
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Fig. 1. Typical counductivity-concentration curve,

For the reaction of methyl chloride, 1.243x10°2Af
with aniline, 7.983%1072 M in acetone at 23 °C.
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Plots of log—g—gz—i;—:l— against ¢ gave good st-

raihgt lines in all cases and least square slopes
were then used to calculate 2 values. Product
formed in this reaction, urethane, was confirm-
ed by examining IR spectrum of the product.

RESULTS AND DISCUSSION

The reaction was first order in both substrate
and hencs over all second
range studied.
Typical concentration dependence of the second
order rate constant is shown in Table 2 for the
reaction of methyl chloroformate with aniline.
‘The errors in % wete less than +3 % for the

and nucleophile,

order, in the concentration

reactions with anilines and they increased to
.about twice for halide exchanges. Tadle 3 con-
tains the second order rate constants obtained
and activation paramsters calculated for the re-
action of methyl chloroformate with substituted
.anilines in dry acetore, It is evident that the
nucleophilicity of aniline increases with the
electron density on amine nitrogen as expected;
.electron donating substituent in aniline acceler-

Table 1.

<onceatration of anilinium chloride, z, for the reaction

Typical kinetic run. Conductivities, 2, and

-of methyl chloroformate, 1.243X10°223f with aniline,
'3.983X1072 M in dry acetone at 25.0°C

Tine A |

2 —_

(se<) (2 mho) | x(x\})@ ‘“3‘3‘8——?
30 20.3 0.105 | 0.0148t
60 28.7 0.195 | 0.02936
120 39.3 0. 340 0.05748
180 | 480 0. 163 0. 08746
200 1 533 0.565 0.11833
300 61.0 0. 644 0.14739
360 65. 4 0.707 0.17486
420 69.1 0.759 0. 20123
480 72.8 0.811 0. 23187
540 75.9 0. 855 0. 26203
600 | 788 0.896 0. 20457
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ates while electron withdrawing substituent de-
accelerates the rate of reaction. The Hammett
type plots of the rate constants against ¢~ (for
H»-NO,)® gave an excellent straight line of slope
p=—2.00 with correlation coefficient »=0. 998.
Better Hammett type correlation with ¢~ rather
than ¢ for p—NO, group indicates that strong
direct conjugation is operative between the subs-
tituent and reaction center of the nuclecphile.®

9
0@ = O H
NS=N=RC
o N N=T g
&

M

The p value of —2.00 obtained with meathyl
chloroformate is to be compared with those
obtained with ethyl chloroformate by Ostrogo-
vich et al. ™ under the same reaction condition;
values were p=—5.56 for electron releasing

(3)

Table 2. Concentration dependence of 2nd-order rate
constants for the reaction of methy] chloroformate with

aniline in dry acetone.

T . Concentration (M) B X 1072
0 ax1072 bx1072 | (¢ mol™ sec™®)

15 1.881 6168 | 4.78
1.516 4.013 1.62
0.942 3.994 1.85

niean 4.75+0.10
25 1.001 4.205 7.62
1.243 3.983 7.49
1.549 3996  7.31

mean i 7.47+0.15

a : substrate, 5 : nucleophile.

w
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Table 3. Rate constants and activation parameters for the reactions of methyl chloroformate (MCF) with

substituted anilines in anhydrous acetone.

Nucleophile (Nudep(]i;‘l)o) X107 (MC(}j 1)13“ 10 ((f) a molflz seec) | (k cﬁffnft-l) (:_t IE:;;
p-Methylaniline 3,579 1,145 23.0 1.22x107! 11 -59.0
4,038 1. 365 15.0 9.44 %1072
4,119 1,272 5.0 8.09%x10°2
m—Methylaniline 3,944 1,219 25.0 8.44%1072 6.7 —41. (¢
4,730 1, 168 15.0 6.16 1072
5,020 1, 873 5.0 3.43x1072
Aniliae 3,983 1,243 25.0 7.49%1072 7.5 -38.5
4,018 1,516 15.0 4.62x1072
5,015 2,127 5.6 2.82x1072
p-Chleroaniline 5,985 1,518 35.0 3.51%1072 0.0 -32.9
7,180 1,659 25.0 1.82x10"2
7,345 2,170 15.0 5. 60%x1073
m~-Chloroaniline 6,037 1,554 35.0 1.40x1072 8.6 -39.2
6,290 1,975 25.0 8.27%1073
8, 000 2,091 20.1 6.03x10°3
p-Nitroaniline 6,947 2,995 45.0 4.99X 104 11.9 -36.4
8, (22 3,738 35.9 2. 59%X107¢
4,650 2,057 25.0 1.29%1074 :
m~Nitrcaniline 6, 045 2, 366 45.0 6.03x1073. 5.8 i —50.6
7,045 3,300 35.1 3.96X10°3 g
5, 484 1,937 23.0 3.02x1073

substituents and p=—1.57 for electron withd-
awing substituents, Assuming an SgN mechan
ism, (3). they interpreted the large negative
value of p for the electron releasing substituents
as an indication of the rate determining splitting
of the intermediate (%) while relatively low
negative value for electron withdrawing groups
as reflecting rate determining attack (%) in for-
ming the intermediate due to their diminished
nucleophilicity. According to this criterion, the
rate determining step seems to be the nucleop-
hilic attack for the reaction of methyl chlorof-
ormate with anilines. This does not necessarily
mean that the reaction proceeds via an interm-
ediate since one~step mechanism (Sy2) is also
consistent with the rate determining attack. The
Bronsted piot® using data in Table4d gave a
straight lin2 of slope 8=0.756 with correlation

Table 4. Basicities and rate constants for the reaction:
with methyl chloroformate for substituted anilines at
25°C.

Nucleaphile log &, pKa
p-Methylaniline —0. 9136 5.08
m~methylaniline —1.0737 4,71
Aniline -1.1255 4.59
#—Chloroaniline —1.7299 | 3.98
m—chloroaniline —2.0825 3.52
p-Nitroaniline —3. 5808 0.99
m-Nitroaniline —2. 5200 2.46

coefficient »=0.993. Although the use of pKe
values in water may not be justified, the magn-
itude of B obtained for the reaction of methyl
chloroformate with anilines implies that consid-

erable degree of bond formation is achieved at:
Journal of the Korean Chemical Society
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Table5. Summary of 2nd-order rate constants and activation parameters for the nucleophilic reactions of chlo-

roformates in aceione.

Nucleophile
Substrate dH= @ 4S5 7 N
(K cal mol! (eu.) (=) NHAE0)
ROCOC] ¢ ) - u. = CI- (°C) 1-(45°C)
1

CH; 86 —39,2 & 27%x107? 1. 51 X 1072#* 2.03x1072*
CHACH, 9. gH* —33, 1¥%* 5. 36% 1073 | 7.29%107%* 2.67X1073
(CH;),CH 14.8 -20.0 3.47X10"2 4. 891074 2. 67X 1074
CeHs 7.5 -3.1 3.66x10°1 1.23% 107 1.75% 10
*Calculated from ref, 5, **ref. 5, ™*ref, 19.

@ activation psrameters for the nucleophilic rezctions of chloroformates with m—chloroaniline in the anhydrous

acetone at 25C.
the transition state. Activation parameters in
Table 3 are characterized by the large negaiive
entropy of activation (—32.9~—59.0¢. .} and
small enthalpy of activation (1.1~11.9kcal/
mol). Both of these are general characteristics
of a bimolecular Sy reaction, 1

Rate constants for reactions of chloroformates
with m-chloroaniline, Ci~, and I~ determined
are summarized in Table 5 together with other
relevant data for comparison, For the fast re-
acting nucleophiles, anilines and Cl~, the reac-
tivity decreases in the order of CgHsOCOCI>
CH,OCOCI > C;H;0COCL> (CHa}: CHOCOC],
while for relatively slow reacting I, CeHs-
OCOCI becomes the least reactive.

Queen has reported ! results of the hydrolysis
of a series of alkvl chloroformates and phenyl
chloroformate, Data extracted from his paper
are presented in Table6. Queen assumed the
sudden increase in entropy of activation for
isopropyl chloroformate hydrolysis to follow
from a change in mechanism from bimolecular
for phenyl, methyl, and ethyl chioroformates
towards unimolescular for secondary alkyl chlo-
roformate. He then proposed a mechanism pro-
ceeding through a tetrahedral intermediate for

the bimolecular solvolvsis, as opposed to the

Vol. 20, No.6, 1576

Table . Rate constants and activation parameters for
hydrelysis of chloroformates (ROCOC!) in water,

10% AH 05 45
R (s1* {kcal/raol) (e. uzsz)s
CH; 1.23 16. 2 —-19.1
C,H5 0.76 17.1 -17.¢
{CH;),CH 2.36 24,1 +10.1
CsHs 34.6 14.1 -16.8

«Determined at slightly varying temperatures within
the range 104:0. 2 °C.

one-step mechanism proposed by Kivinen!? for
the solvolysis of ethyl chloroformate, For the
solvolysis of isopropyl chloroformates concurrent
Sx1 mechanism was proposed. It was emphasi-
zed however that other explanation are also
possible, and thus he did not rule out the pos-
sibitity of Sy 2 mechanism for the reactions he
studied, Since the present work is concerned
with non-solvolytic reactions in acetone, our
data are not directly comparable to those of
Queen. However for fast reacting nucleophiles
sequence of reactivity is the same in the two
cases excepting of course isopropyl for which
concutrent Syl mechanism is most probably
operating, It is readily seen from Tables5 and
6 that the nitrogen nucleophile reacts faster than
the oxygen nucleophile towards chloroformates
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Table7. Results of the CNDO/2 MO esleulations fcr ground statesof chloroformates. 3
| I i fl.u R
Substrate i ety Z; : f |~ Wive
; | « Exocoai ™ Eci
CH;0COCY | 3.1 +0.4904 | 0.9438 0.1039 0. 6596
C;H,0C0Cl ! 3.3 +0. 4895 0. 9428 0.1014 0. 6494
(CHy) ZCHQCOC-I : 3.3 +0. 4912 0. 9332 0. 1003 0.6334
CeH;0COCI1 21 +0. 4549 0. €003 0. 0741 Q. 7053

#sLU : energy of LUMO,

2nd this is entirely due to an enthalpic effect.

Results of MO calculations are summarized in
Table 7. According to the generalized perturba-
tion theory of reactivity, nucleophilic substitut-
ions are either ¢harge controlled or orbital (or
frontier) controlled when bond formation is the
tate determining, !® In the former the reactivity
is dictated by the total charge density on the
reaction center, Z., while in the latter it is
determined mainly by frontier electron density,
FrY.. The theory further postulates that the
reactivity of frontier controlled reaction is pro-
portional to fY, divided by the energy differ-
ence of frontier orbitals of the two reacting
species. '® This quantity is calculated and given
in the fifth column of Table?7. It can be con-
cluded from Table 7 that irrespective of whether
the reactions studied are charge controlled or
frontier controlled, phenyl chloroformate should
be the least reactive, which is contrary to our
rate results for the fast reacting nucleophiles,
Thus MO results suggest that the rate of reac-
tion of chloroformate with fast reacting nu-
cleophiles is not determined by the easiness of
bond formation alone, MO theoretical explana-
tion of rate results is only possible by assuming
Sx2 mechanism for the reaction in which syn-
chronous bond breaking occurs in one-step dis-
placement, (II), i.e., the“late” type.

Since LUMOs are antibonding, ¢* bond br-
eaking should be easier for the substrate with
large partial bond index, W'Y —Cl. This value
and hence the easiness of bond breaking de-

10 : energy of the highest accupied MO,

-5 = §+5’)

% X _E Ry Y
R-0-C~Cl + HpN ——> ReO=Ceref v
_@ Slow H ﬁ@
-5
(i)

Products, {(4)

creases in the order CgHsOCOCI>CH,0COCI>
C-H:0COC1 > (CH,4),CHOCOCI,

actly the rate sequence for fast reacting nucleo-

which 1is ex-

philes.

The charge density, Z, in Table7 shows
that CsHsO group tends to release electron since
the positive charge on the carbony! carbon atom
is the smallest in phenyl chioroformaie campared
with those in other chlaroformates. The electron
releasing phenoxy group decreases the positive
charge on the carbon atom of the chlorocarbonyl
grovp and thus reduces the strength «f the car-
bon-halogen bond. Formation of transition
state which involves partial bond bresking of
this carbon-halogen bond will be made easier
with phenyl chloroformate, and the rute will
increase only if the rate determining bond
breaking is assumed.

Similar conclusion was reached hy Fliiot and
Mason ¥ on the basis of isotope effect studies
on the berzoylation of aniline. They found that
breakirg of a nitrogen—hydrogen hond is not
involved in the rate determining step. The two,
MO and isotpoe effect results, complements each
other in favor of the Sy2 mechanism with the

“late” transition state of the type (II), for the

Journal of the Korean Chemical Society
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reaction of chloroformates with fast reacting
nucleophiles. For the slow reacting nucleophile,
I-, however the bond formation and bond bre-
aking may not be significant at the transition
state and an “early” transition state proposed
We

therefore conclude that for the fast reacting

previously ¥* may be more appropriate.

nucleopbiles the bond breaking occurs synchro-
the the
easiness of bond breaking dictates rate,

bond formation and
the
the slow nucleophiles the bond

nously with

while for
breaking is not significant and an “early”

transition state is formed.
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