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DEPENDENCE OF THE [INHIBITOR LEAVING GROUP EFFECT
ON THE STRUCTURE OF ITS PHOSPHORYL PART IN THE REACTION OF
CHYMOTRYPSIN WITH O-n-ALKYL METHYLPHOSPHONIC ACID THIOESTERS

P.F.Sikk, M.M.Peips, V.S .Abdukakharov,
A.A.Abduvakhabov and A .A .Aaviksaar

Institute of Chemical Physics and Biophysics
of the Estonian SSR Academy of Sciences, Tallinn
Institute of Bioorganic Chemistry of the Uzbek SSR

Academy of Sciences, Tashkent
Received August 26, 1986

It is shown that the influence of the structure
of the aliphatic leaving group -SX in thiophosphonates
(C2H50) (CH3)P(0)SX (1) and (n-CAHA0) (CH3)P(0)SX (Il),
,here X - -CnH2nt, and -( CH ™S C~ ,, upon the
second-order rate constants of the 1inhibition of
Chymotrypsin activity#can be described by the equation
log k.l * log Iﬁ,o + p O + d¥l, where both the inductive
effect and the hydrophobicity of X are considered. The
substitution of the ethyl group in (1) for n-hexyl in
(I1) resulted in a change 1in the form of the dependence
of the reaction rate upon the leaving group hydropho-
bicity, and a decrease in p . The data point to elect-
rophilic solvation of the reaction center of the inhi-
bitor in the "oxyanion hole” of the enzyme as a result
of the interaction of the n-hexyl chain of (Il) with
the hydrophobic binding pocket in the Chymotrypsin
active site.
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The Hammett p value for the leaving group effect in
a-chymotrypsin-catalyzed hydrolysis of aromatic ester subst-
rates has been shown to depend on the structure of the acyl
portion of the compounds. Thus, the values of p = 0.45 and
O.63 have been obtained for N-acylamino acid derivativesl’9
whereas the higher value p = ~2 has been determined in a
series of phenyl acetates ~

It has been suggested by Williams that the 1low p
values in the acylation of Chymotrypsin (CT) by amino acid
substrates are determined by electrophilic assistance of the
formation of tetrahedral transition state by hydrogen bond-
ing between the oxyanion, developed from the carbonyl group
of the substrate, and the backbone NH groups of Gly 193 and
Ser 195 of the enzyme, l.e. the oxyanion hole~™. Alterna-
tively, hydrogen bonding between the enzyme NH groups and
the substrate leaving group oxygen has been proposed2

By analogy with non-enzymic nucleophilic displacement
at the tetrahedral phosphorfgs in 0,0-dialkyl phosphates and
1

0-alkyl alkylphosphonates it is reasonable to assume that
the reaction of organophosphorus inhibitors (RQ)(CH")P (0)SX
with CT proceeds via the direct displacement as well, and
the P*0 double bond 1is not affected by the process. The
p value of the reaction should then be primarily affected
by the solvation of the inhibitor leaving group rather than
the P=0 bond. Hence it is of interest to study whether the
leaving group inductive effect 1in the reaction of CT with
these compounds depends on the structure of their phosphoryl
part. To clarify this question we have studied the kinetics
of the reaction of CT with two series of the inhibitors
(RO)(CHj)P(O0)SX. In the series (l), the substituent
R - ”M™2H5 *S t0< short for binding in the hydrophobic
pocket in the active site of CT whereas the n-hexyl group
as R in the series (Il1) is of optimal length for binding in
this pocketl0.

The second-order rate constants of the phosphorylation

of the active site of CT by the above compounds are listed
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in Table 1. Figure 1 shows the dependence of 1log k. upon the
substituent hydrophobicity constant for the inhibitors of
the series (1) with n-alkyl chain in the leaving group. It
can be seen that, up to the length of normal hydrocarbon
chain with n * 9» a linear relationship
log K = C+ X (¢9)
holds for the series which points to hydrophobic interaction
between the leaving group of the 1inhibitors and the enzyme
surface. The hydrophobicity constants Il were calculated by
additive scheme u using the value 0.50 for methyl and met-
hylene groups.
in (11). log kj for the compounds with n-alkyl groups
in their leaving part -increase in accordance with Eq. (1)
only up to X = -CAHg-n. Further increase in the chain length
(from n = k to 7) does not result in any considerable change
in log k. values (see Fig. 2). Apparently, in the series of
inhibitors in which the length of the substituent in their
acid moiety 1is optimal for the interaction with the hydro-
phobic pocket in the active site of CT, the interaction of
their Jleaving group with the enzyme active surface appears only
if its length does not exceed that of wm-butyl radical.
In calculation of dr-coefficients for the series (1) and
(11) the follov)v(ing equagign
log Kl = C+op a;(( + g , @
where the term p accounts for the leaving group inductive
effect, was used. |In taking into account the inguctive effect
of substituent X we have applied the scale of a constants
in which an infinitively long polymethylene chain 1is consi-
dered as the reference substituent with o w012 71", This
enables one to treat the alkyl and electronegative substi-
tuents in a common series. The a values for the substituents
—(CHp\)mSCnH l**.were equalized with a for the substituents
~ACH2"mSC2H5 Considering that in the series (Il1) only
the fragment of the leaving group with the length not
exceeding the length of thiobutyl chain can interact with

the enzyme active surface, the "effective” I values for X
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have been used for these compounds (see Table 1). The Il con-
stants for the substituents _(CH’z)mSCn Inet’ were calculated
by additive scheme making use of the partition coefficient

of diethyl sulfide in the octanol-water systemll.

The parameters of the correlation of log k. with a and
M according to Eg. (2) are given in Table 2. It is evident
from the Table that the values gf < are close 1in two series
of the inhibitors whereas the p value in the series (II)
with R m ~CgHlE'n *s 1*5 times less than in the series (I)
with R - -1*2Hb * ancl coinci(*es w"th p for alkaline hydroly-
sis of the compounds (RO) (CH_)P(O)SX in water1l*.

The observed decrease iﬁ p* for the reaction of CT
with the inhibitors (un-C"H"O) (CHj)P(0)SX could be explained
assuming that the conversioh of the initial complex of the
enzyme with these inhibitors proceeds 1in accordance with

the following scheme:

Eft [EQ)

In the proposed scheme, the orientation of the alkoxy chain
RO- is assumed to remain unchanged in the initial complex
EQ, transition state [EQ]* and phosphorylated enzyme EQ1.
The 1leaving group of the inhibitor is directed towards the
positive ends of the peptide bond dipoles Met 192-G1ly 193
and Ser 195-G1ly 196, i.e. towards the oxyanion hole. The
interaction of the dipoles with the leaving group in the bi-
pyramidal transition state [EQ]*, in which the P=0, P-0 and
P-C bonds are located on the same plane, provides the sol-
vation of the negative charge on the leaving group sulfur
atom. In the phosphorylated enzyme EQ1l, the P=0 group is
o.iented as the leaving group in the initial noncovalent

complex. The binding of alkyl chain in the hydrophobic
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Table 1
The second-order rate constants of the reaction of
a-chymotrypsin with 0-n-alkyl-S-alkyl methylthiophosphonates,
(RO)(CH3)P(0)SX. Temperature 25-0 - 0.1<C, pH 7.60 - 0.02,
phosphate or Na-veronal-HCl1l buffer solutions, y = 0.05»
0-0.8 % (v/v) acetonitrile

No X k., w st * )
Re. SO Ox AX *eff
< V 7 R="C6H13
1ueons 4.0 10_I* 0.77 0.067 1.0 1.0
2 wcav 4.7 w"Z 0.86 0 1.5 1.5
3 - o<W« 7.3 10 1.66 0 2.0 2.0
4 s 1.4 io"3 1.55 0 2.5 2.0
5 .ceH13"n 2.3 10"3 - 0 3.0 -
6 -C7H15-n 3.4 io0-3 1.72 0 3.5 2.0
7 -C9H19-» 1.0 io"2 - 0 4.5 -
8 -CH2SC2H5 3.6 to<?2 14.9 0.56 1.45 1.45
9 -(CH2)2SC2H5 6.1 io"3 3.76 0.28 1.95 1.45
10 -(CH2)2SC3H7-M 1.2 io0"2 - 0.28 2.45 -
11 - (CHASCA-n 1.4 io-2 - 0.28 2.95 -
12 -(ch2)3sc2h5 3.8 i0"3 - 0.14 2.45 -
13 -(ch2),sc2h5 3.2 jo-3 4.16 0.07 2.95 2.0
14 -(CH2)5SC2H5 5.8 io"3 - 0.035 3.45 -
15 2.68 0.018 3.95 2.0

“*(CH2)6SC2H5

Mean experimental error in k. - 10Z.
*
Mean experimental error in k. - IN&
c) Effective Tll-constants for the series (I1) with

R = -CBHi3-n* see text.

pocket ensures the proper orientation of the leaving group
towards the two peptide bond dipoles thus creating a polar
(electrophilic) microenvironment in the vicinity of the
scissible bond, which 1is comparable with that of water medi-

um. By the intensity of the leaving group inductive effect,
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Dependence of the logarithms of the second-order
rate constants of the reaction of a-chymotrypsin
with O-iethyl-S-alkyl methyl th iophosphonates
(C2H50) (CH3)P(0)SX, X = -CnH2n+],upon Tkparameters
of X. For the compound with X = _C%HS’ the cogt{i—
bution of the alkyl group inductive effect, pa,
in accordance with Eq. (2), has been subtracted
from the experimental value of log k.. The numbers
at the points refer to the 1inhibitors listed in

Table 1.

Fig. 2. Dependence of the
logarithms of the second-
-order rate constants of
the reaction of a-Chymo-
trypsin with O0-n-hexyl-S-
-alkyl methy lthiophosphon-
ates (n-C6H130) (CH3)P(0)SX.
The meaning of the numbers
and the procedure of the
normalization of the

log k. value for the 1inhi-
bitor with X - ~2H5 as

in Fig. 1.
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Table 2

Dependence of the second-order rate constants of the
reaction of a-chymotrypsin with organophosphorus inhibitors

upon the structure of their leaving proup. The results of

the correlation analysis of the data in Table 1 by Eq. (2).

React ion Parameters Correl- Corre 1-
series of Eq. (2) n ation S.D. at ion
coeff., coeff.
r between
*
0 and I,
r
X
0
n
* = - -_
C2H5="P_sX p*=3-36-0.10 1l 0.995 0.059 0.366
® =0.46-0.02
{3

p*A1.90*%0.03a)

n-C ,0-P-SX p*=2.21-0.21 9 0.97** 0.103 0.426

H,
6 13 1
CH3 @ =0.60-0.11

p for alkaline hydrolys isl*.

the reaction then resembles the alkaline hydrolysis of
organophosphorus esters in water (see Table 2). If the alk-
oxy group in the phosphoryl part of inhibitors, as ~C2H5 in
(1), 1is too short for effective binding in the hydrophobic
pocket, the localization of the leaving group relative to
the described solvation cell may probably remain inexact.
For the highly polar transition state it should mean a
transfere of the react.jon into a less polar medium with con-
comitant 1increase in p up to the values considerably higher
than the p values of alkaline hydrolysis of the compounds
in water.

The high value of p in the reaction of CT with phenyl

acetates3, could be explained similarly. It has been shown,
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particularly, that p< for alkaline hydrolysis of the aryl-
substituted phenyl acetates increased from the values of
pe = 0.927 " O.037 in water up to the values of 1.6-1.8 in
water-dioxan, water-ethanol and water-acetone mixturesli”® ™
thus reaching the value observed in their reaction with
CT3,4.

In conclusion, it may be stated that the dependence of
the leaving group inductive effect upon the structure of
acyi part 1in the reactions of CT with organophosphorus
inhibitors or carboxylic ester substrates could be explained
without 1introducing special requirements into detailed
mechanism of the reaction with "good" (amino acid) substrates,
e.g. the formation of additional hydrogen bonds at their
conversion. It is sufficient to assume that the low values
for the leaving group inductive effect 1in the reactions of
CT with its specific substrates are brought about by electro-
philic solvation Of the substrate reaction center in the

cell formed by NH groups of Gly 193 and Ser 195 1in the enzyme.
Experimental section

Organophosphorus inhibitors were prepared by conven-
tional methods 17 18 and purified on a silica gel column 19
The structure and purity of the compounds were confirmed by
their 13C NMR spectra, elemental analysis data, infra-red
spectra and by titration of the thiols liberating in the
course of their alkaline hydrolysiszo. The inhibition of CT
activity in large excess of inhibitors was performed, as
described elsewhereZl, by measuring the residudl activity
of the enzyme. The second-order rate constants of the in-
hibition reaction (Table 1) were calculated from the depend-
encies of pseudo monomolecular rate constants upon the
inhibitor concentrations. Spontaneous 1inactivation of the
enzyme in the course of the inhibition reaction has been

taken into account.
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The second-order rate constants of the reactions of
thermitase and a serine protease from Thermoactinomyces
vulgaris strain RA I1l-4a with the substrates
CHAC(O)NHCH(R)C(0)OCH~ (1) and 1irreversible organophos-
phorus inhibitors (RO)(CH~JPfOjOCgHANO~-p (Il), where
R stands for alkyl and/or aryl alkyl substituents, have
been determined. The substrate specificity of both
enzymes in these reactions has been shown to be the
same. At he length of R not exceeding that of the n-bu-
tyl group, the dependence of the rate of enzymic hydro-
lysis of substrates (1) upon their structure is des-
cribed by the equation log kKjj = 3*54 + 1.19 log P,
where P is the substrate partition coefficient in the
octanol-water system. For (Il) the linear relationship
between log Kjj and the compound hydrophobicity holds

for the inhibitors with R from -C_H_-n to It

-C,H,,-n.
57 b 13
is suggested that, as in a-chymot ryps in, ttie primary
substrate specificity of the proteases from Thermo-
aetinomyoes vulgaris is determined by a special hydro-
phobic slit in their active sites, which principally
differentiates them from bacterial subtilisins which

do not show hydrophobic selectivity with respect to (D).

Recently a number of serine proteases which split pep-
bonds after hydrophobic amino acids and contain a free
group, essential for their enzymic activity, have

purified from various strains of thermophilic actino-

261



mycets and some other microorganisms . Thermitase, a ther-
mostable serine protease from Thermoaotinomyoes vulgaris\
has been most extensively studied in this subfamily7 8 of
serine proteases. On the basis of the comparison of the
amino acid sequences of the microbial enzymesg_12 as well as
their specificities against some short polypeptide substra-
tes13 14, thermitase has been classified as a subtilisin-
-like enzyme.

However, a study of the interaction of another SH-con-
taining serine protease, obtained from Thermoactinomyoes
vulgaris strain RA 1Il-4a , with a series of N-acetyl-L-amino
acid methyl esters, CHjC (0)NHCH(R)C(0)0CH3, has shown that
the enzyme principally differs from subtilisins 1in primary
substrate specificity. For the protease from Thermoaotino-
myoes vulgaris strain RA 1l-4a, a linear relationship bet-
ween log (kca(-/K"*5) and the hydrophob icity of the substi-
tuent R, covering the change of the rate constant within two
orders of magnitude, has been found3, while subtilisins do
not display hydrophobic selectivity with respect to these
substrates”~. The interaction of R with a hydrophobic slit
in the active site of the protedse as well as the occurrence
of the relationship "better binding :better reaction™3 in
this series of substrates make the enzyme look rather similar
to a-chymotrypsin.

In the present work the study of the interaction of the
series of N-acetyl-L-amino acid methyl esters with microbial
proteases has been extended to thermitase, in order to
correlate the primary substrate specificities of SH-contain-
ing serine proteases from different strains of Thermoaotino-
myoes vulgaris. The second-order rate constants of the hydro-
lysis of the substrates, Kj”, obtained under the conditions
of have been used to quantify the specificities
of the studied enzymes.

To account for the hydrophobicity of the substrates we
have used the logarithms of their partition coefficients in

the ootanol-water model system; the hydrophobicity constants
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M for amino acid side chains as calculated from the partition
coefficients of various amino acid derivatives» have been
found to be at variance with each other

In the study of the topographies of the active sites
of the proteases from Thermoaotinomyoes we have also used a
series of organophosphorus inhibitors, (ROXCHAPAOCgHANC"-p,
where R = -C H. ,-N (n=2-8) . The ser

nZn+1i
earlier in the studies of subtilisins

proteases18 from Bacillus amyloliquefaoiens.

ies has been used
1718
= and intracellular

Experimental section

The protease from Thermoaotinomyoes vulgaris RA 11-4a
was purified on Sephadex G-50 and CM-cellulose columns as
described elsewhere3.

Thermitase from Serva (FRG) was used without further
pur ificat ion .

The enzyme stock solutions, pH 5*0, y=0.05, were made
in acetate buffer containing 10 ° M caCl~* The active sites
of the enzymes were titrated by O-«-hexyl-p-nitrophenyl
methylphosphonate; the release of p-nitrophenol was moni-
tored at 25<C, pH 7.6, Na-veronal-HC1l buffer, y=0.05 (e=
=13700 at 400 nm) on a Varian Techtron 635 or Beckman 5260
spectrophotometer.

N-acetyl-L-amino acid methyl esters were prepared as
described earlier3. Purity of the compounds was checked by
titrating the amount of acid which liberated in the course
of their complete thermitase-catalyzed hydrolysis. Subst-
rate stock solutions were prepared in acetonitrile.

Kinetic measurements were carried out on a pH-stat
(Radiometer, TTT 2/SBR 3/ABU 12) at 25<C and pH 7.6 in the
solution containing 0.2 M KC1, 10 2 M CaCl2 and 5% (v/v)
acetonitrile.

In accordance with the reaction scheme

KM k2 k3
E + ES- A S EA- ST SE ¢ PgL 6

1
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at [S]SK*Mpp the reaction follows the first-order kinetics,
with k = (kZ/KM) [E]o: kM[E] o which enables to calculate
the second-order rate constant of the enzyme acylation as
k..=k/[E] ; the k values were obtained by the differential
method ofoRudakov 19.

The synthesis and purification of O0-n-alkyl-p-nitro-
phenyl methylphosphonates have been described earlier20
Stock solutions of the compounds were made in absolute
ethanol.

Protease inhibition was carried out under the pseudo-
monomolecu lar reaction conditions ([I] >*tE] ) at 25<C and
pH 7.6 in 0.04 M Na-veronal-HC1 buffer conta(iﬁ)ning 1007 M
caCl~ and 2% (v/v) of ethanol. At predetermined time inter-
vals aliquots were withdrawn from the reaction vessels and
assayed for the residual enzyme activity using 7*10 3 M
N-acetyl-L-phenylalanine methyl ester as substrate. The
first-order rate constants k = (kZ/KM)[I]c): k."[l]owere
obtained from the plots of 1log(A%) against t in accordance
with the equation

log(AZ) = 2 - k,,[110t/2 .3033 )
which follows from scheme (1) with k» = 0. The second-order
rate constants of the irreversible inhibition of protease
activities were calculated from the slopes of the straight
lines in the coordinates k versus [I]O (see1 %

Partition coefficients of N-acetyl-L-amino acid methyl
esters in the octanol-water system (0.1 M ammonium phosphate
buffer, pH 2.2) were determined at room temperature. Initial
(0.1-1.0)10 3 M solutions of the compounds were prepared
either in the buffer solution saturated with octanol or in
octanol saturated with the buffer solution. Then 2.0 ml of
each of the solutions 1in stoppered test tubes were mixed
with the second phase by inversion of the tube for 200 times
during 10 min. After the separation of the phases, the con-
centrations of the compounds in both phases were determined
by high performance liquid chromatography (Du Pont 8800,
Zorbax O0DS column, 4.6 mm x 25 cm, 50:50 methanol and 0.1 M
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ammonium phosphate buffer, pH 2.2, 35<C, detection by the

absorbance at 205 nm). The partition coefficients were shown
to be independent of the number of tube 1inversions and the

concentrations of the compounds; the calculated values of the
partition coefficients also remained unchanged when the con-
centrations were determined 10 hours after mixing the phases.
The logarithms of .the obtained partition coefficients, log P,

for N-acetyl-L-amino acid methyl esters are given in Table 1.

Results and discussion

As can be seen from Table 1, an increase in the substra-
te side chain hydrophobicity leads to the increase in the
second-order rate constants of acylation of the active sites
of the studied proteases. The dependence of 1log k| ( upon
log P for the compounds No 1-4 (Table 1) with normal hydro-
carbon radicals as R, 1is given by a common equation for both
proteases,

log k,, = (355<0.03) + (1.19*0.07) 1log P , (©))
where r = 0.991, s = 0.096 and n = 8. In Figure 1 these data
are presented as a log k(] versus log P plot. As a charac-
teristic fact, it is seen in Figure 1 that 1log k|( for N-ace-
tyl-L-pheny lalanine methyl ester substrate with aromatic
amino acid side chain R = - CH qu i te satisfactorily
falls on the extension of the straight line conducted through
the points for log Kjj of aliphatic amino acid substrates
from alanine (R = -CH”) to norleucine (R - -C~Hg-n). Inclus-
ion of the phenylalanine substrate as well as the derivative
of leucine with a branched side chain R m -CHjCH~H”~JjJ into
the correlation does not change the slope of the straight
line but only lowers the quality of the correlation 1in some
extent:

log Kjj - (3.54*0.06) + (1.19*0.08) 1log P , 4)
where r = 0.976, s = 0.163 and n = 12. At the same time, the
substrates with normal hydrocarbon radicals in their side
chains Jlonger than n-butyl group give systematic negative

deviations of 1log k| ( from the correlation line (see Fig.1l).
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Table 1
Hydrolysis of N-acetyl-L-amino acid methyl esters,
CHAC(O)NHCH(R)C(0)0CHj, catalyzed by thermitase and the seri-
ne protease from Thermoaotinomyoes vulgaris RA Il-4a. Tem-
perature 25<C, pH 7-6, 0.2 M KCI, 5% (v/v) acetonitrile. The

second-order rate constants are given with *S.E.

No R log P k. 102, H_1 s"1

thermitase protease RA 11-4a

-CH3 -0.57 9,9*0.2 5.3*0.1
C2H5 RO 22*1 20-2
0.33 95*1 114+3
- w
- 0.79 282*9 277%6
-C4 Vv
28 80‘: ] 216*9
1.
"CBH11
. 1.70 29*%1 32 ,8-0 ,9
-(Ele-ﬂéf-i(G/IS)Z o 8% 179+%7 232%4
© 42 760*10 660*20

8 "CH2C6H5
9 -ch2c6bhdoh—p o.. 33 323*%6 445%6

The observed dependence of log Kjj upon the length and
hydrophobicity of the hydrocarbon radicals in the acyl part
of substrates 1is quite similar to the structure-act lvity
relationship in chymotrypsin-catalyzed hydrolysis of these
compoundle_ZA Since the primary substrate specificity of
chymotrypsin has been shown to be determined by a specific
hydrophobic slit in its active site24 for the binding of the
side chains of amino acids in the P~-position of polypeptide
substrates (notion of amino acid residues 1iIn substrates as
in Schechter and Bergerzc one can conclude that the primary
specificity of SH-containing microbial serine proteases is
determined by the binding of the amino acid substrate side
chain 1in a special hydrophobic slit in the enzyme active
site as we 11.

However, by the size and the intensity of hydrophobic
interaction with the substrate side-chain, the hydrophobic

slit in the active sites of the proteases from actinomycets
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must be different from that in chymotrypsin. For Chymotryp-
sin the linear relationship between log Kjj and log P in
this series of substrates holds up to o-aminoheptanoic acid
methyl ester (R = -C"H”-.1n) and the slope of the observed

straight line is about two:

log k,, = (1.54-0.10) + (1.96*0.13) 1log P , (5)
where r = 0.993, s = 0.043 and n -5 (the compounds No 1-5
in. Table 1, the val-ues of k|( by Jones et al.2Y). In addit-

ion, it is characteristic for chymotrypsin that the reac-
tivities of the derivatives of aromatic amino acids Phe and
Tyr do not obey Equation (5); "log k®*p - log is 1.3
for Phe and 2.8 for Tyr.

26 .27 to describe

Inconsistency of the extraction model
the hydrophobic selectivity of chymotrypsin in the reaction
with aromatic amino acid substrates 1if the "initial" para-
meters log P for substrate hydrophobicity are used, needs
special analysis elsewhere. According to the results of the
present study, the SH-containing serine proteases fronm
Thermoaotinomyoes do riot prefer Phe over the aliphatic amino
acids but log k(] for N-acetyl-L-tyrosine methyl ester still
has the value of 0.6 log units higher than predicted by
Equations (3) and (4).

It is interesting to note that for aliphatic amino
acid substrates the log k(] values for proteases from Ther-
moaotinomyoes are considerably higher than log k for chymo-
trypsin. Vice versa, in the reaction of organophosphorus
inhibitors O-m-alkyl-p-nitrophenyl methylphosphonates with
the active sites of microbial proteases, the k.. values
(in Table 2) are lower than for chymotrypsin27. The relat-
ionship between 1log k.. and the hydrophobicity parameter
mn 1828 for substituent R in (RO)(CH”)P (0)OCgHANOj-p is
given 1in Fig. 2. The straight 1line covers the the 1log k]| (
values for the inhibitors with R fronm -C,IH,/-« to -C5H13-n
and 1is characterized by a correlation equation

log kM = (-0.69%0 .15) + (0.57*0 .07) I , (6)
with r = 0.962, s “<0.104 and n = 8. Further increase in

the length of n-alkyl chain R leads to a decrease in log K((
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Dependence of log upon log P for the hydrolysis
of the substrates CH~C(O)NHCH(R)C(0)0CHj catalyzed
by thermitase Co) and the serine protease from
Thermoaotinomyoes vulgaris RA 1l-4a (e). The numbers

refer to the substrates listed in Table 1.

Dependence of log k(] upon Il for the phosphorylation
of the active sites of thermitase (0) and the serine
protease from Thermoaotinomyoes vulgaris RA I1l-4a ()
by O-n-alkyl-p-nitrophenyl methylphosphonates,
(RO)(CHj)P (0)OCgHANO~A-p. The numbers refer to the

inhibitors listed in Table 2.
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Table 2
The second-order rate constants of the inhibition of
the activities of thermitase and the serine protease fronm
Thermoaotinomyoes vulgaris RA Il-4a by O-n-alkyl-p-nitrophe-
nyl methylphosphonates, (RO)(CH”)P (0)OCAHANOj-p. Temperature
25<C, pH 7.6, 0.04 M Na-veronal-HCl1 buffer with 0 “3 M
caCl”~) 2% (v/v) ethanol. The constants are given with *S_E.

M-1
No >
thermitase protease RA 1l-4a
O+O
1.0 2.-1*0,.5 2 B° 5
*C2HS5
2 . 1-5 1.3%0 .1 1.6-0..1
- W
2.0 2..2-0.,3 2.9*0..5
-c4 v -
2 o=o
6..5%0,, ) .6
~C5H11 25 °
3.0 8-1 104
_C6H13"U
" 3.5 5..5%0,.4 6-2
C7H1s5-n
7 RGN (S 4.0 5%1 6.3*0..3
o

a” Add itive valuesl18.

which points to the binding of the 1inhibitor alkoxy group in
a hydrophobic area of limited size in the active sites of the
studied proteases. This hydrophobic area is apparently diffe-
rent from the hydrophobic slit for the binding of amino acid
side chain R of the substrates CH” (0) NHCH (R) C(0) 0OCH3 since
the length of the seven-membered alkoxy group -0C "H”-n at
which log kj( in the series of the inhibitors reaches its
maximum value, differs from the length of the group
-CH-C”AHg-n in the substrate which has the highest rate
constant of the acylation of the enzyme active site in the
stud ied series.

In conclusion it may be said that despite rather exten-
sive sequential homologies between the two groups of enzymes
the SH-containing serine proteases from Thermoaotinomyoes
principally differ from bacterial subtilisins by their pri-

mary substrate specificity* The specificity of the enzymes
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from actinomycets in the reaction with the substrates

CHj C(O)NHCH(R)C(0)0CHj can be explained by the presence of

a hydrophobic slit in their active sites, which 1is similar

to the hydrophobic pocket in the active site of a-chymotryp-
sin. Subtilisins do not show hydrophobic selectivity in the

reaction with N-acetyl-ami no acid methyl estersili”.
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Interaction kinetics of benzoyl-4-N,N-dimethyl-
aminopyridine chloride with p-nitroaniline in
methylene chloride has been studied. It is shown
that the kinetics of the rate determining stage
of aminolysis reaction of acylhalogenides, catal-
yzed by 4-N,N-dimethylaminopyridine (as it was
also in case of N-alkylimidazoles, studied earlier)
is a multichannel process, in the initial stage
characterized by the formation of the H-complexes
of nucleophiles with the intermediate and the
initial tertiary amine. Reactivity of similar com-
plexes with arylamines is close to those of phe-
nols, which can be explained by the different lev-
el of proton transfer in the transition state.

The reaction of acylhalides with aromatic amines,catal-
yzed by the tertiary amines proceeds in aprotic media ac-
cording to the nucleophilic mechanism (Scheme 1) via the in-
termediate (1) having the structure of acylammonium chlorid-

es:
k1l k_ ,ArNH« +
RCOX + [RCON%] X" — £-——em =_ArNHCOR + [HNA] X (D)
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In the reaction of acetyl cloride with p-nitroaniline in
CH2C12, catalyzed by N-methylimidazole, a thermodynamically
favorable formation of the acetyl-3-methylimidazole inter-
mediate product is observed, which gives its rate determin-
ing stage a multichannel characterl””.

4-N,N-dialkylaminopyridines belong to another group of
bases that are able to form stable acylammonium salts in ap-
rotic media due to their higher basicity CpKa« 9.36 - 9.6)
and tendendency towards a more substantial resonance stabi-
lization than N-alkylimidazoles. Moreover, 4-N,N-dimethyl-
aminopyridine ( DMAP) is of great interest from the point of
view of its application aB an efficient catalyst for pre-
paratory acylation5_9.

Taking into consideration the aforesaid, the present pa-
per gives a direct kinetic investigation into the reactivity
of the benzoyl-4-N,N-dimethylaminopyridine chloride (1) in
the reactions of aminolysis in methylene chloride.

Experimental

Methylene chloridel0 and benzoylchlorides!l were purified
according to standard methods. 4-N,N-Dimethylaminopyridine
was synthesized and purified as in paper12 and then followed
its vacuum sublimation. p-Nitroanlline was purified by a
three-fold recrystallization from water and dried in vacuum,
the melting point being 147°C13.

Benzoyl-4-N,N-dimethylaminopyridine chloride was obtained
by mixing equimolar quantities of benzoylchlorlde (BC) and
DMAP in absolute diethyl ether at room temperature. The salt
precipitate was several times washed on the Schott"s Tfilter
with absolute ether, it was used without a further purifica-
tion. Its melting point was 147-148°C. The % obtained s
C 64.23; H 5.68; Cl 13.40; N 10.89. The % calculatedtC 64.01;
H 5.75; ClI 13.49; N 10.66.

The BC reaction with p-nitroaniline (PNA) in the presence
of DMAP was carried out under the pseudofirst order condi-
tions according to amine. The process was monitored spectro-
photometrically measuring the PNA decrease at 380 nm.Kinetic
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measurements were conducted in methylene chloride at 25°.
Operations concerning the synthesis (1), preparation of
solvents, filling of the quartz cells of the spectrophoto-
meter as well as taking of samples were carried out in
the box, carefully dried by means of phosphoric anhydride.
The observed rate constants were calculated as follows:

T Dn - D«
KH*T In (s
where Doe , DQ, D™ denote the solvent®s optic density by the
termination of the reaction,at the initial time moment and at
time moment t. Linear dependences were treated according to
the method of least squaresl4.

Discussion of Results of Kinetic
Measurements

The reaction of acylhalogenides RCOX X = (CI, Br, 1)
with p-nitroaniline if RCOX”~ PNA in methylene chloride pro-
ceeds according to scheme:

Rcox + HgNCgH™Og — - Rcorac6H4No2 + HX A

Introduction of 4-piperidinopyridine (pK = 9.6) into the
DMAP system leads to a rapid formation of (1). In case of
4-morpholinopyridine having a weaker basicity (pKa* 8.6) such
a situation can form only at a five-fold excess of acyl ha-
lide. In the IR spectrum of the mixture, the absorption
bands of BC and pyridine base disappear and another absorp-
tion band crops up in the 300-320 nm range, The analogous
phenomenon is observed also in the IR range. The IR and UV
spectra obtained when mixing the equimolar BC and DMAP so-
lutions, coincide with the spectrum of acylammonium salt,
obtained preparatorily.

The character of kinetic interaction of 1 with aryl -
amines as well as the nature of the reaction in general de-
pend on the ratio of BC, DMAP and (1). It is useful to study
three cases of 1. [BC q -|bwap]o. It is shown in Pig. 1
that there exists a linear dependence between the k~/ I and
[dMAPJ o (consequently, [i] ) values and that of the k”O
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elope, corresponding to Eq. (4):
KH mk2M  * k3N 2 (4)

where characterizes the bimolecular interaction (I)
with arylamines; k» denotes the interaction of (1) with
arylamine in case of the contribution of the second salt
molecule.

0.01 0.02 0.03 0.04. 0.05

[T]ol+L

However, a wide variation range of the (1) concentration
has shown that the [ij linearly depends on (1) up to the
salt concentration equalling < 0.025 mole = 1“1l (Pig. 1).In
case of higher values, a negative deviation from the linear-
ity connected with the formation of more complicated ionic
aggregate (i) iB observed. It will be studied in a separate
publication.

2. If 'ec|0> [DVAP] o, the reaction rate constant obeve the
same equation as those catalyzed by H-alkylimidazoles

*H* ko [BOJ ¢ *3M T ¢ KAIB) U (5)

The reaction proceeds according to four parallel routes,
including also k2 and k», the non-catalytic reaction of
kQ, as well as the k™ route whose rate depends on the [I]
and BC concentration. The k~ and K values were calcu-
lated from relationship (6), if [i] « const, eq. (B) trans-
forms to eq. (6):

H - o [ K * ki[ll )

Lu
where K m k2 + k~[BCjconst (7)
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The kg and k~ values (figs. 2,3» Table 1) were found
according to Eq. (7). A fairly good coincidence of the k2
values found at various concentrations (Egqs. (@) and (7)),
as well as the similarity of constants k~ calculated ac-
cording to Egs.(@) and (6) confirm the validity of Eq. (5)*.

Pig. 2. Dependence of

y on [1] if the [BC]conet
values equal 0.03(),
0.05(11), 0.08(111),
0.1(1V) (mol = 1"1).

Pig. 3. Dependence (Eq-7)
of the K(I»mol“le-1)
values on the concentra-
tlon of the [BO]Jconst in
case of the PNA acylation
reaction in methylene
chloride at 25°C.

[PhCOCt]consf.moirl

3. [BC]O< [DMAP] o. Under these conditions, the observed
rate constant depends linearly on the DMAP concentration,
equalling [DMAP]Q - [BH]g- This refers to the fact that
in the studied system, also a reaction catalyzed by
DMAP takes place in addition to the bimolecular route.

* At the concentration of (I) 0.025 mole = 1”1 as well as
in case of (4), a negative deviation from dependence (6) is
observed.
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Therefore

*H - *2 M + *aM [d»p] (8)
Prom Eq. (8), the Kkjj value was found (Table 1).

Thus, the Kkinetic character of the DMAP effect on the
benzoylchloride aminolyais reaction is similar to that of
N-alkylimidazoles, the only difference being that in case
of DMAP functions the route

Formation of the H-complexes of amines with acylammonium
reference salts and (CgHMNIMNCI“1* and studies of the influ-
ence of specific solvating .solvents on the kg and Kk~N1*1nN
routes evidence about the fact that the reaction of acylam-
monium salts with amines proceed via the H-complexes only,
and not via the direct bimolecular interaction.

Table 1

Results of Kinetic Studies of Reaction of Acylhalogenides
with p-flitroaniline, Catalyzed by N-Methylimidazole (1) and
4-N,N-Dimethylaminopyridine (2,3) in Methylene Chloride at

25°C
k .104
n3 KA "~
roox 1ol 7t Bl 1270 1-2 12* mol "2 1% mot
sl - g“l - g“1 - "1 * g1
1. CgHscocl 1.0%0.2 0.11*0.02 17 * 1 0 0
2. CgHscocl 1.0%0.2 0.042* 1.79%0.06 0.22* 2.52%
*0.003 *0.04 *0.12
3. CH3cocl g4go 0.02*0001 2.1*0.2 *

Taking into account the formation of such complexes, the
general scheme of aminolysis can be given as follows:
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AcX + - - Ac - * X
a)
gy A, K. ArNH,
7K .. .HNHAr Ac-fe < X""_._HBHAr 9)
(1)
AcX

N Hi]

PRODUCTS
and described by Eq. (10).

v . vV Vv [ . N M2

1 + «4-M ¢ v w I ¢ kKCn LI} [*€

o A - kn

I +KC.[I¢K, 1 * 1t KO. ] «%. DN

10

Prom the IR-spectroscopic data, in the range of the
N-H-etretching frequencies, we determined the KQ of the for-
mation of H-complexes of various arylamines with tetraalkyl-
ammonium chloride and bromide*. The obtained data are given
in Table 2. It is evident that the Kc[I] + Kn [Nc] « 1 and
Eq. (10) transform into (11):

* As it was shown inl”™ on the example of the H-complexes
of phenols with chloride ions, the KC:vaIue doee not prac-
tically depend on the salt cation nature.
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*, - Ka<OM *

kcKO. k2i k° Kc - k3;

"O Kc W 2 * A %M [*s]

ki K, .

¢ A n -x0-M (n)

»here k, ko1 I. k4 (12
The rate constants of the intramolecular kQ and of all in-
termolecular catalytic routes of kg, kg and MCCX (Table 2)
were calculated according to (12).
Table 2
Equilibrium Constants Kc of Formation of Hydrogen-Bond
and Kjj (No 6) Complexes in Methylene Chloride at 25°C

o Equilibrium
Proton donor a Proton acceptor constant 1/mo:
1/mole
1. 3,5-dinitro- 0.22 tetraethylammo- 38*
aniline nium chloride
2. p-nitroanillne 1.02 tetraethylammo- 24 i 3
nium chloride
3. tetraethylammo- 6t l5
nium bromide
4. 3-nitro-5- 1.54  tetraethylammo- 14-1.2
carbomethoxy nium chloride
aniline
5. m-nitroaniline 2.50 tetraethylammo- 10 - 1=
nium chloride
6. 4-N,N-dimethyl- 1.62
aminopyridine
7. 4-aminoazoben-  2.82  tetraethylammo- 8.2+ 0.7

zene nium chloride

* Calculated from the Brtfnsted equation.
**Measured by 1.A. Belousova™®.

Thus, the function of amines* complex-formation does
not differ much from that of phenols, though, owing to the
weaker hydrogen-bond complexes, in the aminolysis,
mation has no kinetic character.

their for-

Some structural-chemical peculiarities of the routes will
be discussed below.

The kinetic data,
stants kO anq: k

characterizing the dependence of con-
in the aminolysis reaction as well as kC
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and KJ in the phenolysis reaction on the pKa values of the
corresponding nucleophiles and leaving groups in the inter-
mediate acylammonium halogenides, are given in Table 3« In
Pig. 4 are given the logarithmic dependences of the K.
reactivity of H-complexes of anilines and phenols on the
PK, of these nucleophiles in water, whose slope R » 0.45 58
case of substituted anilines and -0.45 in case of phenols .
In case of the alcoholysis reactions, the R value can be
derived from the data of™~ for substituted benzylic alcohols.
Regardless of the narrow range of structural variation, the
aforesaid statement reveals that the electron-acceptor sub-
stituents tend to increase (contrary to the amines) the re-
activity of the complex "intermediate product - alcohol™.

pka

Pig. 4. Dependence of constants k, of reactions of ani-
lines (1) and phenols (I1) with l-acetyl-3-methyl-
imidazole chloride on the pK of nucleophiles in
water. Point numbers correspond to those of Table 3.

These data make it possible to find that R~0 -5--0.1 for
benzylic alcohols.
Thus, during the transition from amines to alcohols and

phenols, 1i.e. from the compounds with basic properties to
those having acidic properties, takes place the inversion
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Table 3
Values of kc, kE and Kkjj Tor Reactions of I-Acyl-3-Methylimidazole Chlorides
with Anilines and Phenols in CHgClg at 25°C

1-(p-methoxybenzoyl)-3- pK of nu-

Nucleophi le 1-acyl-3-methylimidazole chloride methylimidazole chloride cleophile
ke« 1073 ke Kl v o1°3 2
8 1*mol"l *s"l l«mol“l-s”1 s“l I-mol“l «e“l
1. 4-Aminoazobenzene 17-7 115-3 0 - - 2.82
3-nitro-5-carbo- 5.2+1.8 6.4-3 0 - - 1.54
methoxyani line
3. 4-nitroaniline 3-0.3 0*82-0.04 0 1.3*0.2 - 1.02
4. 3,5-dinitroaniline 1.2-0.1 0.13*0.1 0 - - 0.22
5. Fi-naphtene 0.89*0.15 0 111 0.93-0.2 13-1 9.63
6. 4-phenylazophenol 2.8+0.5 0 104-8 2.0 *0.4  242*12 8.20
7. 4-nitrophenylazophenol 1.5-0*15 0 1400*70 7.0 *0.15 3500*100 7.20

* The k values in case of reactions of benzyl, 4-methyl- and Br- benzyl alcohols, obtained
ria the recalculation of the data for 4-N,N-dimethylaminobenzoyl-(4-N,N-dimethylamino)
pyridine chloride in case of 4-methoxybenzoylic derivative, equal 5»10*“*e.



of the reaction®s susceptibility sign towards the substit-
uent effect. At the same time, such a varied character of
the susceptibility of the reactions of acylammonium halo-
genides to the nucleophilic nature, the susceptibility to
the leaving group basicity yields surprisingly close R”
values: -0.20 and -0.16 for aminolysis (l-acetyl- and
1-benzoyl-3-alkylimidazole chlorides, respectively), -0.2
for alcoholysia (calculated according to data22 for the
propanolysis of I-cinnamoyl-3-methylfimidazole and 1-cin-
namoyl~4-N,N-dimethyl-,aminopyridine chlorides in methylene
chloride) and -0.26 for phenolysis. Suoh a small suscepti-
bility to the leaving group nature in acylammonium haloge-
nides is not connected with the effect of the anion and sol-
vation nature, as the R values which are quite close to
those given above were obtained for the aminolysis of the
corresponding acylammonium cations in acetonitrile

@ - -0.15) and hydrolysis in water (~0)24.

Consequently, the nature of interaction of acylammonium
halogenides with the various nucleophiles having small basi-
cities does not depend either on the acidity of their proton,
or on their transition level in the transition state and is
characterized by a practically similar and extremely small
susceptibility to the leaving group nature.

The presented data evidence about the fact that the for-
mation of the C-N bond with the H-complex is the predominat-
ing factor in the transition state of all the reactions stud-
ied, depending on the character of the stabilizing effect of
the Hu-H...1" type interaction, which is determined by the
nature of the final nucleophile.

In the reactions of aminolysis, the amine structure of
fbyO in case of the hydrogen-bond "amine-anion" complex cor-
responds to the direct substituent effect on the nucleophile
attack of the reaction center and on the C-N bond formation.
The character of the susceptibility of the hydrogen-bond com-
plex reaction of arylamines with an intermediate product to
the structure of the attacking nucleophile and leaving group
in the cation corresponds to the reagent-like transition
state.
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with a remarkable formation of reacting bonds having a low
breaking level. High susceptibility to the substituent ef-
fect in the acylic region of the cation (B = 2.1)2" refers
to a highly changing character of the C«0 bond in the tran*-
sition state, thus indicating its similarity with the tetra-
hedral intermediate product (TIP) (3"

a3
Ar -N- H*
H

The situation is quite different in case of the reactions
with alcohols and phenols. As to the nucleophile structure,
the 6c O wvalue being in correspondence with the accelera-
ting electron-acceptor substituent effect evidences about the
appearance of the effective negative charge at its reaction
center. In case of phenols, the absolute value of the charge
is considerably higher than in case of alcohols. It means
that the reactivity of these compounds is determined first
of all by their acidity and not by their nucleophility
Consequently, in case of such "acidic"™ nucleophiles, the pro-
ton shift the level of which is rising during the transition
from alcohols to phenols, is the dominating factor in the for-
mation of the transition state. Evidently, in the arylamines>
alcohols-phenols series the anion of the intermediate product
causes either the proton shift or transfer in the transition
state at such a level which is necessary to achieve the ef-
fective NuH N-H nucleophility , thus ensuring the ejection
of the leaving group. It agrees with the fact that the reac-
tivity levels of H-complexes of arylamines, alcohols and
phenols in such a broad variation range of their nucleophil-
ic properties practically overlap (Pig. 4). It means that
remarkable differences in the nuoleophllity of the observ-
ed series of acylated compounds are compensated by a more
substantial proton shift to the anion of the intermediate
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product. In the result of that the stabilization of the
transition state varies insignificantly in all cases. It
also seems to explain the practically similar bond-break-
ing level of the leaving group in the transition state.
Still, a significant proton shift to the anion is not
thermodynamically favorable and though phenols (unlike an-
ions) can be subjected to the total proton transfer, the
latter undergoes an insignificant shift in accordance with
the R wvalues. It permits us to presume that in case of
the whole set of nucleophiles having low basicity, the ca-
talytic effect of the anion is conditioned by stabilization
of the corresponding transition state at the expense of the
shift and not because of the proton transfer and the in-
creasing Ffirmness of hydrogen bond, in comparison with the
initial complexes Nu - H. ._.X*“ $N+Ac (13). Therefore, the
bond breaking of the leaving group in the intermediate pro-
duct is not connected with the proton transfer but rather
precedes it, since the positively charged (nitrogen atom )
salt fragment lacks basicity. Evidently, the formation of a
new bond and the breaking of the old one proceeds in accord-
ance with the proton shift towards the anion, which guaran-
tees the necessary nuoleophility level for the reacting
nucleophile. Thus, the transition states of the k route
are similar, as regards the nature of their forming and
breaking bonds, being conditioned by a different level of
proton shift from the nucleophile to the anion of the inter-
mediate product, that changes in the series phenols> alco-
hols ~ arylamines. Evidently, in the reactions with the
strong enough nucleophiles (like amines e.g.) of the corres-
ponding basicity, the participation of the nucleophilic pro-
ton is not necessary for the leaving group substitution in
acylammonium salts. The course of the symmetric exchange re-
actiof) confirms this statement. On the other hand, there
are remarkable differences between the kinetic nature of the
Nu-H.._.X“ ~HAc complex in the phenolysis and alcolysis re-
actions and that of aminolysis. In the Ffirst two processes,
the kA route is the only possible reaction, where the par-
ticipation of the complex is guaranteed (its contribution
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to the total rate does not exceed 15-20 %). But in the
aminolysis two additional, formally trimolecular routes

can be traced: k™ * k™ Kc and k™ m k"01.Kc, whose mecha-
nisms have been discussed earlier 1"~. It should be stres-
sed that not only the k™ route but also k? gives the basic
contribution to the rate of the slow stage of the catalytic
reactions of the aminolysis, except for the acetylbromide
reactionl. The absence of the routes corresponding to the

k~ and k™ in the aminolysis in case of the phenolysis and
alcoholysis reactions, also evidences about the fact that

in case of such weak nucleophiles as alcohols and phenols,
the proton shift otherwise guaranteed by the anion in the In-
termolecular process, is not great enough to substantially
decrease the energy barrier of the reaction. A remarkable
proton transfer is guaranteed by the tertiary amine only,
taking into consideration the thermodynamic side. The effec-
tive catalysis of kJ by N-alkylimidazoles in the phenol-
ysis and DMAP in the alcoholysis can also be explained
with this fact.

Appearing of the catalysis by tertiary amines in the
aminolysis reaction depends on the nature of the anion in
I and that of the tertiary amine. In the reactions catal-
yzed by N-alkylimidazoles, it can be found only in case of
l-acetyl-3-alkylimidazole bromides, and not in case of chlo-
ridesl . The catalysis by the DMAP having a stronger basicity
can also be detected in case of the corresponding chlorides
(Table 3).

The mechanism of the catalytic effect of the tertiary
amine in all these reactions is as follows: the tertiary
amine functions like the general basic catalyst, as far as
the nucleophilic attack at the corresponding acylammonium
halogenide is actually a symmetrical substitution reaction,
proceeding considerably faster than the attack by the nuc-
leophile-tertiary amine complex. Evidently, these are the
nature and level of the proton transfer that fonn the dif-
ference between the transition states of reactions of var-
ious nucleophiles.
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Proceeding from the fact that in the reaction of the

HRH nucleophiles (here NuH = ArlTHg) having small basicites
with (1) participate the hydrogen-bond complexes only, in

general, the transition states of the reactions with parti-
cipation of the anion |1 and tertiary amine can be de-
scribed as follows:

»Nu
<f+
* _X + (€L
where the interactions of X“_.._H-Nu and Nu-H...Nc compete

with each other. The contribution of each of them is deter-
mined by the nature and level of proton transfer in the tran-
sition state. Their contributions are not in correlation with
the basicity. This is quite natural since in the aminolysis
the level of proton transfer cannot be very significant being
more dependent on the proton-acceptor activity of KB ( Ta-

ble 3).
Even in case of bromides, whereRthe catalysis of N-methyl-
imidazole is observed, the K*®? though here the differen-

ces are much smaller than in case of the complex *chloride-
—-ion-U-methylimidazole". It means that the proton transfer
from the arylamine to the tertiary amine starts to prevail
the transfer towards the halogenide ion in the transition
atate only. The level of the transfer, like in the course
of the catalyaia with the anion of the aecond aalt molecule
( k®), correaponda only to the polarization of the N-H bond.
Therefore the tranaition atatea of the aminolyaia reactions
with the participation of the Nu-H. N+Ac ( k£) and
Nu-H...K6 k™ have a aomewhat aimilar atructure (15):

0

R - 8- Jzf

X
Nu-H...B

s)

According to the data by Yu.S. Simanenko 2 ~1.0 I*mol71
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where B is the tertiary amine or the second molecule of
the intermediate product*
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Reactivity of ionic forms of 1-acetyl-3-
methylimidazole salts being the intermediate
products of the acetylchloride aminolysis in
acetonitrile catalyzed by N-methylimidazole,
has been determined separately. It has been
demonstrated that in the reactions of ion
pairs, anions affect according to two mecha*
nisms: stabilizing the transition state owing
to the formation of a hydrogen bond with the
chloride-ion arylamine and destabilizing it
on the expense of steric hindrance to the
nucleophile (CIO®, B(CgHM)™N ) attack. In the
cation reactions, the solvent specific solva-
tion of the attacking nucleophile is the fac-
tor of the general-basic character.

In the previous contributions’™! we have developed a new
approach in order to study the mechanism of nucleophilic ca-
talysis in the reactions of acylic transfer in the low polar-
ity media. Making use of the ability of the N-substituted
imidazoles to form the resonance stabilized acylammonium
salts in the aminolysis reactions of acylhalogenides cataly-
zed by N-alkylimidazoles and establishing that they are sta-
ble enough even in the media having a relatively low polarity
(CHgClg, CHCI™, etc.), we studied the reactivity of these
compounds as the intermediate products of the nucleophilic
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catalysis by the N-substituted imidazoles in the aminolysis
and phenolysis reactions of acylhalogenides.

R-df+ ifCTAN-Rg»R-3-HA~T?2\I-R. X~ MUY R-ij-NH-Ar + XH-"Tn-r

X n In
In the low-polarity media, the intermediate product exists
mainly in the form of ion pairs and more complex ion associ-
ates. Its reactivity is determined by the cation structure
as well as by the nature and character of solvation of the
corresponding anion, i.e., two structural components of the
system simultaneously control it. At the same time, it would
be very interesting to get information about the reactivity
of the ion pairs, as well as about the cation of the inter-
mediate product, since the ion associate often markedly dif-
fers from the free ipn, though the driving force is the same
in both cases. In case of the reactions in the media of low
polarity, the problem remains unsolved, since in these sol-
vents the intermediate products are almost completely as-
sociated. Therefore we used a comparatively polar acetonit-
rile ( £ - 36.1) as a solvent, the substrate was 4-amlnoazo-
benzene (AAB).

It was shown by some special experiments that in aceto-
nitrile these salts are formed quantitatively in the studied
concentration range of the components, as might be expected.
It permits to carry out a direct investigation into the pe-
cularities of the mechanism of the intermediate product
transformation in acetonitrile in comparison with the low-
-polarity methylene chloride ( & = 8.9).

A series of Kkinetic measurings at different initial con-
centrations of acetyl chloride [AcCl] and at varying concen-
trations of N-methylimidazole [n3] were carried out if
[h$ 10”> [acCiJo, which demonstrated that the second order
rate constant did not practically depend on the concentration
[n~] equalling [0™] 0 - [acCi]O. Thus, there is no channel
catalyzed by (k,,) in the studied system.

In case of [ Jg< [AcCI]JO, the catalytic effect has a
different character. In methylene chloride, the reaction
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proceeds according to four parallel channelsz, including
not only the catalytic one KkQ but also the bimolecular in-
teraction (1) with arylarnine kg, the k» channel inter-
action (1) with arylarnine with participation of another salt
molecule and channel k™, representing the AcCl interaction
with arylaraine, catalyzed by the intermediate productl:

kg = KQ*[AcCI] + kge=[i] + ky [i]2 + k4* [acCil[i] 6)

or

Yy = — — ~  $AcCl1l] const _ k + ()

from which can be derived the k and k~ values
where k = k2 + k4 [AcCl]const @

Varying in the experiments the ~AcClkonst value,from (3)
was obtained a set of parallel straight lines (Fig.l), de-
scribed by the slope ky=0, evidencing about the absence of
the indicated channels and by different values of the inter-
cepted sections of k.The latter refers to the existence of
the channel. As far as the k™ is not directly connected
with the nucleophilic mechanism of catalysis, we shall not
dwell upon it.

Pig. 1. Dependence (3) at
Oodist values> equal-
ling respectively, 1(0.03);
2(0.05); 3(0.08);

4(0.1) mol«l ~ in acetoni-
trile at 25°.

[71-mol 1

Thus, the analysis of the character of the Kk” concentration
dependence on [n™]q and [AcClJo has shown that the I re-
action with arylarnine if [n™] g~ [acCi]lqg proceeds according
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to a single channel,i.e. the 1 bimolecular interaction with
arylamine.

In acetonitrile, the acylammonium salts exist in the
form of the equilibrium mixture of ions, ion pairs and
other associates”. In order to find the ratio of the ionic
forms of l-acetyl-3-methylimidazole salts, the latter were
studied conductometrically. The results are given in Ta-
ble 1.

Table 1

Association Parameters and Rate Constants of Inter-
action of lons and lon Pairs of 1-Acetyl-3-Methylimida-
zole Salt of

ch3- - CH~X” Type where X~ = CI*“(l),

Br~(11); CI0" (111); B(C6H5)4™ (1V), with 4-Amino-
azobenzene in Acetonitrile at 25°

No  ag o Kd kre i kt.e
mol*1“1 1.mol“1 I»mol-1 v
S a“1

1. 164.28 72.68 91.6 0.0096+ 3.4 0.81 4.2
+0.0004

1. 173.37 72.67 100.7 0.0153% 0.21 0.84 0.25
+0.0004

111..175.44  72.44 103.0 0.0414% 0 0.79 -
+0.0006

Iv. 132.88 74.68 58.2  0.0529+ 0 0.82
+0.0008 '

Note: Dimension of n~ (ohm , gram-equivalent , cm” ).

It follows from these data that the 1l-acetyl-3-methyl-
imidazole cation mobility ( +0)» calculated from the Kohl-
rausch additivity rule is the same in case of salts with
different anions, evidencing about the correctness of the
obtained results. The limiting equivalent conductivity of
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the salts studied ( A ) varies in the range of 140-180 ohm-1.
g—eq.'.%ﬁ , Which is 9n keeping with the literature data

for tetraalkylammonium salts"” that are structurally anal-
ogous to the studied compounds. The dependence XZif(‘rﬂg

has linear character in all cases. Prom it follows that
l-acetyl-3-methylimidazole salts are in acetonitrile as an
equilibrium mixture of ion pairs and ions (Scheme (5?).
Evidently there are no bigger ionic associates there

CH3-Z-i{TAN-CH3x~ ad3-$-r{Y-cH3+ X~ )

Taking into consideration the aforesaid, we can assume that
the interaction of l-acetyl-3-methylimidazole salts with
AAB proceeds according to the following scheme:

the second order rate constant is determined according to
the Acree equation

k2 = ki#C + wi#e(l- QT ) 0

where k. —and k, = are the rate constants of acylammonium
cation and the ionic pair of the salt, correspondingly.
oC denotes the dissociation level of the ion pair.

In order to check the validity of Eq.(7), the k™ and
Kq.g Vvalues were found also according to the kinetic data
on the effect of the supporting electrolytes with the simi-
lar anions ((C2H5)4N+C1-, (C2H5)4N+Br~, ZiC104). The initial
concentration of acylammonium salts was approximately equal
to 1«10'3mol'l'1, referring to their practically complete
dissociation 0.95). It follows from the found depend-
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ences (Pig.-2) that if the concentration of a similar anion
increases,the k2 values will approach those equal to the reac-
tivity of the corresponding ion pairs. The obtained k* e

and kl_ values are close to those found by Eq.(7) (Table 1).
The given data show that the k™ values coincide in case of
1l-acetyl-3-methylimidazole (In Pig. 2, the dependences for
different salts intercept practically in the same point whose
ordinate corresponds to the cation reactivity).

It should be pointed out that only in case of l-acetyl-
-3-methylimidazole chloride ki«é« K., while for the salts
with other anions holds the inverse ratio. In case of per-
chlorate and tetraphenylborate k. =0 and the reaction
proceeds on the expense of the cation only.

Pig. 2. Effect of supporting
electrolytes with similar
anions on the reactivity of
1l-acetyl-3-methyl-imida-
zole salts.
1-(C2H5)4N+C1";
2-(C2H5)4N+Br=<5 3-ZiC104.
The numbers of acylammonium
salts correspond to those
of Table 1.

The data for chloride seem to contradict the idea that
the ion pairs are not, in general, so reactive as the corres-
ponding free ions. Therefore it is possible to suppose that
in case of chloride ions appears a kind of additional 6actor
stabilizing the transition state. As it has been shown , in
the low-polarity media the chloride ion has a stabilizing ef-
fect because of the hydrogen bond with the attacking nucleo-
philes. There is ground to think that in acetonitrile, 1in the
ion pair (1), it has the same function. It is also confirmed
by the fact that in the reactions proceeding without the
proton transfer, e.g. the reaction of diphenylcarbamoyl-N-
-imidazole chloride with 4-N,N-dimethylaminopyridine (Ta-
ble 2), holds the ratio kiJ>k™ p . In this case, as in
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Table 2

Interaction of Diphenylcarbamoyl-N-Methyl-Imidazole Chloride with 4-N,N-Dimethyl
Aminopyridine in Acetonitrile at 25<C.

, ki. . ki.e.
I*“ 1™ 1.W01-1
-0 .a"l

1 *mol 1



case of reactions of l-acetyl-3-methylimidazole bromide,
perchlorate and tetraphenylborate with arylamines, the
anions restrain the reaction of ion pairs, if compared with
the free cations.

As it has already been mentioned, in the low-polarity
media, the reaction with arylamines proceeds at the general
basic assistance of the weakly solvated anion of the ion
pair. In case of the k» route in acetonitrile, it seems
to be the solvent itself that functions as such a factor,
forming the hydrogen-bond complexes with arylamines thus
favoring the increase of their reactivity_ At the same tinme,
by force of the proton-acceptor activity and high polarity,
acetonitrile hinders the formation of such associates with
the basis situated in the system”. Evidently, it is hardly
possible to speak about the reactivity of a cation as such
in acetonitrile and analogous solvents.

Ar -N-H ®

H
ft=C—CH3

The reactivity of the free acylammonium cation with the
low-basicity nucleophiles is closely linked with the gener-
al -basic solvent assistance. Therefore in the reactions of
ion pairs acetonitrile should be treated as the proton-ac-
ceptor, competing the anion. At that, in case of the anions
with greater volumes (Br-, CI0“5, BtCgH”-) dominates the
proton-acceptor activity of the solvents, the anion causing
the steric hindrances only. But in case of the chloride
ion, which is a remarkably stronger proton-acceptor, either
predominates its influence or the both mechanisms are real-
ized in parallel. An insignificant growth in the reactivity
( ~ 4 times) of the ion pair in comparison with the cation
corresponds to that.
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It can Te&mentioned for comparison that in the case of
acyloxypyridine salts, where the reaction center is elimi-
nated from the anion, the ion pairs with the chloride and
bromide ions and the acyloxypyridine cation have practi-
cally similar reactivities. For instance, in the reactions
of N-acetyl-4-methoxypyridines of the

A detailed comparison of the reactivity of acylammonium and
acyloxyammonium intermediate products of the nucleophilic
catalysis will be given in our following contributions.

Experimental

Acetylchloride, acetylbromidel0O, diphenylcarbamoyl chlo-
ridell were synthesized and purified according to the stan-
dard methods. 3—methy|imidazo|e12 and 4-N,N-dimethylamino-
pyridine13 were synthesized and purified as described in
literature. Acylammonium salts were obtained applying the
methods given inll, 4-aminoazobenzene was purified by stan-
dard methodsi”®. The UV spectra were taken on a spectrophoto-
meter Specord UV VIS in the quartz cells (thickness 1 cm).

The reactions were conducted in the pseudofirst order
of arylamine. The process was monitored spectrophotometri-
cally according to the arylamine decrease at 390 nm. In
case of the interaction of diphenylcarbamoylimidazole chlo-
ride and 4-N,N-dimethylaminopyridine, the process was
checked according to the accumulation of diphenylcarbamoyl-
-4-N,N-dimethylaminopyridine chloride at 320 nm.

The rate constants kg were calculated according to
equation

1
a-t

®

where Dg, D®, and Dt denote the optical density of the
solvents at the initial time moment, at the termination of
the reaction and at time moment t; a 1is the concentration
of acylammonium salt.

The linear dependences were calculated according to the
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least squares* method.

The conductometrie measurements were conducted Bymeans
of a dlfferential-transformer bridge15. A constant-tempera-
ture cell with parallel-plate platinum electrodes, covered
with platinum black were applied. The purity of the solvent
was checked conductometrically , it was similar to the liter-
ature datal”. The solutions were prepared according to the
weight-space method with a following dil tiqp. The electric-
al conductance was measured in the 5»10” --- 1*10 M con.-
centration range of the electrolyte at 25" C.The thermostatic
control was conducted in a water thermostate, the accuracy
being 0.02=C. Because of a high hydroscopicity of the salts,
the solutions were prepared, the electrical conductance was
measured, the cells of the spectrophotometer were filled
and the samples of the compounds were taken in a box which
was carefully dried with phosphoric anhydride. Measurings
were carried out during no more than 5 hours after the pu-
rification of the solvent.

The dissociation constants were calculated from the con-
centration dependence of electrical conductivity according
to the methods of Shedlovskij17 and Fuoss-Onsager-Scinner
on a computer EC-1022. Both methods yielded close results.

Proceeding from values of dissociation coefficients, the
initial concentrations of acetylimidazole salts in kinetic
studies were chosen so that the oC values would make 50-80%,
i.e. the concentration of ions and ion pairs would be com-
mesurable.
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The Menshutkin reaction has been used to prove
the nonadditivity of the steric effect of alkyl
substituents in amine. The contribution of the non-
additive steric effect, depending on the other
factors influencing the reaction rate has been
found.

By the time being, a substantial number of examples de-
monstrating both the additive as well as the cumulative ste-
ric effect of certain substituents has been gathered. Thus,
in the reactions of bromine addition to the substituted eth-
ylenes, the additive steric effect is observed. Similar ac-
tion of methylic groups was found in the SN2 reactions at
the satitrated carbon atom2. At the same time, in case of
the alkaline hydrolysis of the R1C(0)OR2 and R1C(0)SR2
ethers, the non-additive steric effect of alkylic groups has
been referred to®. In addition to that, out of the reactions,
suggested for estimation of the steric constants E E=) of
the radical Rl R3C3(see, e.g.4), those taking into consider-
ation the non-additive action of the R-,R ,R substituents
proved to be the most appropriate ones.

As it has been reported earlier®, the nucleophility of
aliphatic amines remarkably depends on their steric structure.
Therefore it was interesting to calculate the actual differ-
ences between the steric action of alkyl radicals in amines
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during their reactions with various substrates. With that
aim in view were also determined (Table 1) the rate con-
stants of the Menshutkin reaction (1),

RIR2NH + R3R4CHI — » R IR2CHN+HR34417~ , @

where R1,R2= Me, Et,i-Bu, i-Pr, R3=H, R4=H, Me; R3,R4=Me.

It can be considered when assessing the R and R? in-
fluence that the change in the reaction rate caused by the
difference in their inductive activity is negligible in
comparison with that taking place because of the steric ef-
fect.

Table 1.

Rate Constants (k®103, Wl s_l) of Reactions of Amines

RIR2NH with Alkyliodides in Acetonitrile at 5<C

R1 R2 Mel Etl i-Prig*
Me Me 319-14 13.4-0.3 0.275-0.020
Me Et 182410 5.34-0.30 0.«733-0.0035
Me i-Bu 107-7 2.38=20.20 0.0465-0.0025
Me i-Pr  75.0=22.0 1.18-0.08 0.0135”0.0006
Et Et 77.8"1.0 1.27-0.01 0.00914-0.00045
Et i-Bu  36.0-0.5 0.694-0.040  0.00527.0.00042
Et i-Pr  21.270.9 0.187-0.008 0.000744-0.000065
i-Bu i1-Bu 22.170.2 0.274-0.008  0.00231*0.00009

i-Bu i-Pr  9.83-0.09 0.0862=+0.0050 O.GUDQSTOCOO ™
i-Pr i-Pr  3.2240.04 0.0187-0.0007 0.000020*0.000008

N The presented constants of substitution rate were obtain-
ed substracting the elimination rate found independently”
from the total reaction rate.

The fact that the reactivity of the amines with a simi-
lar number of alkyl radicals depends mainly on the steric
constants En confirms the aforesaid statement. E.g., the
data™ on the reactivity of the secondary amines with Etl can
be depicted by equations

301



log k= (-1.35-0.08) + (0.84-0.04)Ejj5 ®

N =7; sQ=0.11; r=0.995

To characterize the R' and R? ubstituents, we made use

of the intrinsic operational scale , which enabled to find
small cross terms.

log k(RV)-l1log * (R1jR2) + a,ER1 + a2ER2 + ai;,R1ER2 (3)

Erl and ER2 are the constants characterizing the activity
of the R1 and R2 substituents in amine, calculated ac-
cording to equations (4) and (5) but R(): R(): Me

V. * 10* k(R1 ,R*) - k (R,R2) «)

Eh2 = log k(R1>R2, -log k(R1liR2j ®)

Taking into account that a”= a2= 1 according toQ, equa-
tion (3) can be transformed into (6)

10« K(RIR2)"108 k(R > 2) +al<EHd + «1274 <6>

Treatment of the data of Table 1 according to this
equation shows (Table 2) that, first, the log k®R1 R2* val-
ues and the experimentally found values of the ra?e <of
Me2NH interaction with the corresponding substrates coincide.
Secondly, the "N values remarkably differ from 1, as
was expected mathematically. Finally, in case of all reaction
series the cross term al2ER1ER2being the correction for the
nonadditivity* of the action of the R1 and R2 substituents
at the nitrogen atom in nucleophile, turns out to be signifi-
cant
A negative value of the al2 coefficient refers, as it has al-
ready been mentioned”, to the fact that the steric interac-

* An analogous regularity was observed® at the treatment of
the tha on the hédrolysis of the ester of the R1C(0)OR2
and R"C(0)SR types.
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Table 2
Correlation Parameters of Rate Constants of Reactions
of Aliphatic Amines with Alkyliodides According to Eq.(6)

a al?2
Subst- log kf 1 r2\ -
rate "Ko* o" nat.norm. nat.norm. so R N
Mel -0.51+ 0.99#* 0.63#* -1.72#+ -0.39=% 0.08 0.993 10
49*07 #+0.16 #0.10 #0.45 =#40.10
Etl -1.88x 1.01+ 0.76% -0.56=* -0.25+ 0.10 0.994 10
+0.08 =#0.12 0,09 =40.20 =+0.09
i-Prl -3.58+ 0.98=* 0.62+ -0.87#% -0.40=+ 0.08 0.998 10

+0.07 #0.08 #0.05 #0.11 =+0.05

tion of the R1 and R2 substituents tends to destabilize the

transition state of the studied reaction.

Besides, the contribution of the nonadditivity factor of
the steric substituent effect in amine, estimated according
to the a-|2(norm being~35%* does not particularly de-
pend on the substrate type.

It was interesting to process the whole data file of Ta-
ble 1 according to the single equation, simultaneously charac-
terizing the structural effect of the substrate and nucleo-
phile. For that purpose, Eq. (7) was used:

log k= log kQ+al (eM +er2) + f'v" + al2ER1 GR2 +

+ al3(EML + EA2) V' + au EAL EA2 VT )

I a -
where Egtl and E”2 are the constants characterizing the
substituents®™ activity in amine; v" denotes the steric con-

* Since EfM1(J72J have certain values for each reaction se-
ries,we applied the mean values of these constants for the
treatment according to (7),and denoted them by E~A1M2j. In
this case, the a” 1.
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stants of Chartonp for the SN2 reactions characterizing the
substituent effect in the substrate, al»a”a”.a” and fr’
are the coefficients of the susceptibility to the corres-
ponding factors.

According to the analysis of the coefficients of Eq.(7)
in the normed scale (Table 3), these are the volume of the
substituents in the substrate (V1 = 0.69) and their total
in the nucleophile ( (aJ = 0.22) that mainly influence the
process rate in this case. The al3(E* + Ej~Jv  term refers
to the changing of the transition state on the reaction co-
ordinate”.

Cross term al2ER1 ER2( [al2j = 0.09), characterizing the
substituents nonadditive activity in the amine, gives a re-
markably smaller contribution than in case of the correlation
treatment of the reaction series with a fixed substrate,
though the ratio &1 norm#/al2 norm# = 2.45 is approxi-
mately equal to that ( 1.92 ) for the series where the
amine structure is the only variable parameter The contri-
bution of the triple cross terra arE~T EA2v s also negli-

gible ( (&4 = 0.10).
4 Table 3.

Correlation Parameters of Rate Constants of Reactions

of Aliphatic Amines with Alkyliadides According to Eq.(7)
1

n

al al2
1B K<HX> nat. norm. nat. norm# nat. norm.
-0.44 0.70* 0.22* -4.43* -0.69* -0.53* -0.09*
¥0.16 4505 +0.24 20.04 4029  =+0.05
a
. 13 a4 0 R N
10g "C»» At norm. nat. norm.
-0.44 0.83+ 0.1+ -1.12* -0.10* 0.14 0.998 30

+0.36 006 *0.64 *0.06

The a.p"y"» al3 coefficients are significant on the
0.95 level according to the t-criterion; the al2,al4 coef-
ficients are significant on the 0.90 level according to the
t- criterion.
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Thus, in case of small Rl and R2 volumes as well as in
case of a remarkable effect of the substrate®s structure
on the reaction rate (or in case of some other factors), the
nonadditivity of the substituents®™ steric activity in the
amine is suppressed by the functioning of these factors.Still,
as to the sterically complicated amines, the nonadditivity may
have a certain significance in their characterization.

Experimental

Dimethylamine, diethylamine, diisobutylamine, diisopro-
pylamine and alkyliodides were purified according to the
known methods. Methylethylamine and methylisobutylamine were
obtained by means of the hydrolysis of the corresponding
N,N-dialkylsulfamidesl 1 1 . Methylisopropylamine, ethyliso-
propylamine, ethylisobutylamine and isobutylisopropylamine
were obtained via the reduction of the corresponding azome-
thines by the lithium aluminium hydridelz. The physico-chem-
ical characteristics of the obtained compounds corresponded
to those given in literature. Kinetic measurements were car-
ried out as described earlier®**.
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It has been demonstrated on the basis of the stud-
ies of the interaction kinetics of alkyliodides with
aliphatic amines (in acetonitrile at 25°) that the re-
action has two possible channels of proceeding:substi-
tution and elimination. The dependence of the rate of
elimination reaction and the ratio of the elimination
and substitution rate on the reagent"s structure have
been studied. The elimination rate dependence on the
nucleophile structure turned out to be much weaker
than that of substitution rate.

It is known that the reactions of nucleophilic substi-
tution and splitting can be parallel in several cases (see
eg.l), the Menshutkin reaction included. Menshutkin réfer-
red to the formation of isobutene from tertiary butyl iodide
and perhaps also that of propene from isopropyliodide in the
presence of amines. Therefore when studying the amines® in-
teraction with alkyliodides (1), two goals have been deter-
mined in the present work:

- ®ACH - C- N~ *177 [€H)
ACH - C- 1 + NA—

« ~ 1
_ ¢t >C: e +™n h*N—
studies of substitution in "pure” cases* and establishing
* The effect of the reagent's structure on the rate of the
Menshutkin reaction has been reported in"*".
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the factors affecting the relations between the suostitu”
tion (1la) and elimination (1b).

The obtained data (Tables 1 and 2) indicate first of all
a clear dependence of the elimination channel (%E) on the
alkyliodide structure.

Table 1
Rate Constants (k.10 M-1» s-1) of Interaction of
Alkyliodides with Et”N in Acetonitrile at 2= Concerning
the Substitution (S) and Elimination (E).

Etl n-Prl i-Aml i-Bul i-Prl s-Bul

228- 38.2+ 6.85+ 3-19+ 0.26%

s +5 +0.6a +0.30 #0.17b  +0.03®b
02 2 0.8 0.29-  1.65% sf  3.05%
ke +0.02 =0.08 +0.03 +0.08 0.04 0.0
%E 0.09 2.2 4.0 34 82 100
nov A
a Prom paper . Prom paper

Thus, this contribution increases almost 3 times in the case
of transition from Etl to i-Prl. In case of S-Bul (Table 2)
it was not possible to find the substitution channel of a
number of amines. This is mainly caused by the decrease of
the substitution rate in the series of the compared sub -
strates if the screening level of their reaction center is
growing.

The substrate®s structural effect on the dehydroiodi-
nation rate* reveals that conducting of alkyl radicals into
its molecule increases the reaction rate to a certain ex-
tent.. Thus, if the methyl group is taken into the R-position

* Only the qualitative analysis can be carried out as far
as the rate variation is not great enough and the set of
substrates is too small for a reliable quantitative analysis
of the data concerning the given reaction series.
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Table 2
Rate Constants (kg* 10% w=te 371) and Contribution of
Elimination Channel to the Total Rate of Alkyliodide
Reaction with Amines

i-Prl i-Bul s-Bul

%E %E %E

kE KE kE

MeNH2 0.567*0.040 0.93 2.13*0.20 4.7 4.86*0.16 1
i-PrNH2 0.267*0.10 2.9 1.06*%0.05 10 -
t-BuNH2 0.220*%0.009 6.9 0.670%0.030 14 2.13*0.16 63

piperi- 3.26*0.06 1.4 17.6*0.9 7.7 28.2*1.5 24
dine

Et2NH 1.38*0.05 13  5.26%0.30 24 10.9*0.30 94
(i-Bu)2NH 0.334*0.012 13 0.865*0.027 16 -
(i-Pr)2NH 0.217*0.008 92 0.160*0.008 40 -

Me-jN 4.50*0.35 4.0 14.3*1.0 6.4 21.9*1.5 67
Me2BuN 1.96*0.08 12 9.79*%0.40 17 10.7*0.7 100
Me2BzN 0.350*0.012 8.1 0.969*0.040 83
MeEt2N 1.90*0.11 41 5.55*0.40 25 -

Et3N 1.18*0.04 82 1.65*%0.08 34 3.05*%0.10 100

(cf. n-Prl and Etl, i-Bul and n-Prl, s-Bul and i-Prl in Ta-
ble 1), the rate of the process increases 2-4 times, while
in the oC-position the rate increases 4-5 times (cf. i-Prl
and Etl, s-Bul and i-Prl).

Acceleration of the donor substituents®™ action in the
elimination reaction according to the Thornton-0"Ferral mod-
el (see e.g."*) speaks about a greater CI bond breaking lev-
el in comparison with C-H in the transition state, which
turns out to be "loose". It should be pointed out that in
the studied alkyliodides , the transition state of substi-
tution reactions is also "loose"4.

As to the values of the observed effects, it should be
taken into consideration that the alkyl group also increases
steric screening of the reaction center, i.e., the inductive
and steric effects are directed oppositely. So, the acceler-
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ation during the hydrogen substitution for alkyl in the

oc -position in comparison with the R-position would be
greater without the presence of the steric effect. The in-
teraction of these effects also explains the decreased
i-Aml reactivity compared with that of n-Prl. A slowing -
down of the reaction rate conditioned by a greater steric
screening of the reaction center in case of the R-isopropyl
group exceeds the acceleration caused by the strengthening
of the electron-donor properties.

The nucleophile®s structural effect on the ratio of the
channel rates and the elimination reaction rate was studied
more thoroughly (Table 2). In case of the i-Bul, the con-
tribution of the elimination channel changes if the struc-
tural variation of amine is not more than ten times, not
exceeding 40% in case of i-PrgNH. The alkene yield in case
of i1-Prl changes 100 times amounting to 32% in case of
i-PrgNH. s-Bul, being a sterically complicated substrate
almost completely reacts with such rather slightly compli-
cated amines as EtgHH and KA"BuN via elimination.

The constants of substitution and elimination rate for
i-Bul and 1-Prl with a series of aliphatic amines (Table 2)
were processed according to Eq.(2):

log k= log kQ + + 6Ben (@)

where S6* is the sum of induction constant substituents
at the nitrogen atom in amine;

En is the steric effect of the entire molecule of amine,
Q* and 0 denote the coefficients of susceptibility to the
corresponding factors7.

The analysis of the obtained correlation parameters
(Table 3) reveals that in the case of elimination reaction,
the susceptibility to the amine structure is smaller than in
case of substitution reaction. It becomes especially evident
in case of i-Prl (cf. thef*atand 6nat coefficients for
substitution and elimination reactions).A more remarkable de-
crease in the susceptibility to the amine"s steric structure
that is observed during the transition from the substitution
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Table 3
Correlation Parameters of Constants of Substitution and Elimination Rate of i-Bul and
i-Prl with Aliphatic Amines in Acetonitrile at 25°<

Reaction pP* 6
Substrate type,b 1°9 K5 3+s1,1 R
N(number a a
of points) nat. norm. nat. norm#
Substitution -2.10+ FQoQ?J—" -1.10+ 1.08+ 1.52+ 0.112 0.993
) Na 12 +0.12 0.4  +0.06  =+0.04 +0.06
i-Bul
Elimination -3.58+ -2.09+ -1.3-si 0.75% 1.42+ 0.205 0.955b
N = 12 +0.22 +0.24 +0.16 =+0.08 =+0.15
- B +
Substitution :| e, -2.1a= -0.77x 1.39+ 1.44+ 0.173 0.990
Corl N - 12 o T2 =+0.20 =+0.07 =+0.07 =+0.07
Elimination -4.67% -1.68+ _1.45+ 0.49+ 1.21- 0.201 0.925b
N = 12 +0.22 =+0.23 =+0.20 =+0.08 =+0.20

® See6 for the application of the normed coefficients in order to compare the contribution of
the corresponding effects.

b Small correlation coefficient values obtained in case of the data treatment according to
the elimination rates refer to their comparatively narrow variation range.



to the elimination is most probably connected with a looser
transition state of the reaction.

It results in a situation where (unlike the substitution
reaction with a predominanting steric effect,) in case of
the elimination reaction, the inductive effect of the sub-
stituents in amines becomes to play the leading role. (cf.

the corresponding g*ﬁefm and 6nefm coefficients.).

Experimental

Acetonitrile, amines and alkyliodides were purified ao
cording to the known methods. In case of sterically compli-
cated amines, the measurements were carried out by the meth-
od of high initial rates. With the reactive amines (Me”N,
piperidine), the reaction was conducted to its termination
and the ratio of the alkene and quaternary ammonium salt
was determined. The gross rate constant of the two channels
was determined by means of potentiometric argentometric
titration of the forming iodide ion. The alkene concentration
was determined as described earlier
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A conclusion has been made on the basis of the
studies of the influence of the nucleophile con-
centration and structure, the leaving group na-
ture and the deuterium kinetic isotopic effect
on the rate of the dehydrohalogenation reaction
of alkylhalogenides that the reaction proceeds
according to the E2 elimination mechanism.

According to the earlier reportl the interaction of al-
kyliodides and aliphatic amines proceeds according to two
channels: substitution (a) and elimination (b) (1):

a) - C - N— .Y*

The mechanism of the first channel, i.e. the Menshutkin re-
action has been thoroughly discussed in literature but the
data on the latter channel is rather scarce. Therefore the
present paper is aimed at studying the mechanism of the
elimination reaction. )
According to the Thornton-0"Ferral approach (see, e.g. ),
the type of the mechanism of elimination reaction is deter-
mined by the ratio of breaking level of the C-X and C-H
bonds and the formation of the C=C double bond in the tran-
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sition state (Scheme 1).
In order to estimate
H-Cc-CiC+X+B :c=cC+x+h+b these values, we have ex-
amined the data concerning
the influence of the
amine®"s structure and con-
centration» and the leaving
group nature on the re-
action rate as well de-
termined the primary deute-
rium kinetic isotopic ef-
fect in halkylhalogenide.
The rate of dehydrohalo-
genation reaction of various
substrates (Etl,n-Prl,i-Aml,
Scheme 1 i-Bul, 1-Prl1, s-Bul),i-BuBr,
i-PrBr (Table 1) obeys the
second order reaction (the first order for each of the
reagents ) and depends on the structure of the amine,which is
characteristic to the E2 and ElcB elimination mechanisms
(region 1-3-4 in Scheme 1). If the nature of the leaving
group X is changed (during the transition from 1 to Br de-
rivatives), the constant of interaction range will drop re-
markably (Table 1). It means that the breaking of the C-X
Table 1
Constants of Dehydrohalogenation Rate (k»107, W le 5™
of Isobutyl- and Isopropylhalogenides in Case of Inter-
action with Aliphatic Amines in Acetonitrile at 25°

nnC-H
H—(]Z—CI—X+B ¢ —cl—x+h+b

D)

i-Bull i-BuBr KI1/KBr i-Prll i-PrBr K1/KBr

Me3N 143+10  4.45-0.40 32 45.0=%3.5 1.10+0.09 41
MeEtgN 55.524.0 1.38+0.12 40 19.0=+1.1 0,13-0. 07 24

bond takes place in the rate-determining stage, i.e. the
orders of this bond considerably differ in the transition
and initial states.
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Comparison of the reactivities of i-Prl ( k= 3.26=%
+0.06).10"6M_1* 3-1 ) and i-PrD?1 (k= 4.7240.08).10"7M_1-s"1)
with piperidine and acetonitrile at 25< in the elimination
channel refers to the existence of a significant primary iso-
topic effect (auiqO = 6.9%0.2). Since the primary deuterium
kinetic isotopic effect reaches its peak values 8-10 (only
in rare cases higher) in case of a symmetrical transition
state3, the obtained kH/kD value evidences about the fact
that in the transition state of the reaction, the expectancy
of breaking of the C-H bond is 50%.

The available data help us to choose between the E2 and
ElcB mechanism. The ElcB mechanism (route 1-4-3 in Scheme 1)
can function in two limiting cases: (these are the nonequi-
librium and pre-equilibrium variants (see, e.g.4). In the
former case,the proton is slowly splitting off the substrate
affected by the base and a rapid decomposition of the form-
ing carbanion is observed. The susceptibility to the leaving
group nature is negligible, contradicting the obtained data
(Table 1). In the latter case, an insignificant («* 1.5)
thermodynamic isotopic effect should be traced at a rapid re-
versible proton splitting and a slow breaking of the C-X
bond, which does not correspond to the experiment either.

Taking into consideration the aforesaid, a conclusion
can be drawn that the reaction of dehydrohalogenation of the
studied alkylhalogenides in case of their interaction with
the aliphatic amines proceeds according to the mechanism of
synchronous (E2) elimination.

Experimental
Alkylhalogenides and aliphatic amines were purified ac-
cording to the known methods. Isopropyliodide was obtain-

ed from the isopropyl alcohol Dg via the reaction with iodine
and triphenylphosphate”®. The rate constants of the elimina-
tion channel were determined as described inl.
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Correlation dependencies of nucleophilic
reactivity of aliphatic amines (the inductive
(2 6*) and steric (Ejj) effects were taken into
consideration separately) in various reaction
series were used in order to quantitatively
estimate the effective inductive influence of
morpholine structure on its activity.The found
value = 0.62+0.03 considerably differs
from the calculated value which was obtained ,
summing up the 6* for the substituents in the
vicinity of the nitrogen atom (1.16) because of
the nonadditivity of the inductive sub-
stituent effect caused by the formation of the
intramolecular hydrogen bond between the hydro-
gen atom of the aminogroup and the oxygen atom.

It is known (see, e.g.l.) that the nucleophilic reactiv-
ity of aliphatic amines is conditioned by two factors mainly:
by the inductive substituent effect at the nitrogen atom
and the accessibility_of this atom. For the quantitative anal-
ysis of these effects the following two parameter equation
proved to be the most appropriate one:

log k= log kQ + + 6en (€))
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Hae 26 * characterizes the inductive effect of the radi-
cals joining the nitrogen atom; EN is the steric accessi-
bility of the atom, & and 6 denote the susceptibility
of the reaction series to these effects.

Still, the nucleophilic reactivity of morpholine ( if
values* are used) ZI6*= 1.16 and E*= -0.79) does not obey
Eq.(1). Usually, morpholine reacts 20-200 times faster than
might be expected according to the correlation dependence
made up f?r7a number of other aliphatic amines, using these
constants . Supposedly, this effect is caused either by
formation of the intramolecular hydrogen bond between the
oxygen atom and hydrogen atom of the N-H group in the tran-
sition_state when the nitrogen atom acquires a positive
charge™, or by the additional electronic effects”’

It should be pointed OBt that the morpholine basicity in
nitromethane does not obey the Taft equation (2), which 1is
also connected with

PKa = K= + Q*S6* @)

the effect of intramolecular solvation of the cation
by the oxygen atom according to type Is

N |

Strictly taking, this effect can be considered a modi-
fication of Eq. (1), if a third parameter, characterizing
the intramolecular hydrogen bond is used. Still, the forma-
tion of the intramolecular hydrogen bond can also be consi-
dered as a factor changing the inductive substituent effect
at the nitrogen atom. It is quite acceptable, as far as it
is supposed that the effect of all substituents is additive
in character, when determining the inductive substituent ef-
fect at the nitrogen atom ( UC6*). In the case of morpho-

* The £6* value is calculated taking the sum of the 6*
ACH?CH2-

values for radicals H - and 0V equalling +0.49 and
+0.67, respectively3. The E~ CHgCHg- vaiue is equai to
that of piperidine”.
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line the additivity is hindered by the H-bond formation.
Therefore it is quite correct to determine the values of the
inductive substituent effect in morpholine by simply find-
ing the 6* sura for H(+0.49) and the radical / CH2CH2"(+0.67)
The change of the inductive substituent ACHgCHg-

effect at the nitrogen atom because of the

formation of the intramolecular H-bond is actually similar

to that in case of the proton transfer (e.g. in case of
transition from - NRg to =\HR2 and from -OH to -0°).

In order to quantitatively estimate such an effective
inductive substituent effect at the nitrogen atom in morpho-
line (267)., a variety of data4-~~ concerning the re-
activity of aliphatic amines, morpholine included,was anal-
yzed (see Table).

The 26" values for various reaction series were calcu-
lated according to Eq.(1) on the bases of the obtained data
(log kQ, Q* and 6 ) and the rate constants of the corres-
ponding reactions with participation of morpholine, taking
into account the value E"= -0.79. These values (see Table)
turned out to coincide well, being mostly in the range of
0O.59-0.64*. Consequently, if Eq.(1) is modified by intro-
ducing the third parameter, the susceptibility of various
reaction series to it will be approximately similar. The
constancy of the calculated values enables us to suggest the
value 0.624+0.03) (Calculated as an arithmetic mean
for series la - 5a, 7-14) for morpholine.

It should be stressed that regardless of the fact that
the morpholine basicity in nitromethane does not obey the
Taft equation (2), the value 26* = 0.83%0.10, calculated

* For the reactions with 2,4-dinitrochlorobenzene (series 6)
theJOj~ value is somewhat smaller equalling 0.49. Still, the
introduction of the term for morpholine (£6* = 0.62) into
the correlation dependence does not change the correlation
parameters and the term for morpholine does not deviate from
the dependence more than those for the other amines (benzyl-
amine, tret-butylamine, isopropylamine, dimethylamine) in
this series.
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No

la

2a

3a

4a

ba

6a

Reagenta Conditions log K
(n-MeOPh),C+ 5= H2010  6,.91*0.32
_«_¢ -t 7,.23*%0.24
(PhCH=CHCO)«0 5=,"CHGN11 5.63*0. 38
_» - _ 5.29-0.,20
CH2-CH2e 20°,H2012 -2 .06*0.,18
X0 x
_ _f - ¥_  -1.77-0.,18
CH3-CH-CH20 -®_ 1970,
"0
- . _f - E_  _1.63-0..15
n-NO2PhP022- e 39=,H2013 -5 w3 .36
-n- e t_ 5o
2,4-(N02)2PhCl 5= ,EtOH14 0.52-0..33
_wn_h - - 0.55-0..24
BNNA 70° ,H20 157 0.20*0..20

9*

-1. 60*0.

-2.06*0. .
3. 27*0. .
2. 97%0. .
-0. 98*0.

-1.22*0.
-0. 89-0.

-1. 11*0..

-0. 79*0.

-1. 23-0..
-3.125%0..
-3.,3%640..
-2.,65-0. .

6

2.,12-0.
2.,22-0.
1,.71=30.
1..53-0.
- 09

0..58*0

e L

e e

.71*%0

Ul

.69-0.
.51*0.

.62*0.
.62*0.

19
15
14
08

08
08

07
14

-09
.67*0.
1,.63-0.
1,.57-0.

12
09
09

° e

OOOIOOO

Values for Morpholine (S6*M)

.30

21
27

14
- 15

.14

-09

18
10
36

.24
-09

O O O o o

o O

O O O O oo

.951
.979
.955
.984
.945

.974
.948

-979
.972
.992
.962
.981
-999

Table
Correlation Parameters of Reactivity of Aliphatic Amines According to Eq.(1)
Calculation of 26*

16
14

17
16

[ee)

o o N

O O O O o

o O

and

S0-«

.66*0.
.63*0.
.64*0.
.64*0.
.57*0.

.62*0.
.64-0.

.69*0.
.75*0.
.61*0.
.49%0.
.49*0.
.60*0,

,141
.08
.07
.04
A1

.09

12

.09
41
.15
.05
.04
.04



No Reagent

8 BMDC e

9 PhCOCHgBr 1

10 6h2=chcn 1

10a - " -1

11 n-MeOPhCOCH=CH,

12 n-MePhS02CH=CH
13 HgNGOCH=CHgl
14 PhNHCOCH=CH2 1
15 PhOHk

15a PhOH 1
16 DNP k

16a - " - t

Notations used

AE6Y,

M

from

iditions

P =6 1

*“H6,
2=0 H20 *

2=0 H20 6
&=0 ,10%EtOH-,
Vicr
50 ,EtOH4 =
%5=,,H20 5
P {
25=,0C1418

e:° 001418

5016 19

It

: BNNA - 8-bromo-5-nitro-1-naphtoine acid,
-2,6-di-tret.-butylcyclohexadiene-2,5-one, DNP-2,4-dinitrophenol.

A9
9

log K

-1,.47-0.-46
0..82*0,,20
1.,67-0,.29
2..86*0..49
3.,5840,.33

2,,07-0..28
0.,37-0. .31
0..52*0..31
2«.53*0.,10

2..59*0..05
4.,84*%0..31
5+,05*0..19

TaHe continued

9* 6 S R N
-3..48*0..55 0.68*0.14 0.,28 0..976 5 O.
-3..24%0..20 1.38*0.07 0.,20 0..979 19 O.
-3..94*0..31 0.84*0. 14 0.,26 0..963 15 O.
-4..91-0..58 1.46*0.15 0.,32 0..965 9 O.
-3..40%0..33 0.63*0.13 0.,18 0..973 11 O
-4..01*0..29 1.36*0. 12 0.,18 0..979 11 0.
-3..29*%0«.33 0.88*0. 15 0.,27 0..951 13 o
-3.,22-0..32 0.84*0.15 0.,26 0..955 13 o.
-0..60*0..07 0.27%0.03 0.,11 0..937 16 O
-0..64*0..04 0.27*0.02 0.,06 0..985 13 1
-2..73*0..35 0.65*0.12 o0.31 0..915 16 o.
-3.,04*0.,21 0. 73*0.07 0..17 0..980 13 o.

BMDC-4-bromo-4-methyl-

b The error was

.57*0.
.60*0.
.59*%0.
6140,
..64*0.

.62*0.
..62*0.
.63*0.
..97*0.

..01*0.
.91%0.
,86+0.

09
04
05
07
06

04
06
06

06
12
06

found



Table continued

¢ Benzylamine and cyclohexylamine excluded. Tret_-butylamine excluded. e Rate con -
stants are given in dimensions M_l.s_l. f Pyrrolydine excluded. o Methylamine excluded.
h Tret.-butylamine and benzylamine excluded. 1 Correlation parameters were taken from
the given literature sources. ”~ Correlation treatment of rate constants published in
literature™' . ¥ Association coefficients (M_l) are studied. Isobutylamine,
tri-n-butylamine and allylamine excluded. 10 Diasabicyclooctane, N,N-dimethylethylamine
and diethylamine excluded.



according to equation8 2 for the secondary amines (pKfl =

= 19*36 - (4.29*%0.15)26*) 1is somewhat higher than for
series 1-14. Still higher values of£6jJ] (0.86-1.01) are
obtained from the dependences of type (1) for the constants
of association of amines with phenol in CCl, and 2,4-dinitro-
phenol in benzene19 (series 15 and 16). In these cases it
may probably evidence about the loosening of the intramolec-
ular bond, since the nitrogen atom charge is smaller than
+1. Thus, there exists a correspondence between the charges
on the nitrogen atoms and the level of formation of H-bond
according to type l. Besides, in case of the constants of
association with phenols, (series 15 and 16), the H-bond in
I can be either weakened or broken by the hydrogen bond
with oxygen atom of phenol according to type II.

The formation of intramolecular hydrogen bond of type |
can also be affected by solvation of hydrogen atom of the
N-H bond by the solvent (I11), which should especially clear-
ly be revealed in the protic media (water, alcohols).

Ar _

W .

In this case, the effective value depends on the
strength of the hydrogen bond of each type (I-111). So, in
water, where type | is practically not represented, the
morpholine basicity obeys the Taft equation (2)"8»2@". At
the same time, as can be seen from the data given in the
Table (series 1-14), no interdependence between the medium
properties and the nucleophilic reactivity of morpholine
was observed. This may evidence about the fact that the
role of the bond of type IIl is negligible in these cases.
It is perhaps explained by the fact that in case of the
acid-base interactions, the thermodynamic reaction para-
meters (KQ,Kjjg) are examined whose value depends on the
difference in the energy of the initial and final states.
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But in case of the nucleophilic reactions of the amines, we
must deal with the kinetic parameter (k), reflecting the

difference between the energies of the initial and transi-

tion states where the intramolecular solvation of the tran-
sition state prevails the intermolecular one.

These examples illustrate well enough the dependence of
the effectiveness of the electronic effect of the morpholine
structure on its basicity (nucleophility) upon the acid
(electrophile) nature and medium properties. It should be
mentioned that the comparison of the reactivities of piperi-
dine and morpholine as the amines having a similar steric
accessibility to the nitrogen atom but different in basicity
(in water their basicity differs (3 orders) often referred
to in Iiterature17 21 must be treated very carefully as
far as the conclusions made according to such a comparison
only while a possible formation of the intramolecular hy-
drogen bond of Type | is not taken into consideration,may
turn out to be incorrect.
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The thermodynamic parameters and kinetic isotope effect
in the oxidation reactions of reduced nicotinamide
adenine dinucleotide (NAM) by quinoidal compounds in a
water medium, pH 7.0 and 25 <Cwere determined. It was
found that an increased reactivity of O-quinones is due
to a more positive [S value as compared with that of
p-quinones. Single- and three-step hydride transfers in
the reaction are discussed.

Oxidation reactions of reduced nicotinamide adenine
dinucleotide (NADH), a cofactor of dehydrogenases, and its
analogues by flavins and quinoidal compounds are intensively
studied1“9. The main problems under investigation are the
determination of specificity of various kinds of oxidizersl’d
and the transfer mechanism of reduction equivalentsl“9. As a
results of the experiments made a number of the reaction
series including the correlation relationships between the
rate constant logarithm and the oxidizers redox poten-
tials"*~”® or the Taft constants of the substituted NADH
analogues emerged. The presence of the kinetic isotope effect
in the oxidation reactions of deuterated 1,4-dehydropyridine
enables one to assume that the oxidation process proceeds via
the hydride-ion transferz*8 S Depending on the reaction type
one-1*2*@R*9 or three-step (electron, proton, electron) hy-
dride transfers** have been applied to describe these pro-
cesses.
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It was shown in fief.6 that a linear dependence between
the logarithm of NADH oxidation rate constants and the
potential of two-electron reduction of quinones exists in a
water medium, and the reactivity of o-quinones is more than
two orders higher than that of p-quinones. The aim of the
present work is a thorough study of the reaction mechanism
with deuterated NADH and the elucidation of the causes of an
increased reactivity of o-quinones.

EXPERIMENTAL

NADH (Reanal, Hungary), tetracyano-p-quinodimethane
(TCNQ) (Chemapol, Czechoslovakia), 2,5-dimethyl-1,4-benzo-
quinone (Aldrich, USA), N,N,N",N"-tetramethyl-p-phenylene-
diamine (TMPD) (BDH Chemicals, Great Britain) were used as
received. Cation-radical TMPD (TMPD+*) was synthesized
according to Michaelis method10. 1,4-benzoquinone, 2-methyl-
-1,4-benzoquinone, bromanil (tetrabromo-1,4-benzoquinone),
1,2-naphthoquinone, sodium 1,2-naphthoquinone-4-sulphonate,
9,10-phenanthrenequinone (pure) were purged in vacuum or re-
crystallized twice from benzene or ethanol. 4-A monodeute-
rated NADH was synthesized enzymatically using Dg-deuterated
ethanolll. The deuteration degree determined according to
the NMR methodl2 was not less than 96 %.

The oxidation rate of NADH was measured fluorimetrieally
according to the fluorescence decrease at 440 nm (excitation
wave length 340 nm). A MPF-4 spectrofluorimeter (Hitachi, Ja-
pan) was used in this work. The reduction rate of TMPD+* was
studied spectrophotametrically $£570 = 11 X a
spectrophotometer SPECOKD UV-VIS (GIR). In fluorimetrical
measurements the oxidizer concentration was 10-50 times
greater than that of NADH (1.5-30 uM). In spectrophotometri-
cal measurements the concentration of NADH exceeded the TMPD+*
concentration (20-100 uM) 10-30 times. For every reaction
from 5 to 7 experiments were conducted with various reagent
concentrations. The experiments were carried out at
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15-45 <C in 0.1 M K-phosphate buffer solutions, pH 7.0
containing 1 mM EDTA. Li-phosphate buffer solution was used
in the experiments with TCNQ. Some experiments were carried
out in anaerobic buffer solutions prepared by bubbling with
nitrogen (highest purity) for 20-30 min. Nitrogen was
additionally purged through the pyrogallol solution. The
data obtained were processed with a computer D 3-28.

RESULTS AND DISCUSSION

At large excess of quinones the oxidation of NADH up to
a 90-95 % conversion goes in the first order. The obtained
rate constants of pseudofirst order and the initial stage
of the reaction are proportional to the oxidiser and NADH
concentrations, respectively. So it follows, that the oxida-
tion of NADH by quinones is second order. The reaction rate
constants (kQX) at 25 <C and pH 7.0 are presented in Table 1.
The kQx values of quinones do not respond to oxygen available
in the reaction medium and kQX of TCNQ in an oxygen-free
medium decreases only by 5 as compared with that in an
aerobic medium. The presence of 2-ethyl-1,4-hydroquinone
(1 mM) in the reaction medium does not affect the oxidation
rate of NADH by 2-methyl-1,4-benzayuinone. The reduction of
NADH by a single-electron oxidizer TMPD+* also follows a bi-
molecular mechanism since the initial reaction rate is
proportional to the reagent concentration. However, at a
comparatively low TMPD+* reduction a linear deviation in
coordinates In A~q - t is observed (Pig. 1). It is due to
inhibition by the reaction product TMPD whose addition
decreases the initial reaction rate. The presence of oxygen
does not affect markedly the reduction rate of TMPD+*. Since
TMPD is oxidized by quinones its influence on the oxidation
rate of NADH by quinones was not studied.

With increase in the temperature from 15 to 45 <C the
reaction rate is increased, and the data on the temperature
dependence upon kQX linearize well in Eyring coordinates. The
calculated data on the enthalpy and entropy of activation are
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presented in Table 1.

When 4-A monodeuterated NADH is used the reaction rate
decreases. The relationship between the rate constants of
NADH and NADD oxidation at pH 7*0 and 25 <C is
given in Table 1.

The data given indicate some pecularities concerning the
oxidation mechanism of NADH by quinoidal compounds. Firstly,
for p-quinones studied the activation entropy values are
similar and more negative than that of o-quinones (Table 1).
So it follows, that the reaction series of p-quinones is iso-
entropic, and a high reactivity of o-quinones may be acount-
ed for by a more favourable A ST value. Apparently, the
entropic factors determine the specificity of the reaction
series of oxidizers with NADH and its analogues.

ws)

Fig. 1. The influence of TMPD on the reduction rate of
TMPD+*. TMPD+* concentration - 40 jjM, NADH -
250 jjM. Figures indicate the TMPD concentration

@W.
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Table 1

Bate Constants, Thermodynamic Parameters and Kinetic lIsotope Effects of NASH
Oxidation by Quinoidal Compounds, pH 7*0, 25 <C.

Oxidizer " _ KHH~AKHD
I*mole "al koal*mole“~ e.u.

Bromanil 1200 - - 1.05 + 0.05
TCNQ 770 4.3 +0.7 -31.4+ 2.4 1.20 + 0.06
1,2-naphthoquinone-4-sulphonate 540 - - 1.43 + 0.07
TMPD+* 36 5.1 + 0.8 -33.8 +2.7 1.30 + 0.10
1,2-naphthoquinone 25 8.0 + 1.2 -25.0 + 4.0 1.97 + 0.05
1,4-benzoquinone 4.5 6.7 + 1.1 -33.0 + 4.0 1.89 + 0.08
Phenanthrenequinone 0.9 11.3 + 2.0 -20.7 + 6.6 2.00 + 0.10
2-methyl-1,4-benzoquinone 0.75 7.6 + 1.1 -34.0 + 4.0 1.77 + 0.06
2, 5-dimethyl-1,4-benzoquinone 0.05 8.3 + 0.6 -36.0 + 2.1 1.70 +0.10

Llrelative standard deviation 0.03-0.05» confidence probability 0.95»



Hydride transfer mechanism is the main problem in study-
ing the oxidation of dehydropyridines# Single-step transfer
mechanism of hydride is more probable in the reactions of
dehydropyridines with pyridine and acridine ionsl*. However,
in the reactions of dehydropyridines with quinoidal compounds
there is the evidence for the existence of both single- and
three-step transfers. Single-step transfer is more acceptable
because of a considerable endothermy of a single-electron
oxidation of NADH by quinonest It was stated in Ref.® that
constant kQx values of quinones in the oxidation reactions of
NADH over the pH interval 8.0-5.5 are due to a single-step
hydride transfer in the limiting stage of the reaction since
the potentials of the redox pairs </qH" (Eg-) and NADV NADH
are both dependent on pH:

NADH + Q  =———---- » NAD+ + QH~ )

Table 2 gives the standard potentials of redox pairs quinon®/
hydroquinone, pH 7.0 (E7) for the compounds studied and the
potential values Eg- calculated according to Refs.®@*1-+*

To describe the reactivity of benzoquinones at pH 7.0 in
the framework of the single-step hydride transfer mechanism
the correlation relationships were calculated according to
Ref.8:

log kox = (-2.12 + 0.71) + (16.54 + 3.42) E7-, @)
(p-quinones,r=0.9792),
log kox = (-0.70 + 1.08) + (16.43 + 4.21) E7-, (©)

(o-quinones, re0.9611).

As it follows from Hg. 2 the kQX values of quinones,
determined in this work, satisfactorily comply with the
given correlation relationships.

On the other hand, Tanaka et alH showed that the
oxidation of NADH analogue - 1-benzyl-1,4-dehydronicotinamide
(BNAH) by quinones in acetonitrile proceeds in three stages
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with the formation of radical pairs in the reaction:
K K
BNAH + Q -~ymmi, .mb BNAH+* — Q-* ———BNA* — QH* —————-
------- BNA + OHM. (0))

For this reaction the kQx value of quinones increases with
the increase of their one-electron reduction potential®. For
this reason, the relationship between the quinones reactivity
and their one-electron reduction potentials in a water medium
and the comparison of the reactivity of quinones and one-
electron quinoidal oxidizers to analogous redox potentials
are of great interest. The potential values of the single-
electron reduction of quinoidal compounds studied at pH 7.0
(*1) are presented in Table 2.

Table 2

Redox potentials of quinoidal compounds, pH 7*0

Quinoidal compounds v 4= BZ Vbl
\Y % v
TCNQ - - 0.36
Bromanil 0.32 0.32 0.34
1,4-benz ayuinone 0.28 0.19 0.09
TMPD+* - - 0.27
2-methyl-1,4-benzayuinone 0.21 0.13 0.01
1t2-naphthoquinone-4-sulphonate 0.21 0.19 -
2,5-dimethyl-1,4-benzcayuinone  0.16 0.07 -0.08
1,2-naphthoquinone 0.14 0.09 -
Phenanthrenequinone 0.02 -0.01

*data from Refs.6*1%

**bé— = ey- 0.029 (pKﬁ:— 7)when PEL, of hydroquinone is
greater than 7.0 and Bg- = E* when pkft 7.0

***data from Refs.6 ~
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E7(V)

Pig. 2. The dependence of kQx of quinoidal oxidizers on
the redox potential, pH 7.0. Promethazine** (1),
m-benzosemiquinone (2), ohlorpromazine+* (3),
promazine** (4), p-methoxyphenoxyl (5), TCNQ (6),
bromanil (7), TMPD+* (8), TCNQ“* (9), 1,4-benzo-
quinone (10), 2-methyl-1,4-benzoquinone (11),
2,5-dimethyl-1,4-benzoquinone (12), 1,2-naphtho-
quinone-4-sulphonate (13), 1,2-naphthoquinone
(14), phenanthrene (15)- (1»5) - data from Ref.7,
(9) - data from Ref.”, correlation lines (d),
(b), (c) are described by Egs. (2), (3, (5)-
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Experimental data indicate that TMPD+*, the potential of
which lies over the range of the quinones studied (Ta-
ble 2), oxidizes NADH in a single-electron way. The reac-
tion inhibition by the reduction product (Fig. 1), charac-
teristic to the dehydropyridine oxidation by weak one-elec-
tron oxidizers when the transfer stage of the first elec-
tron is reversible, supports the conclusion made < It 1is
interesting to note that the kQx value of TMPD** is close to
that of p-quinones with the corresponding E7 values and that
there exists a correlation dependence between the oxidizers
logfcQx and E7 that is applicable to p-quinones, TCNQ, TMPD+*
and other radical quioidal oxidizers6é 7 (Fig. 2):

199 kOl - (-0.41 =0.27) + (9.05 + 0.53) E7, ®)
(r=0.9886) .

Similar values of A S* for p-quinones, TCNQ and TMPD+*
show strong evidence for the fact that p-quinones and single-
electron quinone oxidizers may be attributed to the same
reaction series (Table 1). The absence of the relationship
between the kQx values of quinones and pH may be accounted
for by the fact that the difference of redox potentials
Q™ and NADH+*/NADH does not depend on pH7»16.

The reaction kinetic isotope effect (Table 1) may also be
interpreted in the framework of the three-step hydride
transfer model (Eq. 4). It is necessary to note that the
kg values, determined on replacing a more reactive and
uncovered with an adenine ring 4-A proton in the dehydro-
nicotinamide ring, indicate precisely a change in the primary
kinetic isotope effect (k"k”) as it wa3 shown by Carlson and
Miller®. The comparison of the data from Tables 1,2 indicates
that the increase in the oxidizer reactivity decreases the
isotope effect. Experimental data presented in Fig. 3 agree
well with that obtained by Tanaka et al4 where kj/kj) ia the
oxidation reactions of NADH decreases from 5-6 (alkyl-
-substituted benzoquinones) to 1.5 (2,3-dichloro-5»6-dicyano-
-1,4-benzoquinone).
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Pig. 3» The dependence of "gg/kgjj of quinone oxidizers
on the one-electron reduction potential. 2,5-
-dimethyl-1,4-benzoquinone (1), 2-methyl-1,4-
-benzoquinone (2), 1,4-benzoquinone (3), TMPD+*
(%), bromanil (5), TCNQ (6)-

With the use of Eq. (4) it is possible to assume that the
reaction oxidation constants are equal to kf/kjj + Kg)-
Since the pKft values for the single-electron reduced forms of
oxidizers vary from 0 to 6.5 and that of HALLF” in a water
medium equal -4 or -3.5"* the Kk, values for the oxidizers
used must not differ significantly”. Obviously, in the case
of low-potential oxidizers at low ky*k ~ the k " value is
commensurable with kg. For this reason the kH value, sensiti-
ve to deuterium replacement, affects the kQX value. The
kinetic isotope effect disappears when <fckg and

It is necessary to note that the kinetic isotope effect
determined by the reaction competition of proton splitting
from cation-radical and a reverse electron transfer (Eq. 4)
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is also recorded in a single-electron oxidation of dehydro-
pyridines by ferricyanide . Thus, the data presented in this
work evidence about the three-step transfer of reduction

equivalents in the oxidation of NADH by quinones in a water

medium.
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The primary salt effect on the pK2 of the di-
carboxylic acids is discussed on the basis of the
structural theory of electrolyte solutions. The
expression for the activity coefficient of the
bolaform ions is derived from this theory and sub-
sequently used in the calculation of the pK2 de-
pendence on the external electrolyte concentra-
tion.

In the previous communicationl the validity of the simple
structural theory of electrolyte solutionsz*3 for the descrip-
tion of the concentrational dissociation constant dependence
on the additional electrolyte concentration was proved for
the simple monocarboxylic acids.

The value of the observable dissociation constant of the
process: KQ

AH 5"» A" + H+ (€))
is expressed by the following formula

Kc —-—-—-- S - (24
AH

where C* denotes the concentration of the corresponding
particles in the solution. The negative logarithm of this
quantity pKc depends on the concentration of an additional
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1
electrolyte c¢ as follows :

PKc = pKa + 2at + A

where pKa denotes the limiting value of the pK, aM,is a
theoretical multiplier depending only on the electrolyte
charge type and the dielectric properties of the solvent,
and Ab is the specific ion-solvent interaction parameter
for the given equilibrium. Since the parameter a” has a
theoretically calculable value, the primary salt effect on
the pK of the simple carboxylic acids can be expressed

also by the following linear relationship

PKc "2at/~" = PKa + A be, [0
where the left side of this equation is known,provided the
pK is known at the given concentration. The validity of the
last equation for the first step of the dicarboxylic acid
dissociation

ah2= " ah" + H+ o)
dissociation constants KdQ 1is demonstrated by the examples
in Pig. 1 and Table 1.

The thermodynamic dissociation constant K& of the sec-
ond step of the dicarboxylic acid dissociation

AH=F=R A2+ H¥ ®

as defined from the concentrational constant Kc2 :

»2« f,,+
Ka2 - Kc2 = - T -
AH~

is complicated due to the bolaform ion

”ooc - (cH2)n- COO” m

activity coefficient in formula (7). It is obvious that
there is no spherical symmetry in the ionic charge distri-
bution in this particle®"Thus, neither the activity co-
efficient of the divalent ion nor the separate univalent
ions in the form2:

339



The Results of the Statistical
pKlc of Some Dicarboxylic Acids in Aqueous Solutions4

According to Eg.
isiectro- ,,
Acid lyte ad- " a
dition
1. ch2(cooh)2 NaGl 2.895*
0.006
Kol 2.904*
0.005
2. (CH2)2(COOH)2 NaCl 4._.263*
0.005
KC1 4.272*
0.004
3. (CH2)3(COo0H)2 NaCl 4._.385*
0.005
Kol 4._396*
0.003
4. (CH2)4(CO0OH)2 NaCl 4.472*
0.005
KC1  4.481*
0.006
5. (CH2)5(CO0H)2 NaCl 4.543*
0.006
KC1  4.551*
0.004
6. (CH2)6(COOH)2 NaCl 4_573*
0.005
KC1  4.588+
0.005
7. (CH2)7(COOH)2 NaCl 4.598*
0.005
KC1  4.604*
) 0.003
8. I NaCl  1.984*
-(CH2 (CO0H)2 0.009
KC1 1.988*
0.006.-
trans-
9. NaCl 3.083*
COOH
@ « D KC1  3.087*
0.005

@ The correlation coefficient

c4)
Ob

0.229*
0.004

0.246*
0.003
0.240*
0.003
0.258*
0.002
0.267*
0.003

0.286*
0.002

0.269*
0.004

0.289*
0.004
0.277*
0.004
0.297*
0.003

0.275*
0.003

0.299*
0.003

0.276*
0.003
0.296*
0.002
0.205*
0.005
0.228*
0.004.
0.256*
0.256*
0.003.

(c The relative standard deviation
is the dispersion of the quantity to be correlated).

>4

»
r’(a
0.9993
0.9995
0.9996
0.9998
0.9997
0.9999
0.9995
0.9995
0.9995
0.9998
0.9996
0.9997
0.9997
0.9999
0.9979

0.9992

0.9999
0.9997

Table 1.
Data Treatment of the

a

0.010

0.009

0.008

0.006

0.008

0.005

0.009

0.010

0.010

0.007

0.009

0.008

0.008

0.006

0.015

0.010

0.004
0.005

(b The deviation

0.013

0.011

0.008

0.011

0.006

0.013

0.013

0.013

0.008

0.011

0.010

0.010

0.007

0.026

0.016

0.006
0.009

( Q= — 2 * where



logf~ = at J/c" + bc ®

according to the structural theory of solutions are not val-
id for it. Consequently,the derivation of the activity coef-
ficient formula of the bolaform ion in electrolyte solution
is needed from the very origin of the above-mentioned struc-
tural theory of electrolyte solutions.

We proceed from the principle of the electrostatic poten-
tial superposition around the ions in solution. Thus,the elec-
trostatic excess free energy connected with the bolaform
ion in solution can be divided into the following terms cor-
responding to the individual electrostatic interactions:

AGqi (bolaform ion)= AGbFf + 2 AG”N + 2AG™Nj + AGjji, O
where V2
ot - (10)

eao
is the electrostatic repulsion energy between the ionic

charges ze separated by some distance aQ in this ion.
The second term

AGxi =11 / 4Srr29(r)dr = - b
0

£ &

is the electrostatic free energy of the interaction between
one ionic charge in the bolaform ion and its ion atmosphere.
The function 2 2.

9(r) = -J582L- -S---- 12

represents the excess charge distribution along the reference
ion in the solution, and the parameter af 1is the character-
istic coefficient in the well-known linearized Poisson equa-
tion for the central-field problem*®

var = 5 = . 3)
where y 1is the electrostatic potential along the ion and
6 denotes the macroscopic dielectric constant of the sol-
vent. The parameter at is a characteristic reciprocal length
in the given electrolyte solution as it follows from the de-
finition3.
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Te =-1m. np’/7 64)

where 1 is the average distance between the nearest-neigh-
bor 1ions at their uniform distribution in solution, and

is a universal constant for the electrolytes of the given
charge type. Naturally the contribution AG” has to be multi-
plied by 2 in the final formula for the bolaform ion excess
free energy as there are two identical ionic charges in this
particle.

This is also true about the free energy AG”, which
takes into account the electrostatic interaction between one
ionic charge with the ionic atmosphere of the other ionic
charge in this particle placed at the distance aQ. Following
the general equations of the electrostatic structural theory?

ao @
AGij s ft" 1 4&<irZE(r)dr + JgSTr$>(r)dr =
o O

- (e“*ao -1) , a5)

where all the notations have the same meaning as given above.

Finally the electrostatic repulsion between the two ion
atmospheres is taken into account by the following integral
calculable in spheroidal coordinatesS8:

no,. = jWo(a>da J ir,. ISSIl e~ -1
JJ 0 J o tr-al ea0
(16)
where a and r are the distances from the first and the
second ionic charges in the bolaform ion, respectively, and
? and it denote the corresponding radius-vectors.

Consequently, the following final formula is valid for the
excess electrostatic free energy of the bolaform ion in solu-
tion: 2 2

nCel (bolaform ion) = e~Xao - an
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At the limit of the infinitely diluted solutions (@e-*0) the
value of AGOl :
2
limAG , * (18)
Je-0 6 ao
equals the interionic interaction energy inside the bola- .
form ion.
The electrostatic excess free energy connected with the
bolaforra ion interaction with the surrounding ions in solu-
tion only is therefore:

2
AGOl = AGel (holaform ion) -

2 2 <19)
- i (e-"0-1) -

If to take into account the definition of the activity co-
efficient via the excess free energy of particle in solu-
tion7

AGAY = RTInf = 2.303RTlogf (20)

and to add to the electrostatic excess free energy of the
bolaform ion its ion-solvent excess free energy, the follow-
ing equation is obtained:

log fA2- = 5.73BiTa0 (0"3,a°"1) - +

+ unzy 0- ™™ 4 o023 - -

- + * @D

where denotes the number of ions in additional neutral
electrolyte and b" is the constant uniquely connected with
the solvent-structurization volume Vg”A2-j of the bolaform
ion in the solution of this electrolyte.

Consequently, the primary salt effect on the second oon-
centrational dissociation constant of the dicarboxylic acids
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pK2c is described by the following equation:

pKp *pKp - A~ + 1702,17~-2993 a, " - 1)+nbo
£T £t00 22

or in the case of 1:1 electrolytes as the additions to the
aqueous solutions at 25°C:

pK2c=pK2a- 0,572 + 3,°98(e -0*3773 a0 -V~c -1) + Abe,

0 23)
where pab = ba2- + bR+ - bHAo- is the characteristic con-

stant for the given acid in the solution of the given elec-
trolyte. The distance aQ between the ionic charges is ex-
pressed in angstroms in the last formulae.

It has to be mentioned that the final equation (23) ob-
tained for the second dissociation constant of dicarboxylic
acids in electrolyte solutions, has an essentially nonlinear
dependence on the concentration of the latter. However, if
to estimate the distance between the ionic charges in the
bolaform ion from the molecular model

an

where the negative ionic charge is localized on the bisec-
trice of the angle 0CO in carboxylate group at the distance
of 1.0 & from the C atom, the term in the formula (23),
connected with the bolaform ion activity coefficient becomes
theoretically calculable. Subsequently,this equation (23)

is transformed into the following two-parameter multilinear
dependence

pK2c " 3"a7 ~ (e-°“377ao0 -1) - pK2& - 0.572 \JZ +*bc

@

or further to a simple linear relationship:
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Pig. 1. The linear relationship between the function
pK -2a. 3/c and the concentration of the additional
electrolyte in aqueous solutions at 250C4(1—fumaric
acid in the KC1 solution; 2 - malonic acid in the
NaCl solution).

c()

Pig.-2. The linear relationship between the function pKE
(25) and the concentration of the additional electro-
lyte in aqueous solution at 25°C. (1- maleic acid in
the NaCl solution;2-malonic acid in the KC1 solution).
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25

The left side of the last equation is theoretically calcu-
lable provided the pK2C value is unknown at the given elec-
trolyte concentration in solution.

Two examples of the validity of Eq. (27) are given
in Pig. 2. The distances between the charges in the bola-
form dianion (1l) calculated according to the carboxylate
group model described above and in the assumption of the
trans-configuration of the hydrocarbon chain between these
groups are given in Table 2. The results of the linear re-
gression treatment of the experimental data according to
Eq. (25 ) are given also in this Table. It has to be
mentioned that the correlation quality parameters are by
no means worse than those obtained in the treatment of
the pK1l of the dicarboxylic acid according to the linear
relationshipA (cf. Tables 1. and 2.). The correlation coef-
ficient is r > 0.999 practically in all cases, and the
standard deviation s <0.02 pK-units. The error of the PK,
estimate is less than 0.01 pK units.

However,it has to be mentioned that the quality of these
correlations depends only weakly upon the choice of the in-
terionic distance parameter aQ in the bolaform ion in the
case of the larger values of the latter. This seems to be
quite natural because the effect caused by the bolaform
nature of the dicarboxylate ion is much less than the other
effects on the excess free energy of the dissociation (the
interionic electrostatic interaction and the ion-solvent
interaction in solution). The statistically average aQ
values can be found from the following equation:

pK2c+ 0.572 - PK2a + 3,]p (e °°"377 ao”~-1) +Abc

(26)
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Table 2
«
The Results of the Linear Regression Treatment of the pKg Values of Some
Dicarboxylic Acids in the Aqueous Solutions”™ According to Eq. (25).

No Acid E;gg%;?(l%te §2 *Ka ob rb sc =
Q)
1 2 3 4 5 6 7 B 9
1. ch2(cooh)2 NaCl 4.35 5.884*0.007 0.239*0.004 0.9990 0.012 0.018
KC1 5.937*%0.007 0.274*0.004  0.9993 0.012 0.016
2. (ch2)2(cooh)2 NaCl 5.57 5.856*0.007 0.267*0.004 0.9993 0.012 0.016
KC1 5.845*0.007 0.299*0.004  0.9995 0.011 0.013
3. (ch2)3(cooh)2 NaCl 6.54  5.578*0.005 0.272*0.003 0.9996 0.009 0.011
KC1 5.581*0.004 0.283*0.003 0.9998 0.007 0.009
4. (ch2)4(cooh)2 NaCl 8.20 5.539*0.007 0.263*0.004 0.9993 0.011 0.015
KC1 5.574*0.005 0.279*0.003 0.9996 0.009 0.011
5. (CH2)5(CO0H)2 NaCl 9.10 5.555*0.008 0.257*0,005 0.9990 0.014 0.019
KC1 5.590*%0.005 0.273*0.003 0.9997 0.008 0.010
6.  (CH2)6 (COOH)2 NaCl 10.30 5.546*0.006 0.259*0.004 0.9994 0.011 0.014
KC1 5.549*0.006 (0.281*0.003 0.9996 0.009 0.012



aIE

o 0 T w

2 3

(ch2)7 (cooh)2 NacCl
KC1
cis-(CH)2(CO0H)2 NaCl
KC1
trans-(CH)2 (CO0H)2 NaCl
KC1

11.90

3.34

5.62

5

5.529-0.
5.533*0.
6.496*0.
6.477*0.
4.672*0.
4.671*0.

008
016
007
005
004
003

aQ denotes the distance between ionic charges

The correlation coefficient
The standard deviation

The relative standard deviation (cf. footnoteO

6

.252*0.004
-281*0.009
.191*0.004
.231*0.003
-253*0.003
-279*0.002

O O Oo o o

in Table 1.).

O O OO OO

-9991
-9967
.9987
-9996
.9997
-9999

in the dicarboxylate ion

Table 2 continued

0.013
0.027
0.011
0.008
0.007
0.005

0.018
0.033
0.021
0.012
0.010
0.006



by the use of non-linear least-squares procedure according
to the Gauss-Newton method . The constants aQ and gb
are to be found in every case. The results of such data treat-
ment are given in Table 3.

The overall statistical fit of this treatment is compa-
rable with the one-parameter linear approach (cf. Table 2.
and 3. for the standard deviation). The accordance between
the aQ values obtained from the nonlinear equation (26) and
the theoretical values calculated according to the dianion
model (I1) is satisfactory in the case of smaller dicarboxyl-
ic acids (up to glutaric acid). In the case of the higher
dicarboxylic acids the "experimental” aQ values from Ta-
ble 3. are significantly smaller from the theoretical ones.
This effect indicates that the assumption about the rigid
trans-conformation of the hydrocarbon chain between the car-
boxylate groups is not longer valid for these acids and the
statistically average configuration has some twisting of the
hydrocarbon chain. On the other hand, the difference in the

aQ (calo) ()

Pig, 3. -The relationship between the values of the distance
aQ obtained from the model estimations (IlI) and from the
experimental data treatment according to Eq. (26).

* The treatment according to the steepest descentl0 and
Marquardtll methods gives identical results.
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Table 3.
The Results of the Nonlinear Regression Analysis of the pKgc Data for the
Dicarboxylic Acids in Aqueous Solutions According to Eq. (26).

No Acid géggt;gzyte PK2a a0 0b sa S b
O]
1 2 3 4 5 6 7 8
1. ch2(ooh)2 NaCl 5.852*0.019 4.86*0.48 0.217*+0.011 0.011 0.025
KC1 5.902*0.017 4.96*0.44 0.250*0.010 0.010 0.033
2. (CH2)2 (CO0H)2 NaCl 5.832*0.026 6.44*0.81 0.256*0.011 0.013 0.021
KC1 5.801*0.019 6.93*0.63 0.282*0.008 0.009 0.013
3. (ch2)3(cooh)2 NaCl 5.590%0.021 6.32*0.65 0.278*0.009 0.011 0.016
KC1 5.572*0.017 6.96*0.59 0.280*0.007 0.008 0.012
4. (CH2)4 (COOH)2 NaCl 5.594*0.010 6.38*0.30  0.283*0.004 0.005 0.007
KC1 5.604*0.019 7.23*0.64 0.290*0.007 0.009 0.012
5. (CH2)5 (COOH)2 NaCl 5.593*0.034 7.70*1.23 0.269*0.012 0.015 0.021
KC1 5.618*0.020 8.10*0.76 0.282*0.006. 0.008 0.011
6. (CH2)6 (COOH)2 NaCl 5.604*0.013 7.86+0.50 0.275*0.005 0.006 0.008
KC1 5.601*0.012 8.12*0.47 0.294*0.004 0.005 0.007



2 3
(ch2)7 (cooh)2 NaCl
KC1
cis-(CH)2 (CO0H)2 NacCl
KC1
trans-(CH)2(CO0H)2 NacCl
KC1

The standard deviation

The relative standard deviation

4

5.601*0.022
5.642*0.055
6.525*0.017
6.505*0.006
4.649*0.013
4.657*%0.008

(cf. footnotel

8.46>0.
.87

7.08*%1

3.44*0.
3.46*0.
6.46*0.
6.16*0.

88

36
13
39
24

6

0.268*0.
0 .022

-309*0

0.213*0.
0.252*0.
.005

0.243*0

0.273*0.

in Table 1.).

Table 3

007

014
005

004

O OO O oo

continued

-009
.026
.011
.004
.006
.004

0.013
0.033
0.033
0.009
0.011
0.006



standard deviations of the data treatments for these acids ac-
cording to Eq. (25) assuming the trans-configuration and
non-linear treatment hy Egq. (26 ) where aQ 1is to be
found, is small. Therefore we reach a notorious conclusion
that in the case of large separations of ionic charges in
multicharged particles the primary salt effect data are not
very reliable for the experimental estimation of this dis-
tance.

However, this is not the case at the small interionic dis-
tances in these particles, and the results of the primary
salt effect can be a powerful tool in the investigation of
their charge distribution.
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The results of the statistical least-squares
treatment of the salt effect on the rate con-
stants of the reactions with the participation
of the bolaform or zwitterions as the reagents
or activation complexes are presented on the
basis of the equations derived from the struc-
tural theory of electrolyte solutions. The pos-
sibility to use the Kkinetic primary salt effect
data in the determination of the reaction mech-
anisms and the charge distribution in transition
states are discussed.

In the previous communications,1-3 the nature of the pri-

mary kinetic salt effect was discussed on the basis of the
electrostatic structural theory of electrolyte solutions

It has been mentioned that the participation of the particles
having definitely separated ionic charges in their structure,
markedly complicates the theoretical function of the corres-
ponding equilibrium or rate constants of reactions from the
concentration of electrolyte in the solution.

The activity coefficient f1 of a simple ion of cEarge ze

in the electrolyte solution is given by the equation5;

14

log t+ = att/vc + be , (€D)
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where
T UM @

is a theoretical constant depending only on the dielectric
permittivity of the pure solvent £ and the temperature T
(°K), and

b =0.8694 Va A

is the characteristic coefficient for a given ion in the
solution of a given electrolyte and is proportional to its
specific volume of solvent restructurization, VSA_ The
quantity Y in Eq. (1) denotes the number of ions in the
molecule of the electrolyte.

The activity coefficient of a bolaform ion fB which
has by definition two ionic charges of the same sign sepa-
rated at the distance aQ in its molecule is presented by
the following equation”:

log . 2a§ + -0-2993a0 + bo> (@,

£c.
a aQ

"here d 73369.4 ®)

denotes a theoretical constant dependent only on the solvent
characteristics £ and T, and the parameters at and b
have the same meaning as above.

Analogously to the procedure given in Ref. 3, the formu-
la for the activity coefficient of a zwitterion which has
two isolated ionic opposite charges in its molecule can be
derived:

log fz =2 at™/vc - (e "°*2993a0 ~/vc + bc
0
®)

where the notations correspond to these given above.

Thus, it is possible to derive the equations describing
the primary salt effect on the rate constants of the chem-
ical reactions in which the bolaform or zwitterions act as
the reagents or activation complexes. Starting from the
above-given equations for ionic activity coefficients in
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electrolyte solutions and the well-known Brjtfnsted-Bjerrum
principle6_7, the observable rate constant k of a chemical
reaction K

A+B +C+ ... - * [ABC... ]~ »products @
is expressed as
fA £Q fp
log Kk = log k + log -——- @)
T [ABC]
where K denotes the rate constant at the standard condi-

o]
tions (infinitely diluted solution) and TA» B> fc»

are the activity coefficients of the reagents and the acti-
vation complex, respectively.

The following reaction types may be distinguished start-
ing from the classification of reagents and transition states.

1. The reaction between the oppositely charged ions with
the formation of the zwitterion as activation complex:

A+ + B~ —"m [A+-B~j ®

In this case the logarithm of the observable rate constant
in the electrolyte solution of the concentration c 1is ex-
pressed as follows:

log k = log kK + ~ (e -°-2993a0 + 4 bcf (10)
0 ao

where logkQ is the logarithm of the rate constant at the in-
finite dilution and Ab = bg++ t~ - b[gr_B-]+ is the char-
acteristic constant for the given reaction in the solution

of a given electrolyte. In the dilute solutions of the lat-
ter, the [ be term is negligible and therefore the follow-
ing equation must be valid:

log Kk = log kK + ~ (e -°*2993a0 tyTc _1D# (¢
0 ao

Some model curves illustrating the latter relationship and
corresponding to the different values of aQ are given in
Pig. 1. ITf to make an estimate of the value of a, from some
model structure for the activation complex,the second term

in Eq. (11) becomes calculable theoretically and therefore
the function
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Pig.

0 0.5 . 10 15
fa

1. Some model curves illustrating the logk dependence
on the cube-root of additional electrolyte concentra-
tion for reaction (9). The curves correspond to the
following values Of interionic distance in activation
complex (1-3A; 2-5A; 3-7%; 4-1ol)

on the concentration of electrolyte in solution
@ - logk; 2 - logk - |i(,-°-2993a0

(o] o
a0=2.6A assumed for the activation complex)
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log k* = log Kk - A (e -°-2” 3a0 " - 1) m1° *o (12)
0

should remain constant over the whole range of the electro-
lyte concentration in the solution. Some illustrative exam-
ples of such constancy are given in Pigs. 2 -3. The results
of the data treatment according to Egs. (10) and (11) by the
nonlinear least-squares methodl0 are presented in Table 1.
(Reactions 1-5).

2. The reaction between the two ions of the same charge
with the formation of a bolaform ion as activation complex :

A+ + B+—* (& - B+] + @13)
or
A” + B-—m[A - B”] as

The corresponding logk has the following dependence or the
concentration of electrolyte in solution :

log Kk - log KO— (e -°*2993a0 -1) + Abc as)
ao

or for the diluted solutions

log k = log kQ - -b- (e"°"2993a0 -1) (16)
o)

where the notations are the same as given above and aQ is
the distance between two ionic charges in the activation
complex. Again, if to make a suitable estimation of the lat-
ter quantity, the calculated function

log k" = log Kk + — - (e"0,2993a0 -1) = log k (17)
ao 0
must be constant in the solutions of different electrolyte
concentrations. An example of this constancy is given in
Pig. 4. The results of the non-linear data treatment accord-
ing to Eq. (16) for the salt effects of several reactions of
this type are presented in Table 1. (Reactions 6-13).

3. The reaction between the zwitterion and an ion with
the formation of a simple ion as the activation complex:
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A+ - B" +0"— {ABC]” * @18)
or
A+ - B~ + C+— * [ABC]+ * 19

The following equation is then derived for the observable
logk dependence on the electrolyte concentration in solution:

log k = log Ko +§mm an/c - 53(e"0,2993adﬁ1'°—1) + [Abc
(20)

log k = log K + 2at-3Ac - £(e“°*2993a0"°-1) (21)

or in dilute solutions

where aQ denotes the distance between the ionic charges in
the initial zwitterionic reagent.

If to accept the theoretical a® value as given above
for a particular electrolyte solution, the distance aQ can
be found by the nonlinear least-squares treatment of the ex-
perimental logk data according to the following formula:

log kK - 2 §(A W -log Ko = a0 (e'"°-2993a0"°-1), 22)

where the parameters to be estimated are logkQ and aQ. On
the other hand, if to calculate the value of distance aQ
from some reliable model of the ionic charge distribution

in the initial zwitterion, the following linear relationship
must be valid:

Y = log K + ~i(e"0,2993a0 -1) =1log kQ+ 2at~/vc

0 (23)
where the quantity Y is fully known at a given concentration
of an electrolyte, provided the logk value is known. An in-
teresting comparison of the slope 2a” values obtained from
the linear regression treatment with their theoretical val-
ue can be made. The illustrative examples of linear rela-
tionships (23) for some interionic reactions of this type
are presented in Pig.5. The linear regression treatment re-
sults given in Table 1. (reactions 14-15 confirm the good
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Fig. 3. The dependence of the logk for the reaction9

ch3coo(ch2)2n (ch3)3 + OH" — -
on the concentration of electrolyte in solution

(1-logk;2-logk - 2993a0 "°-1) with the
value aQ=3.7A assufied for activation complex)

Fig. 4. The dependence of the observable logk for the

reactionl4: -00C(CH2)3COOC2H5+ OH- — »

on the concentration of electrolyte in solution
@-logk™2-logk+ -1(e"0,2993a0 "®-1) with the value
aQ= 7.7A assumedO0 for activation complex)
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agreement between the experimental and theoretical slopes

2at*
4. The reaction between the bolaformic ion and the
simple ion of an opposite charge with the formation of a

single ion in the activation complex:
A+ -B+ + C° [ABC]+ ~ (e

A B +C [ABC]* * . (25)

Pig. 5. The linear relationship between the function Y (23)
and the cube-root of electrolyte concentration in so-
lution (1- reaction 15.1 in Table, 2-reaction 15.4 in

Table).

In this case, the logk for these reactions has the fol-
lowing dependence on the electrolyte concentration in solu-

tion:
log Kk - log V 2at * Nn(e-°-2993a0 N -1) ¢ abo
(26)
where the notations are the same as given above, in the
dilute solutions the simplified equation is valid
log k = log kQ+ 2at + 1i(e"°-2993a0 " ° -1) @n
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Table 1
The Results of the Non-Linear Least-Squares Treatment of the Observable log k Data
for Several Interionic Reactions in Aqueous Solutions

Electro- No
Refer-
- lyte added of equa-
No Reaction = o ence
and tempe- tion log kQ ao 2at ra sb
rature used8
1. cH3coocH2li(cH3)3 + OH" KC1, 1 1.921* 2.77 0 - 0.057 0.071 8
25°C 0.025 0.29
2. CH3COOCH2S (CH3)C2H5+O0H" Kol, 1 2.939* 2.61* 0 - 0.052 0.041 8
25°C 0.0l6 0.18
3. CH,CO0(CH0)0S(CH,)CoH k+OH" KC1, 1 1.035* 4.97* 0 - 0.025 0.043 8
= a5 250¢ 0.011 0.20
4. CH3COO(CH2)2N (CH3)3+0H" KBr, 1 1.263* 3.86* 0 - 0.009 0.049 9
4 25°C 0.012 o.27
5. (C2H5)3NCH2CO0C2H5+0H" KOl 11 0.793* 4.94~ 0 - 0.017 0.071 12
0°0 0.016 0.49
6. 00C-COOC2H5+ OH'" Kot, 16 1.346* 3.48* 0 _ 0.005 0.038 15
Licl, 0.006 0.29
25°C
7. "OOCCH2COOC2H5+0H" Kol, 16 -0.215* 5.45* 0 - 0.003 0.028 15
NaCl, 0.004 0.21
25°C
8. ""000CCH2)3C0002H5+0H" NaCl, 16 -0.041* 5.85* 0 - 0.004 0.042 14

25°C 0.006 0.24
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Table 1 continued

5 6 7 8 9 10 1
KBr, 16 -3.543* 5.18* 0 .019  0.116 11
49.5°C 0.020 0.47
[ ]
m /T ey ® Y.
1) R.-RA-CH, NaNO, 22 -0.829* 4.19* -0.565 - 1.010 0.067 17
1d i 200C-5 0.014 0.41
X = 3-0“-G6H -
23 -0.838* 4.9 ~0.500* 0.9979 0.008 0.065 17
0.017 0.033
2) R.ORACH. KCl,
R 200t 22 <, e84 536 _0.565 - 0.005 0.026 17
o oo 0.20
X 0 3-C00"-C6H4- 23 -0.282* 5.2  _-0.577* 0.9996 0.005 0.029 17
0.007 0.017
3) R_j_R/\CH/\ 550837 22 -1.871* 5.21* -0.590 - 0.010 0.089 17
X - 4-0%-C6H4- 0.016  0.51
23 Mo 8% 56  _0.504* 0.9963 0.008 0.085 17
08 s 0.043



4) RARg» O02H5

20"C
X = 2,4-(S0*)206H4-
15. RIR2R3Cr + CN" KCI,
1gsg3-
1) Rr CEH5”
R2= Ry
3-ch3o ,4-0""-c6h 4-
2) R1=R2=R3=
3-CH30,4-0 -cbh4-
16. NaNo,,
35°C-

n (ch5)3

22

23

23

29

O OpR

.333*
.009

.723*
.017

.256*
.022

.109*
.026

-098*
.025

3.0:
5.8 d

5.1

5.1

6.25*
1.40

5.1

Table 1 oontinued

-0.522* 0.9972
0.018

-0.601* 0.9823
0.043

-0.544*® 0.9765
0.055

-0.590

-0.492* 0.9729
0.067

0.006

0.013

0.016

0.033

0.026

10
0.034

0.070

0.090

0.158

0.133

17

18

18

17

17



Table 1 continued

2 3 4 5 6 7 8 9 10 n

7. on _CH.
° ° Kol, 28 0.346* 4.45* -0.565 - 0.005 0.027 18
3 4w °r 4 Nano,, 0.005 0.20
20 C3
% CH3)3 29 0.356* 5,1 *J*Sfe 0.9977 0.005 0.026 18.
0.007 0,017
a The correlation coefficient
b The standard deviation n
0 The relative standard deviation (sO=* , where is the dispersion of the function
to be correlated).

d This compound has two negative charges in addition to one positive ionic charge. It is

simple to modify Eq.(21) correspondingly to take into account the electrostatic effects
caused by the additional negative charge in molecule. The values al and a2 denote the
distanoes between the positive charge and either negative oharges, respectively.

The theoretioal value of at 1is - 0.965.



which could be testified by the nonlinear least-squares
method as fitting the function

Z = log K - 2a. -3/v7 = log Kot —GE(e'°*2993ao"°—1 >
° 28
according to the parameters logkQ and aQ (the distance be-
tween ionic charges in the initial bolaform ion). Otherwise
the validity of Eq. (27) can be checked using the linear
least-squares method according to function Y:

Y = log kK - i(e“°*2993a0 -1)= log ko+2at -3/c, (29)
where the parameters to be found are Iogk0 and Zat. Some
model estimation of the distance ag has to be made in this
approach. The results of the statistical treatment of the
experimental logk data according to Eq. (28-29) are given
in Table 1. (reactions 16-17).

Finally, it has to be concluded that the model of the
electrostatic excess free energy of multicharged ions used
in the present work is in good accordance with the experi-
mental primary salt effect data in aqueous solutions.There-
fore it can be used as a tool for the examination of the re-
action mechanism. An illustrative example of this approach
is given by the results of the data treatment for the alka-
line hydrolysis of aliphatic esters presented in Table 1.

In case of this reaction the following two hypotheBical
structures are proposed for the activation complex :

8 h i
R1-j ... -0 - R2 ¢

and

It is obvious that the distance of the negative ionic charge
on the reaction centres and that of the possible ionic
charges in the substituent Rg significantly differs in
both activation complexes, whereas it is practically the
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Table 2.

The Comparison of the Distances aQ Obtained from the
Nonlinear Least-Squares Treatment of the Salt Effect Data
for the Alkaline Hydrolysis of Aliphatic Esters in Aqueous

Solutions (cf. Table 1.) with Their Model values.

Reaction aQ(exp.) aQ (theor) A)
in ﬁgble 1. é§ Model structure Model struct»
re 1V
1. 2.77 £ 0.29 2.4 4.7
2. 2.61 - 0.18 2.6 4.9
3. 4.97 £ 0.20 4.0 6.4
4. 3.86 - 0.27 3.7 6.2
5. 4.94 - 0.49 4.7 4.7
7. 3.48 + 0.29 3.3 3.3
8. 5.45 - 0.21 4.8 4.8

the same in the case if the ionic charge is localized on the
substituent = The data given in Table 2 strongly confirm
the preferential complex 111 (cf. reactions 1-4), and the
overall correspondence with the experimental and theoretical
values of distance aQ is good in all cases. (See Pig. 6.)

In the case of the reagents or activation complexes,
where the ionic charge is directly connected to the aromatic
ring, the model calculations are not quite justified because
of the possible resonance interaction between the ionic
charge and the cycle O -electron system. This can lead to
a significant charge delocalization and then an effective
value of interionic distance ag is obtained as the result
of the nonlinear salt effect data treatment. However, the
charge distribution in such system may be significantly dif-
ferent from the spherical symmetry and therefore the effect-
ive value of aQ need not always correspond to the actual
situation in molecule. Thus, the use and check-up of more
sophisticated charge-distribution models (e.g. according to
the quantum-chemical calculations) is recommendable in such
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a0 (theor)(A)

Fig. 6. The relationship between the charge distance
parameters aQ obtained from the experimental
data treatment (aQ(exp), cf. Table 1.) and
their values calculated in accordance with the
activation complex 111 (aQ(theor.), cf.Table 2.)
for the alkaline hydrolysis of aliphatic esters.

cases. At any rate, the primary salt effect studies seem to
be promising for both the reactions ""mechanism and charge
distribution investigations in the reagent molecules or
activation complexes.
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The dissociation kinetics of the muscarinic
receptor complex with benzilic esters was stud-
ied . Por this purpose the method for Kinetic
measurement of the displacement of nonradio-
active antagonists from the receptor complex
with L-[3Hj-quinuclidinylbenzilate was%elabo-
rated. The results obtained indicate that the
dissociation rate of the complex does not de-
pend on the length of an n-alkyl-substituent
connected to the nitrogen atom in the alcohol
part of the benzilic antagonists. Moreover,the
quaternarization of the nitrogen atom leads to
the loss of the sensitivity of the active site
of the receptor concerning the peculiarities of
the alcohol part in the ligand molecule.

Highly specific antagonists of muscarinic receptor are
characterized by a low dissociation rate from complex with
the receptor from different organs ~” . This feature must be
taken into account in the experiments where the equilibrium
conditions are required, e.g. those determining the equilib-
rium dissociation constants according to the displacement
methods3. On the basis of the data from the literature one
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can obtain the half-life time Tfor the dissociation process
of L-quinuclidinylbenzilate from the complex wjth rat brain
muscarinic receptor *|/2=9>6 hours at 25 C. Under these
conditions the incubation time of at least 5 ™ ™ =8 hours
must be used to achieve equilibrium in the displacement ex-
periments. In the experiments of such a long duration the
receptor denaturation should be taken into account. It is
evident that in such circumstances for a correct measurement
of equilibrium dissociation constants of potent ligands from
complex with muscarinic receptor, special experimental ap-
proaches based on the investigations into kinetic behavior
of the system are required.

In each case one must either separately determine the
rate constants of ligand dissociation from a complex with
the receptor, or establish the regularities of the influence
of the compound structure on this parameter.

The aim of the present paper was to elaborate and verify
the appropriate method and to determine the values of the
dissociation rate constants for two series of benzilic esters
with general formulae:

$ 0 ~3
V4 /
HO -C-C-0-CH2 -CH2 - N\ - cnH2n+tl .1-, (D

CH3
0

HO - c-c - £
<t>
6 n;
|

CnH2n+1 > n = 1710* an

Experimental

The antagonists with the general formulae (1) and (1)
were synthesized in the A.N. Nesmejanov Institute of Hetero-
organic Compounds, AS USSR, as described previously4 L-[3H}-
—quinuclidinylbenzilate (38 Ci/mmol) - preparation was ob-
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tained from "Amersham', England. The experiments with non-
radioactive and tritium-labelled preparations of N-methyl-
piperidinylbenzilate were carried out in the laboratory of
professor T. Bartfai at the Biochemistry department of Stock-
holm University and the preparations used were described
in™’~. Atropine sulphate - preparation from "Merck",FRG,bo-
vine serum albumin - preparation from ""Reanal''lHungary, were
applied. All other chemicals of analytical grade were o