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AMIDES AND HYDRAZIDES OF OXALIC ACID. XXXI

IONIZATION CONSTANTS OF SOME DERIVATIVES OF ARYLSULF-
AMIDES IN MIXED DIOXANE~WATER SOLVENT

V.P. Chernykh, V.I.Makurina, V.I.Gridasov,
and P.A. Petiunin

Kharkov Pharmacy Institute, Kharkov,
Ukr.S.S5.R.

Received November 20, 1§73

By the method of potentiometric titration in
60% aquuous dioxane at 25°C ionization constants of
phenylamides of arylsulfonic acids and substituted
amides of aryl aylfonyloxamine acids have been deter-

mined. The pKa values for compounds studied were ocor—
reluted with Hammett's G ~constants. Transmission

factors of electronic effects on NH and NHCOCO
groups have been calculatea by the " PP " method.
Earlier [I] we studied influence of substituents on dis-
sociation of the sulfohydrezide group in the substituted

amides of arylsulfohydrazides of oxalic acid,which allowed
to calculate the transmission factors of electronic ef-

fects of the oxamide group.

To obtain information about transmission factor of
the oxamoyl group and eiso to study the influence of sub=-
stituents of the arylsulfonyl and amide parts of the sulf-
amide molecule, ionization constants of phenylamides of
arylsulfonic acide and those of substituted amides of aryl-
sulfonyloxamine acids have been measured. Synthesis of the
above mentioned compounds is effected according to the
known methods [2.3] e Individuality of synthetized compourds
was cocrroborated by the data of elementary amnalysis, IR and
UV spectroscopye



The process of acidic dissociation of the studied

compounds may be discribed with the following equation:
) = +
RCBH4802NHB + Hy0 BRC,H,SO,NR + H30

Experimental

Phenylamides of arylsulfonic acids have been obtained
by heating arylsulfochlorides with aromatic amines in pyri=-
dine [2] , and the substituted amides of the arylsulfonyl-
oxamine aoids =~ by means of acylation of sodium salts of
arylsulfamides with oxamine acid ethers [51 .

Properties and the results of analysis of the compo-
unds obtained are shown in Tables 1 and 2.

The ionization constants have been determined by means
of potentiometrie titration by the known method [4] in 60%
agueous dioxane at 25°¢.

The determined transmission factors are averages of
2=% experiments, including 7-9 measurments each; the pKa
values have been processed statistically [5] y the errors
being calculated at the confidence level of 0.95

Discussion

From Table 2 it is seen that substituents both in the
arylsulfonyl and the amide parts of the sulfamide molecule
materially influence the ionization constant values Sub=
stitution of phenyl radical in sulfamide (series A) by phe=
nyloxameyl one (series BR) results in considerable increase
in the eompound acidity ( & pKa &~ 5 units)e. This may be
explained by different acceptor ability of the radicals
mentioned above: the oxamoyl residue as compared with the
phenyl one Increases the shift of the wunsharead
electron pair from the nitrogen atom of the sulfamide group
thus to inerease the acidity of compounds.

For quantitative evaluation of the influence, the sub=
stituents exert upon the dissociation of compounds in the



!
Table I. PHENYLAwWIDES OF ARYLSULFONIC ACIDS AND ARYLSULFONYLOXAMIDES R06H4SOANHR

. . M.p Found ,% Calculated,%
o8. R R tpe Formula
°q N 5 N 8
- | - o - - - -
I | m-NH, 124-125° [6] Cq ol MO8
2 p=0CH; 95=96 5438 | 12031 | G45H,5N058 5632 | 12417
5 | p=cH, 102=103 [7] - - Cq3H43N08 = -
4 H Celg 109-110 [8] - - O L - -
5 p=Br 119-120 [2] - - CqH1oBENO S - -
6 | p=No, 138=-139 [9]| - - Cqo1oN 0,8 - -
7 p-NH, 228=229 13039 | 10v16 | CquHq3N50,8 13416 | 10.04
8 P=UCH, 216=217 8e41 | 9467 | Cy5H ,NZ058 8438 | 9459
9 p=CHy | COCONHCgH, 218=219 8489 | 1030 | G,5H N 0,8 8479 | 10,07
10 H 221-222 " 9428 | 10469 | 0,,H, N0,8 9421 | I0.54
II p=Cl 2u5=246 8e54 | 9459 |[C,,H {CIN0,B | 8.27 | 9eu6
12 p-NO, 252=254 12621 | 9436 | 0q,Hy {N;008 12402 | 9418
13 COCONHCH,0CHzp | 218=-220 8450 | 9463 | 045Hq,N 058 8438 | 9.59
1% H COCONHCgH, CHz=p | 229-230 8489 | 10617 | 0,5H,,N ;0,8 8479 | 10.07
15 COCONHC H, Cl=p | 269=270 835 | 9461 | Cq,Hy [CIN,0,8 8627 | 9eu6
16 COCONHCGH, Bre=p | 270=-271 7438 | 8e41 |G, H BrNS0,8 731 | 8437
17 COCONHCGH, NOgp | 245=246 12021 | 9431 | Gq HyN;0¢8 12408 | 9417

* Compounds Nose1=7,9 are crystallized from aqueous ethanol, and the rest of them -
from aqueous dimethylformamide.



sulfamide group, EHammett’s equation was used. The para-
meters of linear regressions of pKa of the compounds
studied vs. Hammett's & -constants are given in
Table 3.

Comparing the values of reaction constants of series
A ( P = - 1.862) and series B (2 = = I.374), one may
conoclude that the substituents with different acceptor
ability at the amide nitrogen affect the sensitivi-
ty of the sulfamide group to the structural changes in
the aryleulfonyl part of the moleculee

Table 2.
IONIZATION CONSTANTS OF PHENYLAMIDES OF ARYLSULFONIC
ACIDS AND SULFONYLOXAMIDES

RCgH,, SO NHR'
Con— ‘ pKa in 60%
agueous
pound R R dioxane *
I m-NH,, 10.67
2 P-OCH3 10.70
3 p-0, 10.65
4 H CgHs 10+36
5 P=Br 9.87
6 P=HO, 9.00
7 P=NH, 5¢57
8 P=0CH, 4495
9 Cii , COCONHC4H, 4083
10 H 4456
iI P=CL 4.23
12 P=NO,, 3460
13 | cocoNHCgH,0CH= P 464
14 l COCONHCH, CH,= P 4461
15 H COCONHG,H,CL = P 446
16 COCONHGGH,Br = P 4o45
17 COCONHC(H,NO - P 3.98

* Average values of pKa deviations make +(0.0I = 0.03),

10



Comparison of reaction constants of series B ( O =
= 0.772) and those of the series of N-substituted aryle
benzenesulfamides (£ = - 2,876 [1] ) makes possible
to evaluate the electronic transmission factor of the
NHCOCO group, which may be calculated using the "f - £ "
method [10] , in accordance with which :
ZNHCOCO - s Where

rst.
P < the series constant, containing the oxamoyl

group,
- constant of the series of N~substituted aryle
benzenssulfamides [I] .
Table 3
CORRELATION PARAMETERS FOR DEPENDENCE OF pK,
FOR PHENYLAMIDES OF ARYLSULFONIC ACIDS AND ARYLSULFO-
NYLOXAMIDES UPON HAMMETT’S G = CONSTANT

Series and
No.of com-
pounds pKa
of which
are in- Correlation equation
volved

in regres-
sion ana-
lysis

A (I~6) pKa=(I0e33+0412)=(I1+862+0040)¢8(0e9980.13
(7=12) |pKam(4+58+0007)~(I+374+04037)e8 [0e996 (0,05

B (12533- pKa=(4:54+40612)=(06772+0.041) e |00996 0416

* The values of reaction constants ( P ), correla-
tion coefficients ( r ), and standard deviation
( 8 ) were calculated by the least squares method.

Using the values of reaction constants for the substi-
tuted amides studied earlier, the electronic transmission

11



factor of the examoyl greup was calculated as equal to 0.55

On the bésgis of the reaction constants of the substitu—
ted amides ef the aryl sulfohydrazides of oxalic acid
(}9 = = 0,563 [1] ) and substituted benzenesulfonyloxamides
(P - - 04772 , series B), using the "f-f" method, the
transmission factor for the NH-group was calculated:

Iy = .

This value is close to that = 0.81 ) obtained from
kinetic data ef aeylation ef sodium salts of aryl sulfohydra-—
zides (P = - 0.,525) and arenesulfamides Qf = - 0.651) [11]
with the ethers of oxamine acids.
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AMIDES AND HYDRAZIDES OF OXALIC ACIDe XXXII.

IONIZATION CONSTANTS FOR BISARYLSULFOHYDRAZIDES OF
OXALIC ACID

V.P. Chernykh, V.I. Makurina, and P.A. Petiunin

Kharkov Pharmacy Institute
Kharkov, UkeSeSeRe

Received November 26, 1973

Bisarylsulfohydrazides of oxalic acid have been
obtained synthetically, for which in 60% aqueous dio=
xan at 25°C, using the potentiometric titration, the
ionization constants have been determined. Influence
of substituents of miscellaneous electronic nature
upon pxaI and pKa, of the compounds obtained was stu=
diede

Proceeding with studying the reactivity of oxalic acig
derivatives [1-3] y» the authors effected synthesis of big=
arylsulfohydrazides of oxalic acid with the purpose of de=
termining the influence of substituents with miscellaneous
electronic nature upon acidity of the compounds obtained

RCgH,, SO NHNHCOCONHNHSO ,CcH, R

Bisaryisulfohydrazides of oxalic acid have been ob=
tained by condensation of hydrazides of oxalic acid aryle
sulfohydrazides with arylsulfochlorides in pyridine or by
interaction of oxalic acid dihydrazide with two equivalents
of arylsulfochloridee The first way gives possibility of
obtaining reaction products with miscellaneous substituents
in the arylsulfonyl: parts of the molecule,the second way
may be effected only with similar substituentse

The constants for the compounds obtained synthetically

13



Bisarylsulfohydrazides of oxalic' acid Table I
RCSH 4SO ZN HNHCOCONHNHSO 20 6H 4R|
Yield| Il.p. |Neutralization AcPual- Calcu=
equivalent % %‘ Formula lated,
Actual-|Calcu- % N
ly lated

I 64 218=219 | 208.1 4134 | 1712 G‘IQH’ISNEOGSZ 160494
2 73 227=228 | 21743 428¢4 | 13621 C1SH16N40782 13.07
3 81 254=255 | 209.1 412¢4 | 13469 c15H16N40682 13458
4 H 70 |241=242 | 208.0 [412.4 | We22 | CigHgN,068, 14406
5 82 [256=257 | 20047 |398e4 | 14019 | G, H,,N,0cS, 14..06
6 80 |237-238| 21740 (43249 | 13407 | G ,HiCIN, 08, | 12495
7 65 |252=253 | 239.9 [477.3| 11481 | G H 3BIN,OS, | 11473
8 54 247248 | 22304 43345 17490 | C 1 H zN50gS, 15479
9 p-0CH; | 68 |[232-233 | 25141 |458.6| 12050 | CqgHgN,0gS, 12,22
I0 p"’CHj 71 265=266 | 219.3 426.5| 1328 016H18N40682 1514
II p=Br 59 |289=290 | 280.5 |556.2| IOe14 0,4,H40Br N, 0c8, | 10.07
12 p-NOz | 63 [260-261| 248.1 |488.4| 1731 | C H N0, 17420




and the results of elementary analysis are shown in
Table I.

Identification of bisarylsulfohydrazides was carried
out by means of IR and UV spectroscopy.

The IR spectra of bisarylsulfohydrazides of oxalic
2cid contain characteristic bands of valence vibrations
of NH, CO and SO, groups. Two absorption bands in the re-
gion of 3320-3060 cm“I characterise the valgnce vibrations
of the NH groups Double character of the carbonyl bands
(1720-~1690 cm-I) is indicative of symumetric valence vibe
rations in earboayl groups of the compounds studied,which
may be connected with their arrangement [4] + The valencg
oscillations of the 802 group are represented by two bands
in the region of 1350 ( ) as 302) and 1175 cn X we SOZ)'
The presence of S0,y NH, and CO groups in arylsulfohydra=
zides provides favourable conditions for formation of in=
ter- and intramolecular H-bonds, This interference is cor-
roborated by the low values of valence vibrations of the
above-mentioned groups.

In UV spectra of bisarylsulfohydrazides maximum is
seen in the region of 230-~250 nm, characteristic of the
benzene absorption.

Bisarylsuliohydrazides of oxalic acid have two ioni-
zation constants pKa; and pKa, which characterize acidity
of the sulfohydrazide groups (Table 2). The process of
acidic ionization of the studied compounds may be desw
eribed with the foilowing equations 3

9 pKa
RCgH, SO, NHNHCOUONHNHSO ,CgH, R N )
RCGHQ_SOZNNHCOCONHNHSOzCGHqR' + H* (1)
. ( pKa
RCgH, SO, NNHCOCONHNHSO C H,R' P82
RCgH, SO NNHCOCONHKR-SO,CcH,R + H' (2)

From Table 2 it is seen that the donor substituents
(D) influence pK32 and practically exert no influence

upon pKaI (ReD, R-H = series A); introduction of acceptor

15



substituents (A) vice versa results in pKa, change,
pKa, remaining eonstant (R=A, R=H = series B)s

A
L 4 d o4
302-N-NHCOCONH-N-SO2 SOE-N—NHCOCONH“N“SOZ
H H H H
pKa, pKag pKap pKa,

Table 2
IUNIZATION CONSTANTS FOR BISARYLSULFOHYDRAZIDES
OF OXALIC ACID, R06H4SOQNHNHCOCONHNHSO206H4RI

Nos. R R' pKa1'* pKa2
1 p~NH, 8430 10411
2 p~OCH; 8.29 9063
3 p=CH, 8429 9ett3
4 m--CH5 » H 8e28 9352
5 H 8429 9¢28
6 p=Cl 8.02 919
7 p-Br 799 9.18
8 p-NO2 7043 9¢22
9 p-ocu3 p-OCH3 8457 9.96

10 p--'Cd3 i p--Cu3 8452 984

IL p~Br ’ p-Br 7492 931

12 p=NO, p-NO, 7415 844

* Number of the cowmpound corresponds to that in
Tavble I.
» + Average deviations of the pKa values equals
+ (0.0I = 0.03).
Aosence of influence of substituents upon ioniza-
tion of the second sulfohydrazide group (SOZNHNh) in
the series A and B may be ascribeu to considerably dis-

16



tant position of substituents from the reaction center.
Ionization of bisarylsulfohydrazides of oxalic aoid de~-
pends on ohanges in electronic demnsity at the nitrogen
atom of sulfohydrazide group. Donor substituents in=-
orease electronic density, the acceptor ones decreasing
it to oreate eonditions for preferable detachment of
hydrogen for the sulfohydrazide group, having greater
defioit of electrons in the atom of nitrogen.

The pKa1 and pKa2 for hydrazides in the series C re-
gularly change, substituents of different nature being
introduced in the benzene nucleus.

For quantitative estimation of the influence of
substituents wpon the bisarylsulfohydrazide pKa, and
pKa2 Hammett’s equation was usede. Values for the induc-
tion constants were taken from literature [7]. The cor—
relation parameters of pKa dependence upon Hammett‘s

6 = constant are dated in Table 3.

Table 3
CORRELATION PARAMETERS OF THE DEPENDENCE
OF pKs, AND pKa, FOR OXALIC ACID BISARYLSULFO=
HYDRAZIDES UPON HAMMETT’S @ ~CONSTANT

Serlies and
Nos of com-
pounds,pKa
of which

was involved
in regression
analysis

Correlation equation

A (1=5) |pKa,=(9e2640406)=(1+I66+04040)¢6|00991 0411
B (5-8) pKa, =(8426+40410)=(1.027+0.034)45|0+98/0.07
cgsgé) pKa,=(8+26+0410)=(1+296+04020)¢6 (00999 0.04

PKa,=(9+57+0414)=(1+449+04019) ¢5|00998| 0415

17



Values of the reaction constants for series A,B and
G ( P,=I.1I6, Pp=1.027, P =I.296) inconsiderably dife
fer from the O of the substituted amides.of arylsulfo=
hydrazides of oxalic acid studied earlier ( P =I.I8I )
[3] and alsoe from those of the hydrazides of arylsulfo~-
hydrazides of oxalic acid ( P =I.232 ), which is indica-
tive of approximately equal influence of substituents
on ionization of the sulfohydrazide groups.

Experimental

Bisbenzenesulfohydrazide of oxalic acid. To 258 g
of the hydrazide of benzolsulfohydrazide of oxalic acid
in 20 ml of pyridine I.77 g of benzenesulfochloride is
added, heating being provided for 3 hours;the mixture
is diluted with 5-fold quantity of water and acidified
with hydrochloric acid to obtain acidic reactione The
residue is filtered off, washed with water and dried upe
Yield of the substance is equal to 3426 ge

The IR spectra were obtained using a UR~20 spectro-
meter in KBr (concentration of 0.5%), the UV spectra being
obtained with an Cb~4A instrument in ethanol (c=2.I0" >~
~2.10"x).

The ionization constants are determined by means
of the potentiometric titration method [8] in 60% aque=-
ous dioxan at 25°C. The ionization constants found are
mean average of 2-3 tests including 8~9 measurments each;
values of pKa were processed statistically [9] , the er-
rors being calculated at the confidence level of 0.95 .,
Values of reaction constants ( P ), correlation coeffi-
cients (r), and standard deviations (8) were calculated
by the least squares method [IO] .

References

I. P.A.Petiunin, V.P.Chernykh, J+Org.Chem.3,1832
(1967), (Russ.)

18



2e

%,

4o

6e

7o

8e

e
I0.

PeAsPetiunin, VoP.Chernykh, I.P.Bannyi, Reakts,
sposobn. organ. soedin, 7, (1970)
PeAePetiunin, VeP.Chernykh, VeIe.Makurina, Reakts,
sposobn. organ. soedin. 153 (1972)

LeBellamy, New data on LR=spectroscopy of complex
molecules "Mir", 1971, p«14% (Russ.)

NeN.Dpkhanov, AesBeJijelava, VeDeOrlove. JsPhys.chem.
40, 2617 (1960), (Russ.:).

JeBaxter, Y.Craig Cimmerman, J.Wallis, J.Chem.Soce.
1955, 663

Chemist’s reference book "Khimia", 3, 959 (1965),
(Russa.)

AesAdbert, EBoQeSaerjant, "Ionization constants of
aeids smd basis, MeL, "Khimia", 1964, (Russ.)

NePeKemar, JsAnaleCheme 7, 325 (1952), (Russes)

MeMeBatuner, MeE.Pozin, Mathematical methods in
chemioal engineering, L, "Knhimia", 1971, (Russ.)

19



UDC 574.269+541.124/129

KINETICS of The HYDROLYSIS of SUBSTITUTED

BENZYL SULPHONYL CHLORIDES
R.V. Vizgert, I.M. Tuchapski, and Y.G. Skrypnik
Donetsk Polytechnical Institute;
Lvov Polytechnical Institutes
Donetsk Department of Physico-Organic Chemistry,
L.V.Pissarzhevsky Institute of Physical Chemistry,
Academy of Sciences of the Ukr. S.S.R., Donetsk, USSR

Received November 23, 1973

The kinetics of non-catalyzed hydrolysis of subs-
tituted benzylsulphonyl chlorides in a 70% solution
of dioxane has been studied. The rate constants and
activation parameters of the reaction have been deter-
mined. Benzyl sulphonyl chlorides are shown to be more
sensitive to structural variation in the molecule,
930' equals 1.39 than benzyl sulphonyl chlorides.
?30’ equals 0.94. Possible reasons for this pheno-
menon have been discussed.

In an effort to futher investigation on the influence

of structural factors upon the reactivity of sulphonyl chlo-
rides, it was of interest to study the kinetics of the non-
catalyzed hydrolysis of substituted benzyl sulphonyl chlo-
rides. The data on the kinetics of the hydrolysis are

given in Table 2. The parameters characterizing the corre-
lation relation are listed in Table 1l.

Table l. Parameters of the Hammet-Taft equation for

the hydrolysis reaction of benzylsulphonyl chlorides.

°c -lgk, T s

30 4,62-0.01 1.39-0.03 0.998 0.035
40 4.,24%0,01 1.33-0.05 0.997 0.03%6
50 3.88-0,02 1.28%0.05 0.997 0.03%6
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Table 2. Non~catalyzed hydrolysis of substitutedbenzyl sulphonyl chlorides
X 06H40H250201

k"IO5 Sec'j #
8 . 20° 30° 40° 50° . Leh A
1 p-CHy 2.37-0.06 6.90%0.20 19.2%0.5 20.3-0.5 10.1%¥0.40 14.7-1.7
2 m-CHy - 2.09%0.03 5.,05%0.06 11.6%0.1 16.7%0.1 7.33%0.10 27.0%0.t
3 H - 2.36%0.02  5.65%0.13 13.0%0.3 16.6%0.4 7.34%0,27 27.0%1.2
4 p-C1 - 4,97%0.06 11.6%0.20 25.2%0.6 15.8%0.5 7.08%0.25 28.2%1.6
5 p-Br - 5.69%0,05 13,2%0.20 28.8%0.6 15.8%0.2 7.13%0.17 28.0-0.8
6 m-Cl - 7.81%0.06 17.7%0.20 38.5%1.0 15.5-0.2 7.08%0.15 28.2-0.7
7 m-NO, 14.7-0.2 34,0%0.40 73.6%0.80 153° 14.7-0.3 7.10%0.22 28.0%0.9
8 p-NO, 120 1.0 264" 553 ¥ 1050 * 13.9%0.4 7.,47-0.27 26.2%1.2
By the conductometric method
H - 2.54%0,09 6.18%0.17 13.9%0.4 16.6%0.5 7.34-0.37 27.0%1.€
p-Cl - 5.46¥0,13  12,5-0.20 27.9-0.4 15.9%0.6 7.18%0.45 27.8%2.1
p-NO,  123-4.0 262 ¥6.00 - - 13.3 7.05 28.3

.The constants are calculated by extrapolation from the Arrhenius equation.

For p-N02:

koo = (20.8%0.1)"1072;

k,

o° = (52.0-0.6)1072,



p—CH3 and p—NOZ—benzylsulphonyl chlorides (Fig. 1) do not
follow the particular correlation relation and they were
not taken into account when these relations were calculated.
Some increase in the hydrolysis rate constants in the case
of p—CHB—benzylsulphonyl chloride as compared with that of
unsubstituted benzyl sulphonyl chloride appears to be asso-
ciated with the thermal instability and decomposition of the
substance under the experimental conditions similar to those
for tertiary sulphonyl chloride [g] .

50
o “o
o 30

Fig. 1. Plots of 1lg k vs.

¢ °for the noncatalysed
hydrolysis of benzyl sul-
phonyl chlorides ¥
(&)

0 0.4 0.8

It is of interest that the reaction constants for the
hydrolysis of benzylsulphonyl chlorides are greater than
those for the correspoding benzenesulphonyl chlorides.

For instance, for benzylsulphonyl chlorides g'soeequals
1.39 and for benzenesulphonyl chlorides f%oo equals

0.94 It is difficult to imagine in this particular
case that an increase in 9‘ for benzylsulphonyl chlorides
is related to the increased electronic transmission factor.
system. It is obvious that the influence of the reaction
mechanism features takes place here.

®The refined value &® obtained from hydrolysis of phenyl-
tosylates [10] was used for X = n-NO,
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When the kinetics of the interaction between p—CHB—
benzenesulphonyl halides and dietylamine in benzen [4]
and as well as in 70% aqueous isopropanol [5}was studied,
the reactivity of the substances specified was found to
be appreciably dependent on the nature of halide. The
latter phenomenon indicates that the reaction of nucleo-
philic interaction of benzylsulphonyl halides in the
media of various polarity is comducted be stages through
the rapid equilibrium stage of formation of type I comp-
lex (scheme A) and through the slow stage of the complex
decomposition accompanied by breaking the S-Hal bond.

R- 50,01 + Hao ,ov--,s;ct] — RSOgH+HCL  (A)
Ry 010

One should not probably expect a substantial change
in the reaction mechanism as one passes from benzenesulpho-
nyl chlorides to benzyl sulphonyl chlorides when one proceeds
from the data presented in the work of Tonnet and Hambly IB]
in which the kinetics of the hydrolysis and deuterolysis of
methanesulphonyl chloride in dioxan-water solution of a
various water percentage was investigated, and an eviden-
ce was obtained that the process rate is governed by the
easiness of breaking the S-Cl bond in the transition state.

The effective rate constant (keff)’ according to the
steady state method [7] for processes of similar kind, is
kq .k
i I i -
determined as keff' . . , Since k_l>>k? , keff‘ Kl'ke’
-1*%2
where K1 is the equilibrium constant for the first reaction

stage. In this particular case the parameter is an
additive value [9lwhich consists of @, characterizing the
stage of transition complex formation and characteri-
zing the stage of complex decomposition.

Since the process of transition complex formation is
to be accelerated, and the process of breaking the S-Cl
bond is to be decelerated for the reaction of hydrolysis
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in passing from sulphonyl chlorides wivh electron-dona-
ting substituents to sulphonyl chlorides with electron-
attracting substituents, the value should, in this case
be determined by the difference between {4 and £, values.
Hence, one can write the following equations for the parti-

cular reaction series
(benzenesulphonyl chlorides) - fﬁ
_F(benzyl sulphonyl chlorides) = ¢ - f2

The methylene bridge must naturally weaken the influence

of benzene ring substituents on the reaction centre

(sulphur atom). In consequence, ¢, and must be greater
for benzenesulphonyl chlorides than ff and !ﬁ for benzyl
sulphonyl chlorides. The 'CHZ_ bridge in the molecule
of benzyl sulphonyl chloride apparently acts in sucn a way
that certain decresse in the f; value in respect of § in-
volves a considerable decrease in Rz , which, in principle,
may result in a considerable increase in the effectige val-~
ues of the reaction constants for chlorides in question.

The analysis of the activation parameters both for
benzenesulphonyl chlorides [1] and for benzylsulphonyl
chlorides (Table 1) is rather in favour of an isoentropic
course of the process. An increase in the reactivity of
sulphonyl chlorides having electron-attracting substitu-
ents seems to take place at the expense of the activation
energy-.

*The absolute values of §.and 9; are meant.

*EThe final proof for  the above arguments is possible if
the values of and k2 are determined separately
which involves considerable difficulties,

25



Experimental

Benzyl sulphonyl chlorides 2-,5,7,8 (Table 3) were
prepared by the reaction between sodium salts or penzyl-
sulphonic acids and P015 fll] , while p-Br-benzylsulphonyl
chloride was obtained by the reaction of corresponding
sodium salt with PCl5 in the presence of POClB.
p-CHE—Benzylsulphonyl chloride, because of its thermal
instability, was' synthesized through magnesium derivati-
ve similar to propanesulphonyl chloride (12]. The sodium
salts of benzyl sulphonic acids were prepared by reactions
of the corresponding benzyl bromides with sodium sulfite
{11] . Sulphonyl chlorides 3,4,6-8 (Table 3) were purified
to the constant melting point by repeated crystallization
from a mixture of benzene and light petroleum (1:3), while
sulphonyl chlorides 1,2,5 from light petroleum only. The
characteristics of sulphonyl chlorides are given in Table 3.

Table 3. Constants of benzyl sulphonyl chlorides
X 06H CH SO Cl

Number X M.p. °c Analysis for S,%
Found Calculated
1 p-CHj 80-81 15.36 15.67
2 | m-CHy 49,5-51 15.78 15.67
3 H 93-94™ 17.01 16.82
& p-Cl 96-97** 14.31 14,24
5 m-Cl 72-74%%* 14,40 14,24
6 | p-Br 117-119 11.63 11.90
7 | m-NO, 101-102 13,90 12,61
8 | p-NO, 91-92 13.83 13.61
“gu-95 14l ~ 95014, *°  72-73(0151, 91.5-92.5 (11 .

The hydrolysis of benzyl sulphoryl chlorides was car-
ried out in a 70% (by vol.) solution of dioxane and water.
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(the procedure is similar to that of Vizgert [37]) using the
argentometric titration method [12]. When studying the kinet-
ics of the hydrolysis by the conductometric method [lﬂ the
rate constants and activation parameters are close to those
obtained by the argentometric titration method (Table 1). In
the argentometric titration method 0.05N solutions of silver
nitrate and of ammonium rhodanate were used, the indicator
was ferric sulphate. The concentration of sulphonyl chloride
was 0.02 mol/1l, and in the case of the conductometric method
it was 0.002 mol/l. Dioxane was purified by an ordinary meth-
od [16]. The hydrolysis rate constants were calculated from
the first order equation and were determined as average from
12 to 16 measurements. The activation parameters were calcu-
lated graphically and from the Arrhenius equation. The accu-
racy of the kinetic measurements was evaluated using methods
of mathematical statistics 1I7} at the confidence level of
0.95. The correlation parameters were computed by the least-
-squares method using the electronic computer "Promin-2".
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By potentiometric titration method the base
strengths of benzoates of some l-amino-3-alkoxy-
-(alkylthio)-2-propanols in absolute ethanol were de-
termined. i1t has beeu established that the nature of
alkoxymethyl and alkylthiomethyl radicals does not af-
fect the base strength. The pK values of most amino-
ethers give a good correlation with the Taft 6* val-
ues.

As a part of the study, devoted to the relationship
between structure and properties of aminoethersl_s, base
strength of some benzoylcholine analogs of the type

R -2 - CH, - CH - CH

| - NRé
OCOCBH5

2

was measured in absolute ethanol solution.

Though the base strength of aminoethers is well de-
scribed in literaturel-a, the effect of alkoxymethyl and
alkylthiomethyl substituents on base strength has not been
studied as yet.
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Discussion

It can be seen from the Table that the base strength
of aminoethers is greatly influenced by changes in nitrogen-
containing residue of aminoether molecule. For exampl.,
stitution of the piperidine group for diethylamine and hexa-
methyleneimine groups slightly affects the base strength.
In passing from the piperidine substituent to morphol.ne,
however, the base strength is decreased by 2 units of pKa.
The difference between the basicities of the dibutylamine
and diethylamine analogs is negligible. Dibutyl radical 1is
known9 to possess more pronounced electron-donating proper-
ties than diethyl. The steric effect is probably the deter-
mining factor in this case as has been shown earlier .

Table
1

Base Strength of Aminoethers R—Z-OHZ—CH(OCOCGH5)-CHZ—NR2
in Ethanol Solution

N R Z -NRY)  Points A‘)" <
number PEy

1 2 3 4 5 6 7
I cHy 0 N 18  0.65 6.18-0.01
II Gyl 0 -NQ 17 0.9 6.1120.03
IIT  CzH, O -ND 16 0.35 6.00-0.02
IV CHy O N2 17 0.30 5.97-0.02
V. CuHy O N 16 1.20 5.78-0.02
VI CHy O NP 16 1.31 3.85-0.02
VII CuHy O -N(CjHg), 17 1.0 6.09-0.02
VIII CHy O -N(CHg), 17  0.51 6.01-0.03
X Gy 8 N2 16  0.70 5.98-0.02
X CHy S N2 18 0.42 5.88-0.02
XI  CHy S NP 17 0.2 3.98-0.02
XII CHy S -N(CyHg), 16 0.70 6.04%0.01
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1 2 3 4 5 6 7
XIIT  CHy § -N(C,Hy), 17 1'.21 6.33-0,02
XIV  CgHyy S < 16 0.54  5.85-0.04
XV CgHyz 8 N 17 0.31 5.89-0.02
XTI C.H)g S -~ 18 0.92 5.83-0.02

¥ - an average error of volume percentage.

The data of the Table indicate that the increase of
alkoxymethyl (I-IV) and alkylthiomethyl (IX, XIV-XVI) radi-
cals does not affect the base strength.

This is probably due to the fact that as alkoxymethyl
groups are sufficiently removed from the reaction centre

(nitrogen), their induction effect is fully extinguished
while transferring through the carbon chain.

On the other hand, there was no appreciable change in
base strength when alkylthiomethyl (IX) was substituted for
alkoxymethyl radical (IV). It coincides with the data of
Tamellin® who studied aminoethers of saturated carboxylic
acids.

7.0
6.0
50
4.0

The above data made it possible to consider the

R—Z—CHZ-CH—CHZ— group as a constant substituent.
1

OCOC6HS
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In such a case the compounds under study can be expected to
follow the Taft equatioriO~13,

The treatment of the data obtained using least-squares
method has given: r=0.993,¢ =-2.481, and 8=0.ll. This is a
proof of a good correlation between pK, and 6*of the sub-
stituent at the nitrogen atom (see Fig.).

Experimental

The base strength of the compounds under study was mea-
sured by potentiometric titration method using pH- meter
pH-340 with glass electrode of ESL-I0-05 type and silver

chloride electrode of EVL-IM3 type filled with saturated KC1l
solution in ethanol. The electrodes were calibrated by solu-

tions of 0.05 M potassium biphthalate (pH=4.0l1) and 0.05 M
sodium tetraborate (pH=9.16). Titration method and calcula-
tion of pKa are described elsewherel.

Due to the less stability of aminoether bases, we used
their hydrochlorides synthesized by us earlier . The pu-
rity of the compounds was controlled by melting point, ele-
mentary analysis and thin-layer chromatography.
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The kinetics of para-C-phenyl-substituted triphe-
nyl verdazyls (X-RN°, X = H, Cl, GH5, CHBO. KOZ)
oxidation with tetranitromethane in GSH12’ 065501,
CSHG’ THF, 06H5N02. CGH OCH,, CH,CN, and propylene
carbonate (PC) (v = k[X-RN"] [ C(N02)4]) is studied
upectroscopically by the stopped-flow method. The
reaction rute increases with the increasing dielectr-
ic constant of the medium, and in 06312 and THF it
shows a good correlation with Hammet § -constants
snd E1/2 in oxidation of X-RN°® in GHBGN. It was
concluded that at the rate-determining step an elec-
tron transfer from X-RN° to C(NO )4 takes place giv-
ing anion-radical pair [ X-RNY, C(NO,) 5, NO,T.

In case the charge separation occurs at the rate-
determining step, the rate of an electron-transfer reaction
must be greatly dependent on the medium polarity1. We have
found, however, that the rate of amine oxidation with tri-
phenyl verdazyls involving electron transfer only slightly
depends on the medium polarityz.

Ph Ph
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This is, probably, dues to the fact that fnr the reaction in
question the polarity of +the transition state has bub little
difference from that of the initial state.

The oxidation of triphenyl verdazyl radicals (X-RN')
into corresponding cations (X—RN*) appears to be a convenl-
ent model for studying medium effects on the rates of che-
mical processes involving electron transfer. X-RN°® oxida-
tion with benzoyl peroxide (BP) shows> that the rate of
this reaction is unaffected by the medium polarity since
the electron transfer from X-RN° to BP takes place after
tho rate-determining sbep“. In our further study using a
stronger electron acceptor (tetranitromethane) for X-RN°
oxidation we found that in this case the reaction rate gre-
atly depended upon the nature of a solvent.

Experimental

Triphenyl verdazyl (H-RN') and para-C-ph®uyl-substi-
tuted werdazyls (X-EN°, X = CE3’ c1, CEBO, N02) were obta-
ined and purified as described elsewhere”. Tetranitrometha-
ne was stripped under argon. Kinetic studies were conducted
by the stopped-flow metiiod with spectrophotometric recor-
din56. The reaetion course was follewed by the change in
absorbtinn of the solutions at A‘max X-RN* over the range
550 to 575 nm. X-RN° and C(N02)4 concentrations varied
within the ranges (8.5 - 3.000 * and (0.3 - 20)10~% mol/1,
regpeetively.

Results and Discussion

X-RN°® reacts with G(N02)4 as follows's
(1-2)X-RN"+ C(N02)4—’X-RN+5(N02)3 + (0—1)X-RN+N02+(0-1)N02

Experiments with X-RN° taken 2-3 times in excess over
C(Noa)4 have shown that the reaction stoichiometry. depends
upon the nature of a solvent. In hexane, gyclohexane, ben-
zene, chlorobenzene, anisole and THF one molecule of X—RN°®
is consumed per one molecule of C(N02)4, the reaction pro-
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dacts being X-F.N+G(N02)5 and NOé. In nitrobenzene, aceto-
nitrile and propylene carbonate this ratio is 1.33:1, 1.6:1,
and 231, respectively. The reaction products in the lattér
solvent are X-RN'C(NO,) 5 and X-RN*NO,. Similar solvent in-
duced changes in the reaction stoichiometry were also oh-
3erved during the oxidation of triphenyl methyl radical8
and X—BN‘9 with benzoyl peroxide. In all cases regardless
of the reaction stoichiome*ry the radical oxidaticn rate
is described by a bimolecular kinetic equation, i.e. for
our reaction

= k[X-pN°][ c(Noz)q).

This proves taat x-RN+NO2 is formed after the rate-deter-
mining step.
Table I

Solvent Effect upon the Rate of NOe—RN' Oxidation
with Tetranitromethane at 20°C

Solvent 3 k-10 1/mol-sec
Cyclohexane 2.0 0.74 - 0.1
Chlorobenzene 5.6 30 -7
Benzene 2¢3 38 - 8
Fetrahydrofuran 74 4e - 10
Nitrobenzane 34,8 110 - 30
Anisole 4.3 190 - 50
Acetonitrile 575 620 - 200
Propylene carbonate|69.0 >1000

Table I gives a comparison between the k (20°) values
for the oxidation reaction of NOE-RN' with tetranitrometha-
ne in differeut solvents and dielectric constants of the
solvents. A considerable increase of NOZ—RN' oxidation rate

. X—RN"'NO2 readily oxidates in air into X—RN+NO£7.
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with € is observed in cyclohexane, nitrobenzene, chloroben-—
zene, THF, acetonitrile and propylene carbonate. ln the
above series of solveuts lg k values show a satisfactery
correiation with the values of 1/8 and (£-1)/(26+1) (in
both cases r = 0.97). This suggests that an increase in the
reaction rate with the medium polarity in the studied se-
ries of solvents is due to the effect of a nomspecific sol-
vation.

An increase of the reacticn rate in the series
06H501< Cellg< ('}61150’:}113 may be ascribed to the easiness of
complex formation between C(NO,). and unsaturated compounds,
in which a strong polerization of C-f bond cccurs . (DJ1po-
le moment of C(NOF,)4 ircreases frem O to about 5 D,Ref.11)
Association constants for these complexes are very small
(tor complexes with benzene in heptane Kass = 0,003 1/mol
at 20°C); their values fall greatly with the decrease of
electron-donating properties of an unsaturated compound?1
Bearing in mind the correlation between the reaction rate
and ¢ values in chlorobenzene, this solvent may be regar-
ded as actually forming no complex with C(N02)4. This sug-
gest, therefore, that an increase in the reaction rate in
Passing from CGqu to CGHBCI 1s basically aue to the
eftects of a nonspecific solvation, whereas thnat observ -
ed when passing trom CGHG to C6H50CH3 is caused by the
specific gsolvation effects.

It should be noted that triphenyl verdazyl solva -
tion with arcmatic solvent molecules leads to a decrease
irn their activity during the oxidation with BP12. This
effect, however, is not very pronounced (oxidation rate of
H-RN® with BP in benzene is approximately half as great as
that in hexane). That is why in our case the change in the
reaction rate is mainly determined by C(NOZ)4 specific sol-
vation effects.

Table II shows that the reactionsof NOZ—RN‘ oxidation
with tetranitromethane have low values of activation ener-
gy and relatively high negative values of entropy of acvi-
vation. [o*h parameters show a comparatively small depen~
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dence from the solvent navure. he reaction rate is about
105 times lower for the oxidatiorn of N02—RN' with BP in
benzene than for the oxidation with tetrenitrometrane.
which fact is due to approximately twice as large activa-
tion energy.

Table III shows the substituent effect in triphenyl
verdazyl on the radical oxidation rate in cyciohexane and
THF. In both solvents the rate constants show excellent
correlation with Eammet & -conscants and good correistion
with X-RN°® polarographic oxidation potentials in acetc-

aitr1Le13.

1g k/k, = - 2.176,

0.999, S_ = 0.020

Ir
[+
1g k/k, = -20.84E, 5, T - 0.981, S, = 0,069 Cyclohexane
lg Wk, - - 141306, r = 0,99, s = 0,018
1g k/k, = =10.0 8K, ,,, T = C.985, §, = 0,033  THF
Table II

Kinetic Parameters of the Peaction of NO.-RN° with
Tetranitrometkane in Cyclohexane,Berzene  and TiF

Solvent] k*10™“, 1/mol-gec E -Asf

f 30° i 40° kcal/mol CelU.

C6H12 0'9 + 0.l 1¢1 + 0.1 3.7 35
CGHG 48 + 10 57 + 10 441 26
THF 60 +10 |78 3 15 4,9 22
Table IIT

e

Substituent Effect in Triphenyl Verdazyl on Oxidatioua

Rate in Cyclohexane and THF at 20°C

Substituent N02 cl H CH3 CH 0

-

. G2

k-10 1/mol-sec| 0.74+40.1 1442 | 36+2* | 100420 130425

THF
¥.1072, 1/mol-sec |46 + 10  [160+40|300450 | 480+10C 770425

Z
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It is interesting to note that vhe 1eaction of X-RN’
oxidation with tetranitromethane is much more sensitive to
the electron effect of a substitvent than that cf X-RN®
oxidation with benzoyl peroxide (in CcHg p=-C.55 at 20°C )
or that of X-RN' with aromatic amines (for aniline in
CHyON p = O.44 at 20°C™%).

The results of the present study of the kinetice of
triphenyl verdazyl oxzidation with C(NO,), suggest that the
reaction proceeds via an intermediate charge-transfer comp-
lex (CTC) with an electron transfer from X-RN" to C(N02)4
2t the rate-determining step followed by the tetranitro-
methane C-N bond rupture.

X-RN® + C(NO,), —=—= CIC ——=[X-RN", C(NO,)3, NO3]

x-RN*'c:(Noz)5 + NO*
[x-BN , C(NOL) 54 NO°*}——

[ X-RN* X-RN*G(NO,), + X-EN'NO,

Ion-radical pair I formed at the rate-determining
gtep of the reaction splits into the salt X—RN+C(N02)5
and the radical NO. (radicai escape from the cage) in
low polarity solvents, It is more stable in polar sol-
vents and nence has time to react partially (nitrobenze-
ne, acetonitrile) or completely with X-PN® within the
cage.

Tetranitromsthe.ne is known to form readily cnarge
transfer coxgolexes1 1. These have a heteropolar structu-
re (C He-—*NOZ......C(No2)z) and the C-N bond rupture which
follows the charge transfer is a stabilizirg process15

Studies of the kinetics of alkoxides 16
Ges'’ oxidation with tetranitromethane have shown tha% in
the firsv case the C-N bond rupture occurs simultaneously
with the electron transfer, whereas in the second it
follows he transfer. The difference is due to the rela:ci-
vely stable phenoxy radicals being formed by phenoxades

aad phenoxi-
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during the electron transfer. In connectior with this it
should be emphasized that in our case an electron transfer
results in the formation of stable cations X-RN*.

1.

12.

13.

14.

15.

16.
17.
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The kinetics of reaction of benzyl amine and its o- and
p-derivatives (RsOCHE, , Br and N02) with 2,4-d1-
nitrochlorobenzene and p-toluenesulfochloride in tet-
rahydrofuran and ethanol were investigated. From the
correlation of lg k for p-derivatives of +the benzyl
amines with ° the wvalues of ° for the CZHS group and
o-derivatives have been calculated. It was found that
o-NOa-group in 2,4-dinitrochlorobenzene molecule does
not hinder sterically its reaction with o-derivatives
of the benzylamine and even produces a little acce-
lerating effect. The positive effect of o-OCHB-group
depends on the solvent nature. The activation parame-
ters of the reaction of benzylamines with 2,4-dinitro
chlorobenzene in tetrahydrofuran are close for diffe-
rent derivatives, and the activation energy for the
reaction with p-toluenesulfochloride is zero.

Many reactions of ortho-substituted aromatic and some
arylaliphatic compounds such as esterification of acids%'B
hydrolysis and solvolysis of esters? 5,6 etc as well
as ionization of aoids7, infrared spectra# and chemical
shifts of protons measured by nmr8 9 have been investi-
gated to elucidate the nature of the ortho-effect. The
complicated interaction between the ortho-substituent
and the reaction center causes a great variation in CD
values in different reaction series and contradictions
in various authors’ conclusions on the nature of the or-

1,10 evaluates the steric suybstitu-
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ent constants Fs while Charton considers?tgft steric
ortho-substituent effects are either absent”®’' or take
place very rarelys and the reason is the difference bet-
ween the ortho- and para-electronic effects wh%ch are
erroneously congsidered as equal in the literature. But
from this point of view it is impossible, for example,
to explain the fact that (3 ° values obtained from tha
correlation of data for meta- and para-substituted com-
pounds form another straight line when the solvent or
temperature are changed1'. In this case the interaction
between the ortho-substituent and the reaction center

is likely to take place outside of benzene ring via sol-
vent molecules. The latter effect probably plays impor-

tant part in the biochemical processes.
Thus, additional experimental data are needed for the

examination of the ortho-substituent influence in a dif-
ferent type of reactions,

In this paper the reaction kinetics of benzylamine
and i%s ortho- and para-derivatives with electrophilie
agents have been investigated. Such arylaiiphatic sys-
tem seems to be attractive since the interaction bet-
ween the substituent and the reaction center in the sys-
tem through the aromatic ring is weakened while that
outside of the ring with the participation of the sol-
vent molecules is not ruled out. The choice of the sub-
stituents is motivated by both their various electronic
effects on the reaction center and the relative simila-
rity of their effective volumes. p-Toluenesulfochloride
(TS) and 2,4-dinitrochlorobznzene (DNB) nave been used
as electrophilic agents and thus it was possible to com-
pare agents with various sterical effects. The reaction
kinetics have been studied in ethanol at 20° and in te-
trahydrofuran at 15-35° for DNB and at 0-40° for TS.

EXPERIMENTAL

Benzyl amine (of the chemically pure grade) was disg-

tilled in a vacuum,
ortho- And para-brom, and o- and p-methoxybenzyl amines
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were prepared by conversion of corresponding bromoanilines

and anisidines into nitriles1} which were reduced then.14

o- and p-Ethylbenzylamines were prepared by nit-
ration of ethylbenzene followed by separation of the
isomeric mixture in a vacuum distillation column of no
less than 92 theoretical plates (=3 torr). In this csse
low and high fractions were chrcmatographically pure o-
and p-ethylIbenzenes. Ethylanilines prepared by reduction
of ethylnitrobenzenes17 were converted into nitrilesqj
and then into benzylamines14

o- and p-Nitrobenzylamines were prepared from ni-
trobenzylbromides by condensation with potassium phtha-
limide in dimethyl formamide18 with subsequent hydroly-
sis of condensation products and isolation of amines.’9
o-Nitrobenzylbromide was prepared in bromination of
o-nitrotoluene by bromosuccinimide20 and p-nitrobenzyl-
bromide in bromination of pr-mnitrotoluene by bromineqq.
Ffreshly distilled nitrobenzylamines were used in kine-~
tic experiments. Analysis of benzyl amines for nitrogen
gave the calculated values within the experimental error.

p-Toluenesulfochloride and 2,4-dinitrochlorobenzene
were crystallized from ether, their m.p. being 68-69°
and 51-52° respectively.

Tetrahydrofuran (THF) was additionally purified.o?

Ethanoi was distilled and was used as 96% 02HSUH.

Kinetic Procedure and Data Processing The

rate of the reaction under investigation was wmeasured

by chlorine-ion concentration change titrimetrically.
The reaction of amines with DNB was stopped by 4n HEGC,,
and in the case of TS - by trifluoroacetic acid with
the subsequent addition of water before titration.The
reaction kinetics agrees well with the second order
equation. The evaluation of constants was performed
according to reaction stoichiometry25. The activstion
and correlation parameters and errors were calculataed
according to generally accepted formulae.
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Table 1
Second-order rate constants (l.mol .sec_l) * and activation parameters for the

reaction of benzyl amines with 2,4-d4nitrochlorobenzene and p-toluenesul-
fochloride in THF

iSubsti- : s DNB
i tuent k,.103,0-40°] k,.10%,15° k,.102,25%! k,.103,35° ;m_E%%%. aS¥ 154
H 253-6 1.75%0.03 2.97%0.03  5.10%0.08 9.5 40,2 4, 4y
p-0CH, 60910 2.72%0.03 4.62%0.06  7.58%0.07 9.0 41 0 4,27
p-C,Hg 440+8 2.25-0.02 3.86%0.06 6.46%0,07 9.3 40 4 4 49
p-Br 1033 0.752%0.008 1.29%0.02 2.16%0.03 9.3 42,5 3.93
p-No, 22.0%0.6 0.238%0.003 0,410%0.011 0.704+0,006 9.5 44 1 3 58
0-0CH 797-16 5.11%0.09 9.12%0.12 15.7%0.4 9.9 36.6 5 22
0-C,Hg 341+40 1.43%0,02 2.58%0.04  4,25%0.08 9.5 40,5 4.38
o-Br 3941 0.411%0.008 0.73%0.01 4.30%0,01 10.2 40.6 4,35
o No, 19.2%0.6 0.217-0.003 0,398%0.006 0,693%0,005 10,2 41.8 4,08

¥ The arithmetic means of 2-3 individual measurements are given with their standard
deviations.



RESULTS AND DISCUSSION

Table 1 gives the second-order rate constants for
the reaction of benzyl amine with DNB and TS in THF. In-

vestigation of the reaction kinetics of benzyl amines with
TS over the temperature range of 0-40° revealed zero acti-
vation energy, therefore the average values of rate con-
stants for this range are given in the Table.

The seoond-order rate constants for the reaction
of benzyl amines with DNB in ethanol at 20° are given in
Table 2. To use TS under these conditions proved to be im=-
possible because of its interaction with the solvent,

Table 2

Second-order rate constants (l.mol-l.sec-l) for
the reaction of benzyl amines with 2,4-dinitrochlo-

robenzene in ethamol, 20°.

ve

et S N N
0-0CH, 1.05+0,02 p-O0CH 0.433*0 007
°-CZH5 0.283%0.007 p-CZHS 0.374%0.005
o-Br 0.177+0.005 p-Br 0 204#0,004
o—No2 0.87%10.02 p—NO2 0.842%0,007
H 0.329+0.006

The logarithms of the rate constants of p-substi-
tuted benzylamines reactions with DNB and TS in THF

and alcohol correlate well by the Hammett equation
with application of Taft constants (those reported by

Maremna® and Palm~ were used in the diagram of the correla-
tion depcendences in alcohol, and those obtained for the sol-
vents without hydroxy groups 24 for THF®, The lower value

of correlation coefficient for the reaction with TS (Table 3)
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Correlation

parameters

for the reaction of

Table 3

venzyl smines with

; Agent f Salvent f t° ; lg ko ; D E r E ]
TS THF 0-40° ~0.537 -1.58%0,11 0.995 0.075
DNB 15° -2.769 -1.195%0.053 0.998 0.036
25° -2.538 -1.187%0.059 0.998 0.035
359 -2.314 -1.173-0.657 0.998 0.039
Ethanol 20° -3.480 -0.7%6%0.025 0.999 0.019




Table &4

@) ® Values obtained from the correlation equation 1lg k = 1g k, +

: : Tetrahydrofuran i Ethanol °

‘Substituent DNB : s :

: TS 25° 1 35°  Iglaverage - 0-40° @ DNB, 20° :
p-CHg -0.10 -0.11 ~0.11 -0.11 -0.11 ~0.066
0o-0CH- =-0.40 =0.42 -0 3 -0.42 -0.28 -0.68
0-CH 0.064 0.042 0.049 0.052 -0.044 0.092
o-Br 0.52 0.51 0.49 0.57 0.55 0.37
0-NO 0.75 0.73 0.72 0.73 0.95 0.78



can be explained by greater errors in k2 determination
because of high rates of this reaction.

O ° values for p-Czﬂs-group and o-substituents
being investigated were calsoulated on the basis of the
obtained correlation parameters which made it possible
to compare sterically hindered and sterically unhin-
dered electrophilic agents action and alsc the influ-
ence of medium on the (9 ° value of ortho-substituents.

While analysing the obtained data it is interes-
ting to note that G © for o- and p-NO,-groups in both
reaction series in THF turned out to be virtually the
same { (0 ° for p-NO_, is 0.73, for 0-NO, average & °
value is also 0.7%) and very close to each other in al-
cehol ( (O °o . 0.82; (5’° = 0.78). At the same time
(E;o for the reactien of nitrophenyl ester of p-toluene
sulphonic acid alkaline hydrolysis in water-alcohol medium
is 0.995, and for p-NO2 is 0.88 (see Ref.6).The absence
of the difference in our case is probably due to the
influence of the e¢losely situated o—NO,-group on the
reactive aminogroup (possibly via H-bond). Thus, the
expected effect of o-benzylamine reaction rate deorease
as compared with that of p-isomer does not take place.
Activation parameters for benzylamines reaction with
DNB in THF are similar for various substituents.

Small differences in C)o values for o-substituents
obtained in the reaction of benzylamines with two elec-
trephilic agents are probably due to the influence of
electrophilic agent o-NOZ-group which is particularly
pronounced in the case of methoxybenzylaminse.

Cjo Value for o-OCHs-group in alcohol obtained
in our work is very much different from that found by
other authors for hydrolysis of phenyl esters of p-to-
luene sulfonic acid in alcohol-water media (-0.68 as
compared with -0.067 after Maremie®). This phenomenon is prob-
able due to the possibility of weak H-bond formation bet-
ween o-OCH3 and NBZ-groups of amine in contrast to
substituted phenyl esters of p-toluene sulfonic acigd
and also to the nature of the solvent. The higher po-
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sitive ortho-effect observed when substituting THF for

alcochol in the reaction with DNBE (that ean be seen from

a mere comparison of k_/k_ raties which are 1.97 for

THF and 2.42 for alcohol) signifies that the effect of

o-OCH3—substituent on the reaction center outside the

benzene ring via the solvent becomes more pronounced.
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The kinetics of interreaction of benzo-
thiazolyl-2-sulphenylamide with aldehydes in
the mixture of dioxan with water has been stu-
died. It has been shown that there is a linear
dependence between the reaction rate constants
and electrophilic characteristics of aldehydes.
In the case of aromatic aldehydes the rate con-
stant is correlated with O by Hammet, The acti-
vation parameters E and 1g A are calculated and
validity of the isokinetic dependence verified.
On the basis of the data obtained a reaction
mechanism is suggested.

Lately N-alkylidensulphenylamides were widely
used as accelerators in manufacturing of laminated
articles (I). In this connection a great deal of
examples have appeared in literature on synthesis of a
number of derivatives of N-alkylidene- and N-arylidene
benzothiazolyl-2-sulphenylamides (2).

In spite of the practical importance of this reae-
tion its kinetics has not been studied yet.
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Fig.I.Rate constant
dependence on NaOH
concentration.
(r=0,9975, S0=0,65)

7/ 2 3 14 5 & [NaOH]

It is known from literature that reaction of amines
and amides with aldehydes and ketones is catalysed both
by acids and bases (3,4). From the date previously re-
ported (5) it is obvious that acids cannot catalyse re-
action of benzothiazolyl-2-sulphenylamide with aldehy-
des as interreaet themselves with sulphenylamides gene-
rating by-products (5).

We have shown that reaction of benzothiazolyl-2-
sulphennylamide with aldehydes proceeds in the presence
of base and its rate depends to a great extent on the
base strength. In the presence of weak bases or with-
out them the reaction proceeds very slowly. Thus, rate
constant of reaction of furfurol with benzothiazolyl-2-
sulphenylamide at 25° in the mixture of dioxan with
water witnout catalyst is 0.0016 l/mol.sec , in pyridine
it is 0.0032 1l/mol.sec , and if sodium hydroxide is pres-
ent it is 40.62 1l/mol.sec , i.e., in the presence of
strong base it increases by four powers of ten.

As the examination of reaction in the mixture of d4i-
oxan with water (28% HZO) showed the reaction-kinetical
order is 2.
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We have studied how the amount of base (NaOH) influen-
ces the reaction rate constant. As it is seen from Fig.I
the amount of sodium hydroxide introduced into reaction
mixture influences linearly on the rate constant value.
It was found by extrapolation that at C ygoog=0 is
0.00I3 1/mol.sec, that correlates well with the experi-~
mental data obtained (K = 0,0016 1l/mol.sec). This shows
bases to be catalysts of the reaction.

The data obtained allow us to suggest the following
mechanism for the reaction of benzothiazolyl-2-sulphenyl-
amide with aldehydes:

ATSNH, + R - CH —2— AYSN = CHR + H,0 + B~
0
fast
a) ArSNH, + B” K. _ ArSMH... B
K- H
-5+
b) ArSNH ... B + HOR —2%_ arsN - H
H 2 R-C-0H 4
H
t
¢) ArSN - H f'}s ArSE = C - R + E0
R G - OH >
where : Ar -

The same mechanism is supposed for reaction of ami-
des of carboxylic acids with aldehydes (3).

It was found on studying the kinetics of reaction of
benzthiazolyl-2-sulphenylamide and aldehydes that reac-
tion rate constants depend on electrophilic properties
of the latter (Table I).
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A linear dependence is observed between reaction
rate constants and aldehyde eleetrophilie properties
for which pK, of corresponding acids were taken (Fig.2).
A linear dependence is also observed between the reac-
tion rate constants and by Hammet (Fig.3). The int-
troduction of electron-donating substituents into the ben-
zene ring decreases reaction rate zonstants while elec-—
tron-attracting substituents increase them.

The analysis of temperature dependence of reaction
rate constants shows that in the temperature range
studied (10.5 - 35°) the values of the rate constants are
described well by the Arrhenius equation. We examined the
isokinetic relationship in coordinates lg K,YT; lg A,E;
and lg sz,lg KTl for various temperature ranges.

for various temperature ranges., In all coordinates

(Figs. 4, 5, 6) linear dependences Were found.
( In all plots the point numbers correspond to the
numbers of compounds in Table I).
The values of ¥ from equation
lg Ky = const + olg Ky , provided T, > T,

are 0.889 + 0.037; 0.923 + 0.042; and 0.898 + 0.035 for
the temperature pairs 10.5 , 35 ; 10.5 , 25 ; 18.0 y 35 3
the ratios Tl/T2 are 0.920; 0.951; 0.945 , respectively.
Isokinetic temperatures are 1017°K, 774°K, and 637°K
being on interval ']32 < < + o° . PFrom the linear
dependence in coordinates lg A,E we found = 719°K
and from 1g K,Y? /B = 641°K.
Thus, by three independent methods the value/3 = 757.6°K
was found. -
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The Kinetics of reaction of benzothiazolyl-2-sulphenylamide

with aldehydes in a dioxan-water mixture (water 28%)
(Concentration ratio benzothiazolyl-2-sulphenylamide/NaOH/aldehyde

is I:I:2).

Table I

No.: Aldehyde

Hammet

sReac-

Rate constant

sActivation:

: Su}ghenyl—: - H ﬁ a : Preexpo-
: : amide :pK, :tion s energy : ti
: : concentra-: & : :temp. : keal/mol sccal/m 3 ?:2t;g1
: : tion, : : : °C : : 3
: : mol/l : : : B : :
I 2 : 3 s 25 e 7 P8 P
H 4.10_2 4,18 0 I0.5 I7.06 + 0,80 6.6 + I4.57 +
I. 2,107 18.0 23.I2 + I.56 0.35 0.59
L, 25.0 30,22 + 0.74
Benzaldehyde -"- 35.0 43.I2 + 2.78
# -2
2. 4,10 I0.5 6.27 + 0,50 8,02 + 0,58 16,09+
CH=CH—C =0 _ -
2.I0 4,44 18,0 9.25 + 1,17 0.99
Cinnamic 25,0 I2.,6I + 0.70
aldehyde 35.0 19.52 + I.I7




" 4,10 10.5  I.99+0.05 5.79+
3, %DQ—f=” 4,49 -0,268 I8.0  2.85+0,I0 0.41
p-Methoxybenzalde- 2,I0" 25.0 4,03+0,29
hyde 35.0  6.6240.49
,Y/l u
' 0.I5 5.026 10.5 0.0740.00I  II.33+ I7.44+
s, By = =0 -0.83 18.0  0.I0+0.08 0.88  I.50
p-Dimethylaminobenz-  -"- 25.0 0.20+0.0I
aldehyde 35,0  0.34+40.02
G I0.5 23.54+I.40 5.93+ I3.72+
HC ¢ -0 =0 3,15 18.0 3I,92+0.53 0.00I  0.55
5. ¢ 25,0 40.6240.77
Furfurol 35.0 56,1 +0.46



2 3 4 5 6 7 8 9
# -2
/ L] L] L3 I. L3 .
¢ 7 \_r=p I.I0 T0.5 20,00+I,3T 6.93+ 15.29+
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Fig.2.Reaction rate con-
stant dependence on elec~
trophilic properties of
aldehydes (pKA of corres-
ponding acids) at 25°C
(r=0.987, S0=0.167).,

Pig.3.Reaction rate con-
stant dependence on G
at 25°C (r=0.994,80=0.045).
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Fig.4. Dependence of 1g K on /T
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The experimental data obtained allow to consider this
reaction series to be isoentropic.

EXPERIMENTAL PART

Benzothiasolyl-2-sulphenylamide was obtained by meth-
od of Kharach (6) with following repeated recrystalliza-
tion from toluene. Aldehydes and dioxan of analytically
pure grade were purified according to an ordinary method(?7)

The concentration of reagents was measured by forma-
tion of corresponding N-alkylidenesulphenylamides which
wag determined spectrophotometrically with spectrophoto-
metre CF-44 at A  _ = 330 - 365 nm.

The reaction order was determined by integration (8).

The catalytic reaction rate constant was calculated
by the second-order kinetical law:

= _M_E______ . ln  —
t(a-b) [NaCH]| (b=x)a
where a,b are the initial concentrations of reagents,
X is the amount of reacted matter in the unit of
volume at an instant t,
and [haOHI is the initial concentration of catalyst.
The activation energy was estimated by the least-
-squares method (9) and the exactness of calculated con-
stants evaluated statistically. The isokinetic temper-
ature was estimated after Palm (11).
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The kinetics of the reaction of n-propylmagnesium
bromide with pinaceclone in anisole has been investi-
gated. From the dependence of pseudo-first-order re-
action rate constant on the concentration of Grig-
nard reagent it has been concluded that anisole sol=-
vates propylmagnesium bromide weakly. The data of
earlier experiments have been involved into the dis-
cussion and it has been shown that the effect of the
medium on the rate of the reaction is determined by
polarity, basicity, and steric effect of the solvent,

The influence of medium on the reactivity of Grignard
reagent toward ketones has been investigated in our labora-
tory making use of the reaction of n-propylmagnesium bromi-
de with pinacolone as a model1 The obtained experimental
facts permitted to classify the investigated solvents on the
bases of the behavior of alkylmagnesium bromides in the me~
dia6. It was possible to distinguish two groups of solvents.
To the first one belong the weakly solvating media like
ethyl ether. In the solvents of this group the association
of Grignard reagent is significant, and the dependence of
the pseudo-first-order reaction rate constant on the concen-~
tration of Grignard reagent of an excess can be approxi-
mately described by a second-order reaction law. The other
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group consists of THF type, i.e., of strongly solvating
solvents in which Grignard reagent is in monomeric form and
the kinetics of the reaction in these media resembles that
of a third-order reaction.

In order to extend our knowledge of the effect of the
medium on the reactions of organomagnesium compounds we
have investigated the kinetics of our model reaction, i.e.
of the reaction of n-propylmagnesium bromide with pinacolone
in anisole. At present nothing is known of the association
of Grignard reagent and of the position of Schlenck equi-
librium in anisole.

The plot of pseudo-first-order reaction rate constant
vs. the concentration of Grignard reagent (Fig. 1) resembles
the same for solvents of ethyl ether typeq. Consequently,
Grighard reagent is noticeably associated in anisole and the
latter is related to the class of solvents weakly solvating
organomagnesium compounds, at least n-propylmagnesium bro-
mide. This is in agreement with the conclusions drawn from
other experimental facts’'’ .

As to the rates of the reaction of n-propylmagnesium
bromide with pinacolone in investigated media, anisole
stands between ethers and tertiary amines (Table 1). Be-
cause of the differences in reaction order and also in the
association degree in the media, particularily at higher
concentrations, the pseudo-first-order reaction rate con-
stants related to 0.1 N Grignard reagent solutions have
been compared with each other. The initial data are taken
from the other papers 3-5.

Fig. 1
08 The plot of the pseudo-first-
0.6 -order rate constant of the
0.4 reaction of n-propylmagnesium

bromide with pinacolone vs.
0.2 concentration of Grignard
reagent in anisole at 20°C.
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Table 1

Pseudo-first-order rate constants of the reaction of 0.,1N
n-propylmagnesium bromide with pinacolone in various media

at 20°C and the characteristics of solvents.

Solvent k,(sec™ 2 BP Eg o
Et N 1.64 0.243 290 - 4.4
Me NFh 0.8° 0. 364 200 - 2.0
PhOMe 0.28% 0.345 78 - 1.7
Bu,0 0.19° 0.296 129 - 2.8
Et,0 0,017° 0.345 129 - 2.4
THF 0.003% 0.404 142 - 0.9
8 Rirkwood function of the dielectric constant, (D=1)/(2D+7.

o measure of the basicity:

-formation with the base
are made use of.

interpoiated data

IR shift, AV,
in MeOD; the quoted9 values for B

extrapolated to the temperature of 20%

the complex-

isosteric constants of solvent molecules (see Ref.g),
magnesium atom as reaction center (cf. Ref.

extrapolated according to the experimental plot of VSe

concentration of Grignard reagent,

The relationships between reaction rate and properties
of the solvent were difficult to find out because of the
multitude of solvent-solute interaction mechanisms. Thus,
for instance, we have emphasized4 already, that the action
of specific solvation of organomagnesium compound consists
of the changes in electrophilicity of magnesium atom, nuc-
leophilicity of the organic part, and the position of the
Schlenck equilibrium. In addition, there is a relatively

strong influence of the medium polarity11'12
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11,13
of which, in its turn, depends on the specific solvation 7™

For the reaction of dipropylmagnesium with pinacolone
it was found that, the contribution of the medium polarity
being subtracted, the effect of specific solvation on the
reaction rate can be quantitatively described, at least wit-
hin the range of used solvents, by means of the isosteric
constants of Elolvenf.:s‘| That, of cours, does not exclude the
existence of more complicated relationships (that of a multi-
tude of interaction mechanisms) total effect of which in the

case of given set of solvents may be correlated, e.g. with
the constants Eg. In the latter case, however, the steric

effect of the solvent molecule seems to play the crucial
role.

In the case of the reaction of n-propylmagnesium bro-
mide the reaction center is less encombrated and therefore
one can expect also the appearence of other solvent effects
besides the steric one.

It turns out that within our set of data (Table 1) the
magnitude and character of the steric effect of the solvent
are not obvious. In fact, the reaction rate constants for
triethyl amine, butyl and e;hyl ether and THF decrease with
decreasing values of the Eg consfgnts. a8 it can be expected
according to the earlier results , but the logarithms of
the same rate constants correlate with the values of Kirk-
wood function for the media even better, also showing the
expected sign of the regression parameter (cf. Ref.12).
Morover, the points for dimethylaniline (DMA) and anisole
fall out.

In connection with the specific solvation the compari-
sion of data is admittable only for DMA, anisole, and ethyl
ether, i.e. for the solvents with close values of dielectric
constant. According to the present ideas about the steric
effect of solvents DMA should stand between anisole anAa ethyl
ether. Actually the reaction in DMA proceeds faster than in
anisole. This likely shows the predominating influence of the
solvent basicity, the more so as the reaction rate increases
vith increasing basicity. So it seems to be possible that
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nucleophilicity of carbanionic center of organomagnesium
compound is controlling the reaction rate rather than elec—
trophilicity of magnesium atom. It should be mentioned that
the latter conclusion does not coincide with our earlier
ideas about the mechanism of the specific solvation effectz.

If there was a simple dependence of the reactivity on
solvent basicity, the latter being expressed in scale of B
constants (see Table 1 and respective footnote), ethyl ether
should take the place between DMA and anisole. As a matter
of fact, the reaction in ethyl ether proceeds considerably
slgwer than in both other solvents. From the comparision of
ES values for the solvents it follows that steric effect
of the solvent apparently reduces the reaction rate. One can
suppose that the steric effect hinders the coordination of
solvent with substrate and so reduces the effective basicity
of the solvent.,

However, one should take into consideration that the
effective basicity of the solvent and, probably, also the
immediate steric effect of the latter determine not only
the reactivities of both organomagnesium halide and diorgano-
magnesium compound, but also the ratio of their concentra-
tions through a shift in the Schlenck equilibrium. Thus, the
quantitative relationships between the reaction rate and
solvent properties evidently are of extremely complicated
form and the qualitative conclusions, inferred above, parti-
cularily on the physical meaning on the rate dependences on
various constants, may appear to be somewhat erraneous. With
much more confidence one can conclude that the medium effect
to the rate of the investigated reaction is determined by
polarity, basicity and steric effect of the solvent,

Experimental

Anisole was treated with solid potassium hydroxide and
distilled over the sodium wire in argon gas atmosphere. The
fraction of b.p. 48°C at 10 mm Hg was used.
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Grignard reagent was prepared in a usual mannerT,
filtered through sintered glass and diluted as desired. All
the operations on reagents and Grignards were carried out
under pure dry argon gas.

Kinetics of the reaction was followed by noting the
heat development during the reaction as described earlier-,
The results of the measurements are listed in Table 2.

Table 2

Results of kinetic measurements

Conc., of -1 Conc. of =1
n.PrMgBr, N k) sec n.PrMgBr, N k, sec
0.161 0.429 0.362 0.771
0.397 0.758
0.248 0.632 0.713
0.586 0.540 0.789
0.575
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The kinetics of the reaction of diphenylmagnesium
with benzophenone has been investigated in dibutyl
ether, diethyl ether, anisole, tetrahydrofurane, and
in their mixtures with n-heptane. It has been found
that the logarithm of the reaction rate constant line-
arly depends on the Kirkwood function of the medium.
It has been shown that the slope of the line presents
the sensitivity of the reaction to changes in the po-
larity of the medium. The dependence of the sensitivi-
ty on the nature of the solvating agent demonstrates
the nonadditivity of specific and nonspecific effects
of the medium. The magnitude of the sensitivity is ap-
parently determined by the effective basicity of the
solvent.

At present the quantitative consideration of solvent
effects is one of the topical problems in physical organic
chemistry. There is a great deal of attempts made to ex-
press the influence of the solvent on the reaction rates
or physical properties of organic compounds by means of va-
rious correlation equations (a review in Ref.l). Recently
Koppel and Palm™ suggested a general equation, based on the
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idea of the solvent-solute interaction via the nonspecific
solvation (the effects of polarity and polarizability of
the solvent) and specific (electrophilic or nucleophilic)
sulvation. In some cases also the steric effect of the sol-
vent may appear. It is assumed that all the interaction
mechanisms noted above are additive and therefore the con-
tribution of each of them can be separately and quantita-
tively taken into account with the corresponding term in
the equation. Making use of their equation the authors were
able to describe satisfactorily the influence of the medium
on a great deal of different chemical and physical pro-
cessesl.

However, it should be emphasized that ir the cases of
sufficiently strong solvent-solute interaction the complexes
formed from solvent and substrate molecules should rather
be considered as different chemical compounds of different
physical properties and, consiquently, of different sensi-
tivity towards the inflvence of nonspecific solvation. In
other words, when the specific solvation is strong enough,
one hardly can expect the persistence of the adaitivity of
different solvent effects. Koppel and Palm claimed that the
additive approach could satisfactorily be applied when
hydrogen-bonded solvent-solute complexes were formed. Howev-
er, the range of the conclusion is not quite clear.

J. Koppel and Tuulmetsz’3 found that the logarithm of
the rate constant of the reactior of dipropylmagnesium with
pinacologe in the mixtures of n-heptane with solvating sol-
vents (ethyl ether, tetrahydrofuran, etc.) linearily de-
pencs on tae Kirkwood function of the dielectric constant
of the medium. At the same time the slope of the line (sen-
sitivity to the changes in medium polarity) largely varies
depending on the solvating agent. It has been concluded
from that that the effects of specific and nonspscific
solvavion are not additive for the considered reaction.
Since such a conclusion is of principal significance, it is
necessary to examine it in some nther cases. Moreover, a
correlaticn analysis of the kinetic data for the reaction
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of dipropylmagnesium with pinacolone in various media
showed that the most significant specific solvent effect,
controlling the reactivity in the reaction, evidently was
the steric effect of the solventj. Naturally, in the case

of sterically less encombrated reagents one can expect the
appearence of other solveut effects in addition to the ster-
ic one.

According to these considerations we have carried out
a kinetic investigation on the reaction of diphenylmagnesi-
um with benzophenone in some basic solvents and in their
mixtures with n--heptane.

The set of solvents applicable to the investigation on
the organomagnesium reactions is limited because of low sol-
ubility of reagents, extreme reaction rate or insufficient
inertness of the solvent. For instance, in course of this
work it appeared that diphenylmagnesium is insufficiently
soluble in triethylamine, pyridine, and in the mixtures of
dimethylaniline with n-heptane.

Experimental

Purified solvents and solutions of organomagnesium
compounds were operated only under dry pure argon gas.

Solutions of diphenylmagnesium. Phenylmagnesium brom-
ide in dibutyl or diethyl ether was prepared by convention-
al method; solutions were filtered through sintered glass.
Under vigourous stirring dioxane was slowly added in a
slight excess (less than 10%). After the precipitate had
fallen out the clear solution was removed and stored. For
replacing diethyl ether by anisole or tetrahydrofurane,
ether was distilled, a small amount of corresponding sol-
vent was added and redistilled under reduced pressure, then
the dry residue was dissolved in the solvent. The complete-
ness of the replacement (up to the traces) was checked by
means of glpc analysis of samples decomposed by water. So-
lutions in the n-heptane mixtures were prepared by weighing
samples as described earlier2. Immediately before kinetic
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measurements the solutions were analysed to the content of
basic magnesium.

Solvents. Diethyl ether was dried over heated calcium
chloride and distilled from Grignard reagent. Tetrahydro-
furan, dibutyl ether and anisole were treated with potassi-
um hydroxide, then distilled from sodium metal under Tre-
duced pressure. n-Heptane was distilled twice from sodium
metal.

Kinetics of the reaction was followed by the evalua-
tion of the heat as described earlieru. Benzophenone was
dissolved in the corresponding solvent before the use. All
the kinetic measurements were carried out at 20 C ungder
pseudo-first-order conditions: the excess of diphenylmagne-
sium was not less than 25 mole to one mole of ketone. Sec-
ond-order rate constants ky; were obtained dividing the
pseudo-first-order constants by molar concentration of di-
phenylmagnesium. The constants are listed in Table 1.

Table 1

Rate constants of the reaction of diphenyl-
magnesium with benzophenone in various media

Solva- Content of Cone. of N° a k11,
ting n-heptane Ph.Mg of k;,sec 1
agent in vol.% M Tuns mol.sec
Bu,0 - 0,060 3 0,553 -0,021 9,23
Et,0 - 0,142 3 0,623 -0,051 4,38
15 0,109 5 0,609 -0,019 5,58
29 0,104 3 0,809 -0,026 7,78
36 0,101 4 0,972 -0,014 9,62
PhOMe - 0,157 6 0,695 -0,061 5,42
25 0,142 vi 0,861 20,027 6,06
45 0,138 7 1,01 -0,04 7,35
THF - 0,166 4  0,0228-0,0007 0,138
12 0,157 2 0,0266-0,0010 0,170
21 0,154 2 0,041520,0010 0,270
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Discussion

For the reactions of dipolar molecules, specific sol-
vent effects being constant or negligible, one usually can
observe a linear relationship between the logarithm of the
rate constant and the Kirkwood function of dielectric con-
stant of the medium, (D-1)/(2D+l). In general case a de-
pendence on the polarizability of the medium, expressed as
a function of the refractive index, (n2—l)/(2n2+l), is also
possible.

The logarithms of rate constants for the reaction in
mixtures of ethers with n-heptane were plotted against the
Kirkwood function and against the function of the refractive
index of the medium as well. Dielectric constants and re-
fractive indexes of the mixtures were calculated assuming
their linear dependence on volume fractions of components.
The published constants for pure solvents were used6.

It appeared that, like at the reaction of dipropyl-
magnesium with pinacolonep'a, the solvating component of the
mixture being the same, the logarithm of the rate constant
of the reaction linearily depends on the polarity of the me-
dium. The slope of the line (denoted by & , Table 2) consid=-
erably varies for different solvating agents. In Fig. 1 the
dependence of rate constants on Kirkwood function is repre-
sented. However, analogous result was obtained by plotting
the logarithms of the same constants against the polariza-
bility of the medium, therefore these data do not permit to
distinguish the effects of medium polarity and polarizabili-
ty. Nevertheless, some additional facts, given below, enable
us to consider the influence of polarity to predominate the
latter.

It is of great importance to learn that +the addition
of inert solvent does not cause any shift in solvating
equilibria. In other words, one must ascertain whether the
changes in reaction rate are not caused by, say, the
changes in association degree of the reagent.
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Fig., 1
The dependence of log kII on medium polarity
for the reaction between diphenylmagnesium and
benzophenone in binary mixtures of n-heptane with:
diethyl ether (a), anisole (b), and tetrahydro-
furane (c¢).

Ducom7 investigated the equilibraium

(EtZMg.S)2 + 28 2Et2Mg.ZS, where S is EtZO or THF,
in benzene. The equilibrium constants found by him permit
to conclude that in the 0.2M solution of diethylmagnesium
in binary mixture, diethyl ether - 90 vol.% of n-heptane,
85% of the reagent is still in monomeric form (95% in the
case of tetrahydrofurane). This result is not in agreement
with the findings of Ashby8 about the considerable increase
of the association degree of organomagnesium compounds, di-
ethylmagnesium included, with increasing concentration of
them in diethyl ether. However, there is no reason to as-
sume that the increase in the degree of association in the
latter case is caused by the decrease in the ether concen-
tration only.

On the other hand, if the increase in the rate con-
stant is caused by a change in the association degree of
the reagent or by a shift in some other solvating equilib-

78



rium, the same effect should be observed after additiog of

any inert solvent. It has beeun found in our laboratory that
addition of dichloromethane to the solution of ethylmagnesi-
um bromide in diethyl ether results in a-decreasing rate of
the reaction with pinacolone. The slope of the linear rela-
tionship between the logarithm of the rate constant and the

Kirkwood function of the medium within the error of the de-

termination coincides with that found for the ether-heptane

system.

The same data permit also to judge, which of the mech-
anisms of nonspecific solvation is predominating. If the
changes in the reaction rate were caused by changes in po-
larizabilicy of the medium, the rate constant should have
changed in the same direction after the addition of both
n-heptane and dichloromethane, which was not the case.

Consequently, thec increase in the reaction rate after
the addition ot n-heptane is caused, above all, by the de-
crease in the dielectric constant of the medium, the slope
oT the linear relavtionship can be considered as a measure of
the sensitivity of the reaction towards changes in the po-
larity of the mediunm, and the dependence of the sensibility
factor (G, Table 2) on the naturs of solvating agent actu-
ally demonstrates the nonadditivity of specific and nonspe-
cific medium effects for organomagnesium compounds.

The rate constants for the reaction in pure solvents
(Table 1) do not reveal any obvious dependence on the prop-

erties of medium.
Table 2

Sensitivity of the reaction to changes in the medium
polarity (&) and the characteristics of sclvents

Solvating agent o ES'b
Anisole -3 78 -1.7
Diethyl ether -10 129 2.4
Tetrahydrofurane -20 142 -0.9

& measure of the basicity: IR shift, AV at the complex-

formation with the base in MeOD; the quatedl values tor B.
isosteric constants of solvent moleculesl, magnesium atom
regarded as reaction centre.
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The absolute values of ¢ in Table 2 vary in accordauce
with the changes in solvent basicity, however the influence
of the steric effect seems to be suppressing. Therefore, one
can assume that the sensitivity of the reaction towards
changes in medium polarity is determined, above all, by the
effective basicity of the solvent, and the sensitivity is
the higher the greater is the effective basicity. This con-
clusion 1is in good agreement with the idea about a cyclic
structure of the transition state of the reactionlo (see
also reviewll and the refs. there in). Indeed, if the tran-
sition state of the reaction, because of its cyclic struc-
ture and of being less solvated, is of low polarity, the dif-
ference in polarities of initial and transition states, and
accordingly also the sensitivity of the reaction to changes
in medium polarity, are the higher the more polar is the in-
itial state.
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The intrinsic nature of the inadditivity of the
medium effects in the case of the reactions of organo-
magnesium compounds bas been discussed. An equation for
quantitative description of the influence of the sol-
vent upon the reaction kinetics has been deduced. A
formulation of the effective basicity of the solvent
has been suggested. The notion "index of effective acid-
ity" has been introduced.

l. Introduction

A number of papers, dealing with systematic investiga-
tions on the influence of the solvent upon the reactivity
or physico-chemical p.'c‘ope.'c‘ties“‘6_19 of organomagnesium com-
pounds, have been published during the last decade. Some im-
mediate investigations on the equilibria of solvent replace-
ment have also been carried out20 2l

In the works cited above qualitative sequences of the
solvents have been suggested. In some cases they partly co-
incide, but sometimes have considerable differences in the

order of the solvents. The meaning of relative solvating
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power or relative basicity of the solvents has been attri-
buted to such sequencesl_6’lo-12'16'18’20'21

The fact that the orders of the solvents, suggested in
the literature, markedly depend upon the substrate and on
the process, from which they have been determined, shows
that no absolute sequence of the solvents, even only for or-
ganomagnesium compounds, can be in question. Thus, for 1in-
stance, it has been noticed long ag022 that the concept of
the basicity and that of the solvating power o1f? tll_zae .2so<>12\rle1121.:5
do not coincide. In addition, it has been shown™ 7’77
that the steric effect of the solvent considerably controlls
the solvating power of the latter, or, at least, its influ-
ence upon the reactivity or on the structure of organomag-
nesium compound. In this connection it is clear that the or-
der of the solvents is greatly determined by the steric ef-
fect and other properties of the substrate.

On the other hand, it has been shown13’24'25 that non-
specific solvation exerts a strong influence on the reacti-
vity of organomagnesium compounds, at least, in their reac-
tions with ketomes. In connection with this it has to be
taken into account that the orders of relative solvating
power of solvents, determined from the reactivity, reflect
in addition to the effects of specific solvation, also a
considerable contribution of medium polarity.

Evidently, when organomagnesium halide is the substrate,
the dependence of the reactivity on the solvent is most com-
plicated, since the solvent has, besides its direct effects,
also a remarkable influence on the position of the Schlenck
equilibrium2

2 RMgX R Mg + MgX,,
controlling in this way the ratio of the concentrations of
the species of different reactivity.

From the discussion above it is obvious that qualita-
tive treatment of such a complicated set of phenomena cannot
lead to unambiguous results. Therefore a quantitative
proach, accompanied by an exact separation of different

ap-
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solvent effects, is indispensable.

A great deal of attempts have been made to express the
influence of the solvent on the reaction rate or physical
properties of organic compounds by means of various correla-
tion equations (for a review see Ref. 28). Recently Koppel
and Palm28 suggested a general equation, based on the idea
of the solvent-solute interaction via the nonspecific solva-
tion (the effects of polarity and polarizability of the sol-
vent) and specific (electrophilic and nucleophilic) solva-
tion. In some cases also the steric effect of the solvent
may appear. It is assumed that all the interaction mecha-
nisms noted above are additive and therefore the contribu-
tion of each of them can be separately and quantitatively
taken into account with the corresponding term in the equa-
tion. For a general case the Koppel-Palm equation is repre-
sented as follows

A=A  +3f +pP +eE + bB + JES, (1)

where A and Ao denote the reactivities or physico-chemical
properties in given and reference solvent, respectively,
and other terms express the contributions of polarity, po-
larizability, electrophylic solvation, nucleophylic solva-
tion, and the steric effect of the solvent, respectively.
Making use of their equation the authors succeeded in de-
scribing satisfactorily the influence of the medium on a
great deal of different chemical and physical processeszs.
It follows from the additivity, taken as a principle
for the equation (1), that the sensitivity of the process
towards the nonspecific effects of the medium must be con-
stant, i.e. independent of the intensity of specific solva-
tion. However, the results of the kinetic investigations on
the reactions of diorganomagnesiums with ketones in mix-
tures of basic solvent and n-heptane, at which the changes
in dielectric constant of the medium at constant specific
solvation were obtained by variation the amount of added
n-heptane, demonstrat924’29 that the sensitivity of the
reaction towards changes in medium polarity strictly de-
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pends on the nature of solvating agent. Thus, it has been
shown that in this case the mechanisms of solvent-solute in-
teractions are not additive. The kinetic data for the reac-
tion of dipropylmagnesium with pinacolone could be well cor-
related by means of the following nonlinear equation

lgk =1lgk, +y¥+ + aYE, (2)

in which Y = (D - 1)/(2D + 1), and Eg is the isosteric con-
stant of the solvent.

The cause of the inadditivity of medium effects can be
revealed by a detailed consideration of a reaction of organo
magnesium compounds with ketone in a set of solvents

R ...C¢
| I
<ol oSy C=0 Sy-..m8...0 + S,
R ? ...ﬁ(
:2...mg...89 ,C=0 SZ...mg...O + S.

As it is necessary to compare only the initial and
transition states, for the sake of clarity the equilibrium
of recoordination in the reaction scheme is omitted.

In so far as the molecule of the solvent remaining at
the magnesium atom during the activation can be considered
as a variable substituent, the molecule of the solvent
which is replaced by ketone must be considered as a electro-
negative leaving group. It follows that, in fact, the con-
sidered process in any solvent is an entirely different
chemical reaction.

As a general conclusion, one can infer that the appli-
cation of an additive correlation equation for a set of sol-
vents is admissible only when the specific solvation re-
mains constant during the process, or, in the opposite case,
can be used only formally and roughly when the specific sol-
vent effects are weak enough.

One can also see from the reaction scheme given above
that the difference between the polarities of initial ang
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transition states is determined by the solvating agent. This
reveals itself in the reaction kinetics as a dependence of
the sensitivity of the reaction rate towards the changes in
medium polarity upon the nature of the electrondonating com-
ponent of the binary mixture, or, more generally, as an in-
additivity between specific and nonspecific medium effects.

In order to consider the reaction in the solvents
Sl' cesy Sn as a common reaction series, one must withdraw
the requirement for additivity in terms of Koppel-Palm equa-
tion and introduce another supposition about the additivity,
i.e., one must assume that the contributions of the mole-
cules to the total free energy of the complex are addi-
tive. In other words, one should assume that there are no
direct or indirect (e.g., via B-strain) interactions between
the molecules of the solvent in the complex, or the inter-
actions are negligible. Then it is possible, e.g. in the
case discussed above, to consider the influence of one mole-
cule as that of the substituent and the effect of the
other molecule as a result of changes in specific solva-
tion simultaneously, separately and additively.

Of course, such an assumption is valied only within
certain limits since in the case of sufficiently bulky mole-
cules of the complexing solvent it is hardly possible to
ignore their steric interactions.

2.Inadditivity equation

A nonlinear equation can formally be derived from the
Koppel~Palm equation by addition of the all possible cross-—
~terms., Doing so, when the terms of electrophylic solvation
and also that of polarizabilityx are omitted, we obtain

lg k = 1g k, +yY + bB + JES+a]YB+a2YES+

+ a5BES + a4YBES.

® In the case of organomagnesium reactions among the non-
specific medium effects only that of polarity seems to
be of importancezq.
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However, even if not to mention the inelegance of the equa-
tion, the physical meaning of the constants a;, «.., 3, Te-
mains obscure.

In order to obtain a less formal nonlinear equation we
proceed from the same physical models of solvent-solute in-
teraction as the Koppel-Palm equation is based on, and from
the assumption of lack of interactions between the solvating
molecules of the solvent.

In first approximation one can neglect also the imme-
diate steric effect of the solvent. Indeed (see the reaction
scheme), steric interactions between the solvent molecule
not leaving during the activation and the group R in initial
and transition states seem to differ only little. If it is
so, we may put

lgk=1lgk, + oY + F,B’*, (3)

where the effective basicity B* = f,(B, Eg), sensitivity of
the reaction towards medium polarity o« = f2(Bx), and the
measure of the medium polarity, Y, can be expressed, e.g.,
by means of the Kirkwood function (D - 1)/(2D + 1) (see
Ref. 28).

Making use of the measure of electron-donating proper-
ties of the base, B, and of the scale of isosteric constants
of solvents, Es’ (see Ref. 28) we took for the effective
basicity following expression

B= @+ + <(22BE°’ (1)

The expression (4) meets the natural requirements (i)
the scales B and B must be linearily dependent on each
other when steric effects are absent, and (ii) when electron-
—donating properties approach to zero, the B* value must
approach to zero or a constant independently of the extent
of steric effects. The term ¢, may be equal to zero or a
constant in accordance with the scale chosen.

Let us then assume that the sensitivity of the reac-
tion rate to changes in medium polarity, & (the denota-
tion has been used already24'13’29)» 1s linearily dependent
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on the effective basicity of the solvent
o =Y +86B" (5

In Eq. (5) Yo and © are characteristic of the reaction.
From Eq. (3), (4), and (5) we obtain

lg k = A +3Y + bB + ¢ ¥B + ¢ BEY + c;YBEg , (6)

o 2 3
where
Ao=lgk°+ P'eo ol=0'€l
= T +e e, ¢ = peo2 7
b =P!€1 c5=

From the equalities (7) one can see that if the Eq.(6)
holds, following relationships between the experimental
values should be valid

- = 2 _ B (8a)
[ [ (2]
b ¢ @, (o)
— = — = — = ¢, b
2 C3 ¢2

b= — (8c)

The ratio [3 /0 is characteristic of the reaction, and ®
is that of the substrate. The latter determines the scale
of effective basicity of the solvents in respect of the
substrate ( see Eq. (4)). Let  ® be called the index of
effective acidity (IEA).

3, Reactions with ketones

The use of equation (6) in the case of the reactions
of organomagnesium compounds is connected with certain dif-
ficulties. In the first place, the possible set of appli-
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cable solvents is relatively limited because of low solubil
ity of reagents, extreme reaction rate or insufficient in-
ertness of the solvent. In the next place, the correlation
with the aid of a six-parameter equation needs highly exact
and numerous experimental data almost lacking at present.
It should be added that in the case of the solvents fre-
quent for organomagnesium compounds (ethers, some amines
etc.), good internal correlations between various sets of
constants (of products of constants), can be observed,
which in its turn may lead to false results.

For reasons discussed above only two sets of experi-
mental data from the results of kinetic investigations on
the reactions of dipropylmagnesium with pinacolonelZ’U’24
and diphenylmagnesium with benzophenone29 could be used for
to checking Eq.(6). The measurements of rate constants in
pure solvents were accompanied with independent experimen-
tal determination of the sensitivity constants, o (see Eq.
(3) and (5)), calculated from the relationship

lgk=1lgky + oo (Y -Y)), 9

where ko and Yo are related to pure solvent, and k and Y to
the mixtures of the donating solvent with n-heptane.

Because of lack of data and other reasons we had to
work almost without statistical degrees of freedom and to
carry out the provisory verification of Eq. (6) on the
basis of relationships (8), on that of rationality of
signes and values of parameters, and, as far as possible,
of comparision of calculated and independent experimental
data.

As a measure of electron-donating properties of the
solvents (B) the IR-shift of phenol, AY , obtained from
complexing with corresponding base in carbon tetrachloridéo
has been used. The scale of AV PhOH is practically line-
arily connected with wellknown scale of AY but is

more exact and complete.
As characteristics of the steric effect of solvent
molecules the ES' constants have been used. The latters are
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equal to ES constants for isosteric substituents in which
heteroatom is modeled by methylene or methyne group. Es are
constants, purified of the contribution of "hyperconjuga-
tion" and related to Taft’s constants in the following
way31
Es = Es - 0.33(3 - nﬁ) + 0.13 ng.
The values of B, ES’ and dielectric constants, used in

calculations, are given in Appendix (Table 5).
Let us considere first the reaction of diphenylmagnesi-

um with benzophenone. The initial data from a previous
work29 are reproduced in Table 1.

Making use of the data for diethyl ether, tetrahydro-
furane and anisole, and solving the set of equations

oy =3 +c By + cZ(BEo')i (10)

we found y, ¢, and . Then we solved the set of equationms
(11) with the data for the same solvents

1g kei = k + beBi + c3e(BE ) (11)

eo
where 1g keo =4, - yYe, be =b -~ clYe’ C3e = Cp - °5Ye’

i?

and subscript e denotes the medium with a dielectric con-
stant equal to that for diethyl ether. The values of 1g kei
were calculated from experimental values of 1lg ki according
to the relationship (9) making use of experimentally deter-
mined values of ol .

In consequence we obtained Eq. (12) for expression the
dependence of the rate of the reaction of diphenylmagnesium
with benzophenone (at 20°C) upon the effects of medium:

lg k = -2.76 + 11,0 Y + 0.041 B~ 0.128 YB + 0.0068 BE®

- 0.022 YBES' (12)

The agreement between calculated from this equation
and experimentally obtained values for dibutyl ether (Table
1) can be considered as quite satisfactory if to take into
account that the experimental rate constant is probably di-
minished because of the association of diphenylmagnesium
which is associated in dibutyl ether to a comnsiderably
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higher éxtent than in other solvents (Ref. 23).
Table 1

The reaction of diphenylmagnesium with benzo-

phenone
Solvent A +yY i&Y%;EO' g k 5y, 18 kexp d’exp
2 8 31°5%g
Bu,0 O.44 6.26 -5,52 1.17 0.96
FhOMe 1.02 4.56 -4.85 (0.73) 0.73 =3
Et,0 1.02 6.91 -7.26 (0.66) 0.64 -10
THF 1.68 10.01 -12.55 (-0.86) -0.86 -20

Since the relationship (8¢c) fits fairly:
b = 0,041 and cq c2/c3 = 0,040,

it demonstrates that equation (12) holds. At the same time
for diphenylmagnesium ¢ ¥ = 5.9 and for the reaction
p/6 = -0.32. By virtue of the signe of o (& <O) one can
expect that © < O. Then it follows that ﬁ > 0. The latter
signifies that in this case the rate enhancing effect of
the solvent basicity acting on the nucleophylic center of
the subtrate, exceeds its rate hindering effect which con-
sists in suppressing the activity of *“he electrophylic cen-
ter at magnesium atom. This result coincides with the obser-
vations on the influence of the solvent upon such reactions
as alkyl exchsnge at the metal atom, metallation etc.2’52.

One can see from Table 1 that the effects of the sol-
vent as & substituent (3-d column), and also the effects of
changes in specific solvation during the activation (4-th
column) are considerable, but they extinguish each other to
a large extent. Apparently, this should be the explanation
of relatively weak medium effects observed in the reactions
of organomagnesium compounds with ketones, nitriless, and
alkynesa’u.

For the reaction of dipropylmapnesium with vinacolone
the set of the solventis is somewhat larger (the data from
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earlier paper.'s*2 124 in Table 2) but a considerable part

of the solvent constantes are in correlation with each other.
Por the same reason an earlier correlat16n15 according to
Eg. (2) may be false (correlation coefficiert for the pair
Y - YES’, r = 0.987).

The value of sensitivity constant, of ,was known for di-
ethyl etber, tetrahydrofurane and dimethoxymethane, but,
when tne data for the latter were included, the calculations
lead tc the results deprived of meaning. Therefore the set
of equations (10) was solved orly for diethyl ether and
tetrahydrofurane, and the searched values were expressed
relative to y. The system (11) was svlved for diethyl ether,
tetrahydrofurane, and anisoie. Then, from the comparision
of 1lg kcalc’ expressed as wultiples of y, with the corres
ponding experiaental values it was estimatved that y = 1.0.

Table 2

The reaction of dipropylmagnesium with pinacolone

Solvent A +yY bB+ clYB+ 1g k

T+ ¢, BE* +c5YBEs' calc lg kexp XexpPealc
iPr20 0.89 -1.71 3.05 2.23 2.37 ees -10
Bu.0 0.85 1.85 -1.09 1.61 1.85
Et?O 0.91 2.74 -2..41 (l.24) 1.22 -5 (-6)
Ph(CMe 0.91 2.40 =2.45 (0.86) 0.86 cee
PhNMe2 0.93 5.51 -5.68 0.76 0.92
THF 0.98 6.34 -8.08 (-0.76) -0.81 =19 (=19)

a -5
(Me0) ,CH, Lo4®  0.22 "3 -9
ap=-2.7 Pp.s

Thus, Eq. (13) was found for the dependence of the ra%e of
the reaction of dipropylmagnesium with pinacolone (at 20°C)
upon medium effects
lg k = 0,56 + 1.0Y + 0.027 B - 0.096 YB + 0.0082 BEY -

- 0.030 YBEg' (1%2)
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The accordance between the calculated and experimental
rate constants (Table 2) is only satisfactory, that is ap-
parently caused by great inaccuracy in determination of
parameters in Eq. (13).

The great discrepancy between calculated and experimen-
tal data for dimethoxymethane can be explained by an in-
exact value of D = 2.7 in 1iterature28. Indeed, if in calcu-
lation of constant ® from experimental data (Eq. (9)) D=5
is used, estimated from experimental lg k by means of Eq.
(13), the calculated (according to Eq. (10)) and experimen-
tal values of & coincide (Table 2).

Validity of relationship (8c) confirms +that Eq. (13)
holds: b = 0.027 and c3 = 0.,026. For dipropylmagnesi-
um @ ¥ - 3.3, and for its reaction with pinacolone ﬂ /6 =
= =0.28. The same consequences as in the case of the reac-
tion of diphenylmagnesium with benzophenone follow.

When passing to diisopropyl ether, the value of o ,
calculated according to Eq. (10), changes its signe (Table
2). It is impossible to decide now, whether it occurs ac-
tually, or is an apparent result of invalidity of Eq. (13)
for particularly bulky solvents. Experimental determination
of & for the reaction in diisopropyl ether is made diffi-
cult by a high rate of the process.

4. Nonkinetic eXxamples and t he
effective basicity of solvents

Treating the recoordination equilibrium in the sol-

vents Sl. SZ’ ceay Sn

Sl cee MZ o0 Sl + B Sl eee MZ .00 B + Sl
82 cee MZ oo 82 +B—= 82 cee Mg ... B + 82

one can meet the same problem of inadditivity between the
mechanisms of the influence of the solvent as in the case
of the reaction kinetiecs ( 1). However, in most cases the

difference in polarities of the complexes Si ee. Mg s1
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and eee Mg +.. B apparently is insignificant, and when
the assumption of negligibility of the interactions between
the ligands Sj in the complex is valid, the molecule of the
solvent may be considered as a substituent.

Thus, e.g., the constants of the equilibrium20

EtMgBr.Si.B + Si * EtMgBr.2S1 + B,

where B denotes (+)(S)-l-ethoxy-2-methylbutane, can be cor-
related well according to the equation

lg K = Ay + bB + cBES ,

where, from Eq. (3), (4), (6) and (7), A, = lg K, + p Cor
b=p jandc= p,.

The results of the correlation according to Eq. (14)
are as follows:

Solvents: EtBN, THF, BuOMe, Etzo, Bu20

Ay = -3.40 - 0.19 r = 0.999

b = (21.06 ¥0.98).107> s = *0.066 (3.7%)

¢ = (3.28 £ 0.16).1077

Hence, for ethylmagnesium bromide ¥ - b/c = 6.4 and
for 2-methyltetrahydrofurane one can estimate (from the
equilibriun constant®®) Eg' = -1.1 (cf. the same for THF,
E% = - 0.9).

In the case of processes in which specific solvation
does not change, the problem of inadditivity does not ap-
pear. Chemical shift of -hydrogens in diethylmagnesiuml9
can be correlated with the characteristics of the solvents
according to following equation:

J = A, + 3 +bB + CBEg (15)
The results of the correlation are as follows:
Solvents: dioxane, THF, Et20, Bu20, iPr20, iPrOEt,
Et.N, Pr.N,

(14)

[¢]

A, =36.3 2 7.6%

y =-45 %18 = 0.998

b = 0.125 - 0.022 s = 2.6 (*10%)
¢ = 0.028 X o.00

*
JCH2 (Hz) are read19 from the frequency of TMS.
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Hence, for diethylmagnesium ?x = b/c = 4.5. Eq. (15)
and experimental datal) pernit us to estimate the isosceric
constant for HMPT: ES = =1.3

The signes of the parameters y, b, and c are in cccord-
ance with the fact that increasing shielding, i.e. an in-
crease in ligand basicity in this case, shifts the signal
upfields, and the polar medium effects result in a shift
towards lower field55. The correlation of the same data ac=-
cording to an equation of type (1) gave28’54 y > O ard
b > O which are hardly explicable from the physical point
of view.

If the index of effective acidity is available one can
estimate a qualitative scale of the solvent basgicity rela-
tive to the substrate. By virtue of Eq. (4) it may be
written

3

e ¢"B + BEg' = B (16)
¢ (-
where B’ is expressed in relative units.
Thus, e.g., making use of the value found before

for diethylmagnesium, one can calculaSe a sequence of sol-
vent basicity (Table 3) exactly reproducing, except the in-
significant shift of tetrahydropyrane, the order of the
solvents determined by the investigation on the equilibria
of solvent replacement at diethylmagnesium in benzene21.
Cf course, only monodental solvents, for which the values 3
and ES' were avilable, could be considered.
Table 3
Comparision of basicities of the solvents relative
to diethylmagnesium

Solvent B’ Solvent B’

iPr2O 60 THP 960
EtiN 70 2-Me-THF 970
Bu,0 480 THF 1030
EtZO 590 HMPT 1510

Dioxane 780



The fact that the knowledge of an experimental value
enables us to predict pracisely the behaviour of another set
of the bases in an intirely different process, is a suffi-
cient evidence for principal validity of the quantitative
treatment of the effective basicity in form of Eq. (4).

The indexes of effective acidity of organomagnesium
compounds, arranged in Table 4 in order of decreasing IEA,
deserve particular attention. The last four IEA values have
been calculated in this work. Phenyl- and methylmagnesium
bromides are placed according to the considerations dis-
cussed below. It follows from the comparision of the data
ir Table 4,that, as expected, the IEA is the greater the
higher are the electron-accepting properties of the com-
pound and the lower are the steric hindrances for the coor-
dination with donors. Though the following correlation 1is
rather formal, it is of certain interest to notice that

= 10.1 + 2.4 By + 0.6 ro*, r=0.95, s = 0.6

Table 4
Indexes of effective acidity and some
characteristics of organomagnesium compounds

o b
Compound ¢" s a T .
PhlMgBr 7 3.6
MeMgBr 2.8
EtMgbr 6.4 2.1 2.7
PhaMg 5.9 =24 1.2
Et Mg 4.5 2.4 -0.20
Pr g 3.3 -2.6 -0.23

& jsosteric constants; magnesium atom is modeled by the
methyne group, the heteroatom of the donor regarded as
reaction centre

b the sum of inductive constants for the substituents at
magnesium atom
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The influence of the effective acidity of the substrate
upon the effective basicity of donors can be directly demon-
strated by following orders, formed from a selected get of
bases:

EtMgBr

iPr20 < PhOMe < Bu20 < Et20 < Eth < THF < PhNMe2
Ph2Mg

iPr20 < PhOMe < Bu20 < Et.N = Et20 < THF < Pthde2
EtZMg

iPr20 < Et.N < PhOMe < Bu20 < Et20 < THF < thd92
Pr2Mg

Eth < iPr20 < Bu20 < PhOMe = Et20 < Phl‘vﬂlle2 < THF

From these orders and IEA values the controlling rdle
of steric hindrances in acid-base interactions is evident.
Thus, e.g., the strongest of these bases in respect of pro-
ton, triethylamine, proves to be rather a weak base rela-
tive to organomagnesium compounds, and according to how the
steric requirements of the substrate diminish, the base
gradually shifts to the right along the basicity order.

The veracity of the considerations above and of the
calculated orders is also shown by independent experimental
facts.

Eq. (12) permits us to predict that triethylamine com-
plex of diphenylmagnesium must react with benzophenone in
diethyl ether by 3 to 4 times faster than corresponding
ether complex, and the same complex in tetrahydrofurane by
about 35 times faster than corresponding tetrahydrofurane
complex. It is found55 that the addition of triethylamine
in molar ratios of 1:1 and 2:1 to diphenylmagnesium in di-
ethyl ether and tetrahydrofurane causes practically no
change in reaction rate constants. Subsequently, the sol-
vent replacement equilibria in these systems are not
shifted towards the formation of triethylamine complex,
which is in agreement with the calculated basicity order
for these solvents.
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Addition of triechylamine in a molar ratio of 1:1 to
etbhylmagnesium tromide in diethyl ether accelerates the
reaction with hexyne-1 as much as 8.4 timesa6, and an iden-
tical admixture to methylmagnesium bromide solution in-
creases the reaction36 rate by a factor of 136. It follows
that, on the one hand, triethyrlamine solvates these
substrates stronger than diethyl ether, and, on the other
hand, the effective acidity of methylmagnesium bromide is
greater than that of ethylmagnesium bromide. At the same
time triethylamine does not accelerate the reaction of
hexyne-1 with diethylmagnesium in diethyl ether36. Addition
of triethylamine (1:10) to phenylmagnesium bromide in di-
ethyl ether enhances the rate of absorption of acetylene in
the mixture by 1620 time537. At the same time the effect of
addition of triethylamine to tetrahydrofurane solution is
negllgibleBs. The sequence inferred from these facts:

EtZO << EtEN < THF rermits us to estimate for phenylmagne-
sium bromide " 7.

S.Appendix

Table 5

The constants for the solvents used in calculations
Solvent D B By
Anisole 4.33 155 -1.7
Dibutyl ether 5,06 285 -2.8
Diethyl ether 4,335 280 =24
Diisopropyl ether 5.88 293 =4.3
Dimethoxymethane 2.7 223 -1.8
Dimethylaniline 5.02 422 -2.0
Dioxane 2.21 237 -1.2
thyl isopropyl ether 4.05 277 =3.3
Hexamethylphosphorotriamide 29.6 471 (-=1.3)
ilethyl butyl ether . 263 2.0
2-methyLtetrahydrofurane . 285 (-1.1)
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Solvent D B

Tetrahydrofurane 7.39 287 -0.9
Tetrahydropyrane 290 -1.2
Triethylamine 2.42 650 —4 4
Tripropylamine 2.56 650 4.7

8 estimated in present work
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On the basis of aqueous pKa values of carboxylic a-
cids (25%) a common sczle of 6 ¥ constants for neutral
and charged substituents is derived. An electrostatic
correction is introduced for charged substituents. Sev
eral applications of the new scale are considered.

As a rule, in the most of model reactions usad for the
deriving of substituents G * constants the reacvion center
carries ionic charge either in initial or firal (tresusition)
states., Hence, certain complications for the building of gen-
eral scale of inductive constants both for neubral and
charged substituents arise,

In a recent work2 this problem has been solved by in-
troducing in%to grose rate or equilibrium constacts of reac-
tions, including reagents with charged substituents, correc-
tions for the intramolecular electrostatic interacticn of
the latter with charged reaction center.

Starting with these principles a brief descripition of
constructing a new general scale of inductive & - constants
was given1). However, so far as the main emphasis of Ref, 1
lays in the demonstration of the existence of wniversal con-
stant of inductive interaction (w¥), more thorcugn cutline

*rhe main results of this work were briefly outlined ixn



of some other aspects of the worx1, particulary the fhreat-
ment of data,will be given now.

Primary treatment of experimental equilibrium data for
the compounds X(CHz)nY (X and Y denote the variable suosti-
tuent snd reaction center, respectively) was performed ac-
cording to the following equationB:

[o] 3 M
log Kn+1=(log K" 412 g 108 Kn)+ Zcﬁzlog K,

where and Kn denote equilibrium or rate constants for

the compounds with n+1 and n methylene groups between X ard
Y; and K® are the same for the refevence X.

This procedure eliminates tvhe necessity of using any
previous set of inductive constants and subjects a vest for
checking up, within a given reaction series, the constancy
of the inductive attenuation factor of carbon atom Z... « On
condition that the electrosvatic correction2 for the 2intra—
molecular ion-ion interaction has been introduced for the
charged substituents the treatment® of data from Tables 1
and 2 for the series of dissociation of carboxylic acids
and substituted ammonium iors in H20 at 250 (see also Fig.
1-3) evidences that the pKa values for compounds with un-
charged as well as with charged substituents obey the same
single relationship™ in terms of Eg.(1)

*Correlation statistics was presented in Ref. 1.

5
It is worth mentioning that the attenuation factor
an =0,350+0,01Z for the series of carboxylic acids is

quite close to the literature vaiues of 0.36° and 0.388°2,
The corresponding values1 (0.47-0.55 ) tor the series of
dissociation of substituted ammonium ions differ from it
conaiderably. Nevertheless the agreement with previous
literature3'9’1o values rather good.
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Table 1A

Experimental pKa Values4 for Dissociation of Carboxylic
Acids X(CHZ)nCOOH in Water at 25°(Uncharged Substituents)

X n K, X n PKg

1. H 1 4475 13, OH 1 3.83
2 4,87 2 4,51

2. Me [0} 4075 3 4072
1 4,87 14, OMe 1 3.57

3. CH=CH, 1 4.35 2 4e46
2 3 4,68

4, C=CH 2 3.32 .

3 4,21 15. OEt 1 3.60

4 4,60 2 4,40

Se Ph 1 4431 16, OFh 1 3.17
2 4,66 2 4.32

3 4.9 17. COOHP 0 1.57

6. F 1 27 13
7. ¢l 1 2.85 b 2 o7
> 4.08 17 2. COCH 1 3.69°

3 4,52 18. COCMe(Et) 1 3435

8. Br 1 2,90 2 3.99
2 4,01 3 Aotk

3 4,64 20 WO, 1 1.65

4 4,97 2 3.79

9. J- 1 3.16 21, 0o, 1 2.26
2 4,09 22, SH 1 3.68

3 4,64 2 434

4 4,79 23. SCN 1 2458

10. CHCl, O 1.29 24, SOCF4 1 2.06
1. CF3 0 -0.3% 25. SO,Ph 1 2.44
1 3,03 26, SOZCF3 1 1.68

12, CCl. 0  -0.89 27. SiMey 1 5429
2 4,91

8 pPK value, calculated according to the additive scheme is
-1.40,
Statistical correction included.
Corrected (+0.52) for the intramolecular H-bond in the
monoanion of malonic acid (see text).
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Table 1B

fxperimental pKa—Values for Dissociation of Carboxylic
Acids X(CH,), COCH in Water at 25° (Charged Substituents),
Distances r between Ionic Substituent X and Reaction
Center, HZlectrostatic Corrections®s? t)pKa eg* and
Intrinsic Inductive Terms A PK, ind:pKa - A’pKa in the
Gross Values of pKa.

C ind

X n Pk, (8 "APKa,es A PKy

28. C00~¢ 0 3.98 3.0 -1,00 2.98
1 5,40 3.8 -0.79 4,61

28a, COC™ © 1 4,09
29. NH; 1 2.35 3.4 0.88 3.23
2 3.55 I 0.68 4.23

3 4,03 5.6 0.54 4,57

30. NieH" 1 2.35 3.4 0.88 3.23
3. NMe2H+ 1 1.95 34 0.88 2.83
32, NMet 1 1.83 3.4 0.88 2.71
33. PBug 1 2.34 2.4 0.88 3.22
34. FPh} 1 1,77 3.4 0.88 2.65
35, SO~ 1 4,05 5.5 -0.55 3,50

Ne“ o .
aAPK - _e__ZLx_-\L - )y where for the equiiibrium
ases 2,3 RTE rxyv Iyy

X(CHE)nY —_— X(CHZ)nY' ZX' ZY ard Zy, denote respectively

the charges on the substituent X and reaction center in
the initial and final states; Tyy and Tyyt ~ distances
between point charges on the substituent and reaction
center in initial and final states; £ -macroscopic di-
electric constant of solvent.

Folloewing model of the carboxylate-anion was accepted:
cH 0-1/2
ejQ\) o

XK 2N 0-1/2
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The charge of the COO™ group is located at 0.72 A from C4;

0=

109°28!

®Interactomic distances were taken from Ref. 5. Trans-con-
figuration of the polymethylene chain 1is assumed.

Statistical correction
® Corrected (- 0.52) for the intramolecular H-bond in the

monoanion of malonic acid (see text).
Table 24

is included.

for Dissociation of Substituted Ammonium Ions

+
X(CH,) ,NH3, X(CH2)nNMe2H+, and x(cnz)nNEtZH* in Water
at 25° (Neutral Substituents)?

X n K, X n pKa
+
X(CH,)_NH 8, SiM 2 10,97
X(CH) 4N °3 3 R
1. H 0 9415 .
1 10,62 X(CH NM
2 10.63 X(0H,) NUteH "
° o 34 90 Me 0 9.
2 8+25
3 10,20 5 882
4 10.39 i 916
3. ©d 0 6.05 41, cI 0 0.46
2 951 12, oH 0 5,20
3 9.96 13. OMe 0 3.46
4, OMe 0 4,60 2 8.96
1 9450 3 9.36
2 9:92 14, FMe, 1 8.70
5, COOMe(Et) 1 7.66 2 9,50
2 9.13 15, ON 1 441
3 9.71 2 7.0
X(CH Et H"
6. N'H: 0 7.81 __(_2.:’ﬁ_i_
2 9¢79 16, NEt, 1 9,22
3 10,32 2 9,88
4 10,50 17, CN o} -2,0
7. CN 0 141 ; ;:gg
1 2034 3 9.29
2 7.7 ‘ & 10,08
5 10,46

@ Data are taken from compilations. !

rection

14

included.
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Table 2B

Experimental pKa Values for Dissociation of Substi-
tuted Ammonium Ions X(CsznNH+,x(Cﬂa)nNMezﬂ+, and
X(CH,) NEt H' in Water at 25° (Charged Substituents),
Distances r between Ionic Substituent X and Reaction
Center, Electrostatic Correctionsa’btspxa es’ and In-
trinsic Inductive Terms Apde‘nahpK.a-ApK‘1 s in Gross

Values of pK,

€

nd
X n PE, r° ApKw APES
x(cﬂ3)nNH+
18. €00~ 1 9.78 3.4  0.88 8.90
2 10.36 4.4 0,68 9.58
3 10,56 5.6  0.54 10,02
19. NH, 0  =0.58 1.47 2.04 1,46
2 6.85 3.7 0.81 7.66
3 8.29 4,9  0.61 8,90
4 9,20 6.1  0.49 9.69
5 9.74 7.2 0.42 10.16
+
X(CH,),NMe H
20, NMe2H+ 2 6,00 3.7 0.81 6.81
3 8,00 4,9  0.61 8.61
21, §” 2 10,70 3.5  0.86 11.56
22, NEt2H+ 1 341 2,14 1,40 4,81
2 7.00 3.7  0.81 7,81
3 8,70 4,9  0.61 9.31

& See footnote® to the Table 1B

The following model of substituted ammonium ion was
accepted:

Point charges are centered on X and N, 8=109°28"

Interatomic distances were taken from Ref.5.
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Fig.

Fig.

4 pKaH- bogga“rsx

H-bond

;10 1 2 3 4 5 6
1. Dependence of log K n+q OB log values
for dissociation of carboxylic acids in HZO
at 25°. Numbering of points corresponds to
Table 1. Filled circles denote charged
substituents

2. Dependence of log Kn+1 on log values
for dissociation of ammonium ions X(CH ) NH3
in HZO at 25°, Numbering of points corresponds
to Table 2., Filled circles denote charged sub-
stituents
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Fige. 3. Dependence of log Kn+1 on log K

values for dissociation of X(CH,) NMe,H+
and X(CH,) NEt,H® in H,0 at 259, Numbering
of points corresponds to Table 2., Filled
circles denote charged substituents.

At a first glance in Fige 1 the behavior of the points
corresponding to the 1 st and 2nd steps of dissociation of
acid seems to be exceptional, However, equal abso-
lute values and opposite signs of deviations of these points
rom e straight line for all other compounds evidence con-
vincingly the presence of intramolecular H-bond in the mong-~
nion of malonic acid:

| The latter seems to
account
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for the strengthening of this acid in the first step and
weakening it in the second step of dissociation. Therefore,
after introducing the corresponding corrections for this
H-bond, COCH and COO~ groups behave like all other "normal"
electronegative substituents.

The homogeneity of the influence of a full set of sub-
stituents in various model processes as demonstrated by the
observance of Eq.(1) is a prerequisite for making use of
these reaction series for constructing new set(s) of G-
-constants.

Formally, every homogenous series can serve for this
purpose. However, from the practical viewpoint, preference
should be given to the process for which as many as possible
data are available. This condition is better of all fulfilled
for the series of dissociation of carboxylic acids in water.

It should be noted that, in principle, Eq.(1) excludes3
the necessity of introducing an arbitrary reference substi-
tuent. Indeed, the observance of this Eq. assumes the exis-
tence of the natural absolute reference point which corres-
ponds to the equality of the numerical values of abscissa
log K and ordinate log Khﬂ":

log K:+1=log Kﬂ:log K° (2)

It was shown earlier'1 that for all cases considered,
log K°values are practically indistinguishable from the logK
values for the methylgroup. Hence, the latter as an arbitra-
ry reference8 simultaneously also plays the role of the nat-
ural origin of the Cfg-scale.

Taking into account condition (2) one can define G ¥
as follows:

6 *=(log K - log K°)/5)* 3

8
Holding the Taft's scaling of O X constants, we corre-

*Strictly speaking, such a situation should hold for the
compound for which n-s00.
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lated the pK, values of substituted acetic acids XCHacOOH
(8,0, 25% with O-constants for XCH, groups calculated by
the original Taft8 procedure from data on the rate constants
of basic (kp)and acid (k,) hydrolysis of esters XCH,COOEt:

- (log Yo log "4 ) 4
6cn, = Z.as OF K “
2
Most of the values were taken from Ref.8; the corres-

ponding values for CHCl, and CCl3 groups were calculated on
the basis of more recent data

Table 3

Correlation of the pK -Values for the Diccociation of
Substituted Acetic Ac:.ds XCH COOH (HEO 25 ) with

scnzx—values calculated accordlng to Eq.(4) for the
"Normal" Substituents
X
Gcgax
1 Cl 2.85 1.05
2 Ph 4,31 0,215
3 OPh 3.17 0.850
4 CN 2.47 1,30
5 OMe 3.57 0,52
6 Me 4,85 =0,1
7 Sil&lle3 5622 -0.26
8 CHCL, 1.29 1.943)
9 cc1, -0.89 3.062)

a an
Calculated in this work using data from Ref. for ethy-

lic esters of di- and tricloroacetic acidse.
Least-squares treatment of data from Table 3 leads to

the following results (see also Fige. 4):

CHZX

DK, < =(4.74% 0,05) —(1.820-0.037) - (5)
R=0.999; 5=0.11; s%=1.8
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max .
where s=standard deviation, ApK, = maximum
change of pKa.

XCOOH -CH2CgHs
CH20CH3
-CH20CgHs
-CH2Cl Y
CH2CN O

CHCl2

Fig. 4. pKa of dissociation of acetic acids

XCOCH vs, -constants

The above treatment of data eliminates the use of the
attenuation factor on condition that this quantity is
equal both for the estgr hydrolysis and dissociation of
carboxylic acids.

Taking into account Eq.(5), one can rewrite Eq.3 in the
following form:
= (pEK -4.74)/1.82 + 0,08 (6)

S x) &

If necessary, Gx- values for various lengths of polyw
methylene chain can be calculated using the attenuation

factor zi“H =0.3501
2 4 ¥ pn =
6n = (Zoy ) 6% )

The set of c;x-values for several electroneutral and

charged substituents, calculated according to formulae (6)
and (7) was presented in Ref., 1.
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An attempt to construct the set of constants on the
basis of aqueous dissociation of substituted ions of am-
monium X(CHz)nN‘H; and X(CH,) MMe H' is, in principle, not
less founded. Certain advantage of these series is due to
some data for n=o which excludes direct or indirect inclu-
sion of attenuation factor .

Least-squares treatment of data from Table 2 according
to Eq.(8) leads to the following results (see also Fig. 5):

- ® #
PK =pK, + P 6(1) ®
. .
1o XN ¢ DK =(10.7920.74) - (3.77-0.70)6y  (9)

R=0.,983; s=0,88; sh=14+7

¥
X)

ii, X"Me.H* : pxa=(9.ssio.4o)-(3.202'0.27)6( (10)

B=0,989; s=0.77; s%=8

XNH

Me
10.0

OH
5.0

0 10 20

.3
Fig. 5. Variation of pK with.ékx) for
ammonium ions XNH' in water, 250.
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5’§-constants, calculated from these or some other secon-
dary model processes were also presented in Ref.1.

The 6!—values, reported there for electroneutral
electronegative substituents are very close to
the literature values. However, because the latter were
calculated from gross experimental data without taking into
account the electrostatic correction term, they considerably
exceed our values for substituents carrying the net positive
charge (e.g. NH+), and are much lower for anionic substi-
tuents (e.g. CO07).

Table 4 points out that sx-constants calculated from
different reaction scries agree satisfactorily. Coincidence
of Gx—constants for COO™ group calculated from the series
of dissociation of carboxylic acids and dehydration of hy-
drated forms of ketenes (vide infra) seems especially in=-
structive because the reaction center of the latter pro-
cess carries the unit net charge neither in the initial
nor in the final states of reaction. Hence, the introduc-
tion of the electrostatic correction term into the gross
experimental data is not necessary.

Table 4

+
The @*-Constants of CO0~ and NH; Groups Calcu-
lated from Various Reaction Series

Dissociation Dissociation Dissociation Dehydratimn

of XCOOH of XCH,COOH of XNH, of XCMe(OH),
1. CO0™ 0.96 1.00 - 0.84
2. NH4 - 2.35 2.32

Analysis of Data for Other Reaction Series

The least-squares structure-reactivity analysis of
aqueous pKa-values for dissociation of alcohols, XOH, and
thiols, XSH, pKB-values of carboxylic acids in DMSO and
DMF, and log KD values of dehydration of hydrates of ke-
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tones was performed in terms of Eq.(8) for verification of
the epplicability of a new set of constants.

Results of this analysis are included in Table 5 and
presented in Figs. 6-~9 (filled circles denote chawged sub-
stituents).

Table 5

Structure-Reactivity Analysis in Terms of Eq.(8)
of log Ka Values of Dissociation of some Bronsted
Acids and Dehydration of Hydrated Forms of Xeteses

log K, = R s 5% Refe-~

Reaction
+5Slog Ko + ?! reuces

1. Dissociation of =15.54+ 2.72+ 0.984 0,56 4.5 4
X0E®*® B0, 25°  0.15 0.10

2. Dissociation of -10.30% 3.98t 0.991 0.27 3.5 12-16
XsH, H,0, 25° 0.09 0.15

3. Dissociation of -12,52% 3.49% 0.999 0.11 3.0 4
XCOOH, DMSO, 25° 0,08 0.08

4, Dissociation of -13.19% 3.06% 0.999 0.11 2.0 4
XCOOH, DMF, 25° 0.09 0,08

5« Dehydration of 2,701 -1.67 0.984 0.21 5.6 17
XCMe(CH),,H,0, 0.17 *0.11
259

6. Dissociation of =10.73- 3.28% 0,982 0.22 7.5 6,7
XCH,CH,NH*,H,0, 0.15 0.28

da
Attenuation factor ZCH =0,350 was always used.

b
Additive value =3.331 for the inductive constant of
CF3 group was used.

¢ 65 -constants for some substituents of unpaired spin were
calculated using the aqueous pKa7'18 for free radicals -
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hydroxylic acids of general formula “XOH:
—1-77, =1, L4 =1+26 ° =
6 (ca*) GfC'Ele) 1.48; G (C"Me,) i16¢ (CFy),

=5.13 c;’o-)=4.1, and, formally, for the unpaired electron
=1.35 (from PK, for ¢OH" radical; X - is absent).

T
pK 4| CH2 CH=CH;
jg[ ) /l(CHz)z
MeO(CH>)2 709 CH2CCla ¥
OH
-CH(OH)Me/ / OMe
HOCH2 / CF3CHz J
10|  CHCCHz  Cp(QHCCl
CH(CF,),
C(CF3)
s (CF3)3

Fig. 6. Dependence of pKa for dissociation of
alcohols XOH in H,0 at 25° on 6 ¥ constants-

t-Am HOCH,CMey
CH2CH=CH2
(CHZ)Z OH - *
XSH === XS~ +H
10 CHzPh H20.25°
CH>CO00
9 (CHa)3 SO CH2CH2CN
8 CH2COMe
EtO(CH2)2 CH2C00Me
7| (CHz)2NH3
6 CHCH2NMe;
5
4 CH3CO
0 0.5 10 15
Fig. 7. Dependence of pKa for dissociation of
thiols XSH in HQO at 25° on -constants.
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13

11
10

N (s ]
|

._—. -
Me coo

9
XC O0OH == XCO0™+H' -constants.
DMS0.,25°
COOH
-0.09 0.93
T
Kp
2l- XCMe(OH), == XCOMe +H,0
1 CHCl>
COOH ~OO COOR
0 ~COMe -
’ LeHaa -
2~ lcoo- ’
(x)
1
10 2.0 3.0

Fig. 9. Dependence of log KD values for

dehydration of hydrated forms of ke-

. o *
tenes XCMe(OH), in H,0 at 25° on GZX)_
congtants.
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With the only exception™ of dissociation of carboxylic
acids ZCOOH in DMSO the neutral and charged substituents
behave in the same, homogenious way. For the pKa of car-
boxylic acids in DMSU, however, 6§-value +0.,92 for the
C00™ group is not applicablem.! It is probably due to the
change in nature and intensity of solvation of this sub-
stituent by solvent molecules when going from hydroxylic
solvent (H20) to aprotic medium. Indeed, when in DMSO the
CO0~ group is not practically solvated electrophilically
then in H20, dve to the latter type of solvation, carboxy-
late group behaves like something between electrophilically
unsolvated form and its protonized form (i.e. COOH group):

I - I - 'y Y
-C-0 -C-0: oo H=-0-~-H -C-0-H
DMSO, the lack of H20; H-bonding Protonization g
ele?tx-ophilic sol- Gx_n an carboxyl-group

vation; g ==0.09 61:=1 72

Therefore it is necessary to introduce for this group
a new Gi-value, oqual to -0,09, i.e. if electrophilic sol-
vation is excluded, the moderately electronegative CO0~
group (in H20) changes into slightly electropositive (in
DMSO) substituent,

Data from Re:E‘.’:g’20 and Table 5 evidence that the only
condensed media for which P*-values for dissociation of

!Quite a large absolute value (s=0.6) of standard deviation
for the dissociation of alcohols (s%-5) does not allow to
draw an unambigous conclusion about the deviation of the
point for water (ApKa=1.3) from the straight line for
other alcchols. However, on condition that this deviation
is real it is equivalent to the demand use the Gx-constant,
approximately equal zero, for hydrogen as substituent.

30
COOH-group behaves "normally".
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carboxylic acids are considerably different from the values
in aqueous solution, are DUSO and DMF., However, in any other
solvent (pure or mixed) which is able to form H-bonds (al-

cohols, HCONHa, etc.

) x ®
’Pmediun' P o» and, consequently,
2

3*
al80, 600" (medium) =

The results of the present paper and Ref., 1 once more

confirm the wide applicability of the principle which inter-
prets the inductive interaction as a unique (homogenous)
formal type of interaction.
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3.
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A new set of parameters of general (Lewis) basicity of
solvents has been built up on the basis of the acid-
-base hydrogen-bond formation induced shifts of the
stretching frequencies of the OH-group of phenol in
the 0014 medium,

Recent1y1’2, a scale of solvent basicity parameters
(B) has been suggested on the basis of the solvent shifts
of the stretching frequencies of the OD--group of deutero-
methanol in the media of pure bzses:

B=A‘)OD=\)anD— \)ueon. ..p (em ) )

where ~J and B refer to gas phase and pure

MeOD
base B, respectively.

The applicability of this scale has been demonstrated
on various examples“. Nevertheless, certain problems of
principle as well as practical nature arise.

Irdeed, one should take into account that no attempt
to introduce possible corrections on the nonspecific and
electrophilic solvent-solute interactions into the gross
A\%D-basicity parameters has been made. In general, be-
cause of the lack of any a priori grounds for neglecting
those interections in the wide range of solvents, there are
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no guarantees (see, however, Ref. 3, 4) that the B-parame-
ters of Eq.(1l) do really reflect only the Lewis' basicity
of the respective bases.

On the other hand, from the practical viewpoint, one
should remind the frequent impossibility to measure the OD-
-stretching ferquencies of MeOD (or the X-H band of  the
other proton donor X-H) in the medium of the pure base B
because of the overlap of the OD-bands of free and bonded
(monomeric) methanol and absorption bands of the solvent.
Primarily, such a situation holds for various hydroxylic
solvents (alcohols, phenols, carboxylic acids) which be-
cause of the strong autoassociation are optically opaque in
the respective spectral region. Therefore, the necessity of
referring the scale of general basicity to the unique refer-
ence state in some inert media, either by measuring the
respective parameters in the medium of the 1latter or by
introducing the corrections on the solvent-solute inter-
actions into the gross parameters 1like A‘)OD' suggests
itself. First alternative seems to be more 8imple. Since
most of all the literature data®™ refer to the hydrogen bon-
ding complex formation of phenol with various bases in the
cCl,, it seems expedient to use this process for building
up a new scale of general (Lewis') basicity of the solvents
as follows:

B=AJ0014 =JCCI4 _\)CClq_ 2)
PhOH PhOH PhOH...B

cen cel
where \)P 4 and J° 4 refer to the stretching fre-

hOH PhOH...B
quencies of the free and hydrogen-bonded phenolic OH-group

in the media™ of CCl,, respectively.

As a matter of fact, representation of the solvent ba-
sicity parameters by Eq.(2) is equivalent to the intro-
duction of the postulate that base-induced shifts of

® As far as we know, there are literature data on the
shifts of the phenolic OH-group for more than 700 bases
in this media.

¥%E In the following the superscript CCl, is omitted.
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Table 1

Solvent General (Lewis) Basicity Parameters B2'° a5 Derived from Eq.(2)-
1 2 3 1 2 3
Base, B c:m-l References Base B(cm_l) References
A. 13. Me606 102(2) 10, 19
1. Gas phase 14, PhCZ2CH 80 15
B. 15. PhCH=CH, 43(3) 12
2. Saturated 16. Naphthalene 48 6, 10
Aliphatic D
Hydrocarbons °
C. Unsatu- Halogenated
rated or Hydrocarbons
Aromatic Fluorides
Hydro-
carbons 17. BuF 40 20
3. Cyclohexene 97(1) 10, 14, 15 18, c-HexF 53 21
4. PhH 48(0.6) 7, 10, 16, 17, 19, PhF 38 13
. Chlorides
5. Ph.hile 58(1) 6, 7,10, 18 o Lo 59(1) -
6. Ph}:.t': 58(1) 10, 12 21. t-BuCl ou®
7. Ph(i-Pr) 56(1) io' 1 22. c-HexCl 67(1) 7,
8. Ph(t-Bu) 60 10 23, CH2012 25f
9. 1'2'”‘922624 68 0 24. CHCl, 14t
w0 1,5-Me0¢t, 68 io 25. cCl, o°
11. i*“‘meacegu 68(1) 0 o 26. CLCH,CH,C1 408
2. 13,5506, 77(1) 7, 27. PnCl 38(3) 6, 13, 18



1 2 3 2 3

28. 1,2-CL,CH, 28" 47. MeOCH,Oile  223(3) 6, 26, 29
29. 1,3C1,0H, 17 48. MeOCH,Cl 150 26
30. PhCH,C1 40 25 49. MeOCH,CH,C1 208 26
51. 1-01-Cy H, 37 13 50. MeOCH,CH,OMe 238(3) 6, 29

Bromides S1. MeO(CH,),OMe 263 29
32, BuBr 63(1) 8,9 52. Et,0 280(3) See kef. 27 for
33. c—HexBr 86(3) 7,21 additional references
4. PhBr 40(2) 6, 13, 53. EtOPr 272 26

Todides 54, EtO(i-Pr) 277 26
35, Bul 74(2) 9, 20, 55. EtOBu 277 26
36, i-Prl 85 20 56. EtO(t-Bu) 298(1) 26, 28
37. c-HexI o1 7, 21 57. EtOAm 275 26
8. Phd 38 13 58. Et0CH,C1 169(6) 27

E. Bthersl 59. BtOCH,CH,Cl 227 2o
59. le,0 246 26 60. EtOCH,CH=CH, 256 26
40. MeGPr 263 % 61. EtOCH,Ph 219 26
1. MeOBu 2653 6 62. CHMe(OEt), 241 26
42. MeO(i-Bu) 262 26 63. CMe,(OMe), 257 28
43. MeO(t—Bu) 295 26 64. Pr,0 279(3) 26, 30
44. MeOAm 263 o6 65. i-Pr,0 293(8) 26, 30, 31
45, MeO(i-Am) 261 26 66. Bu,0 285(2) Sé 85115v 22, 26,
46. MeOCH,CH=CH, 248 26, 29 67. t-Bu0 321(4) 28: 31
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1 2 3 1 2 3
68. Am,0 275 26 85. MeCOOie 170 30
69. O(CH=CH,), 155 26 86. MeCOOEL 181(5) 6, 7,
70. O(CHZCH=CH2)2 242(5) 26, 29 ' 34, 38
71. O(CHPh), 233(2) 7, 13, 18, 21, 87. MeCOO(i-am) 194 38
26, 30 88. MeCOOPh 121 37
72. O(CH,CH,C1), 178 26 89. MeCOOCH=CH, 143 26
73. CH2(0H2;5CH 0 290 6, 32 90. EtCOOE¢ 174(1) 6, 30
91. EtCOOCH.CH,C1 146 37
a8 %EEEEEEEESEES 26703 gé?’B?: %?Z %2 92. ClCHZCOgEtZ 125(7) 6, 9,
75. O(CH2)20(0H2)21237(2) 6, 7, 8, 9, 26 93. CHC1,COCEt 119(12) 37
_— 35
. 94 . PhCOOMe 160 6
7. sz(CHz)z? 282 26 95. PhCOOEt 1“2 30
77. PhOMe 155(4) 6, 7, 13, 18, 96. PhCOOPh 157 30
6, 30 97. CH,(COOEt), 190 38
78. PhOEt 158(6) 13, 26, 30 %8. (COOEY), seh _
79. Phy0 125(2) 5, 73133180 99, cu,=cHCOOMe 163 26
100. (1e0),CO 136 6
:S: ﬁjg:;o(t'Bu) ig; ig 101. (EtO);CO 145(4)P
8. Dioxolane 196 29 102. 1,2—(0001311)?06}14 190 38
83. C(OEY), 156(7) 28, 29 G. Carboxylic
84. (CH €0),0 100(5) 103. HCONH, 270(5)"
F. Esters 104 . HCONHMe 287(4)9 -



=74

1 2 3 1 2 3
105. HCONMe, 291(3) 7, 19, 39, 40 1. Nitriles?
106. MeCONMe, 343(1) 7, 34, 39, 40 123, HON 140(5)%
107. MeCONEt, 335(5) 9, 40 124 . MeCN 160(3) 6, 19, 36, 40
108. EtCONMe, 325 40 43, 46-50
109. P(0)(Mie,), 471(4)" 125, EtCN 162(3) 46, 47, 48
H. Aldehydes 126. PrCN 164(4) 46, 48
and Ketones® 127, i-PrCN 166 46
110. MeCHO oeub 128. t-BuCN 166(3) 46
111. EtCHO 170 30 129. CH,=CHCN 139(3) 12, 46, 48
112 PhCHO 180(6) 6, 30, 38 130. MeSCN 153 36, 51
113. Me,CO 224(5) 6, 8, 30, 33,  131. PhSCN 18 47
34, 35, 40, 132, PhCN 155(3) 6, 46-49
43, 44, 45 133. PhOH,ON 155(4) 46, 48
114. MeCOCH,C1 142(1)Y 134, CH,=CHCH,CN 149(2) 46, 50, 52
115. MeCOEt 209(6) 12, 17, 30, J. Nitro
38 compounds
116. MeCOBu 210 30 135. MeNO, 65(1) 53, 54
117. $-Bu,CO 195 30 136. EtNO, 66 53
118. Cyclohexanone 242(2) 6, 30, 38 137. i-PrNo, 68 53
119. MeCOPh 202(9) 6, 30, 33, 43  138. t-BuNO, 73 53
120. PhCOPh 192(5) 6, 8, 25, 30, 139. PhNO, 67 53
43 K. Hydroxylie
121. MeCOCOMe 121 30 compounds
122. MeCOCOEt 214 30 140, H0 156(1) 27



1 2 3 1 2 3
Primary
Alcohols® 159. NH, 473(2)9
141. MeOH 218(3) 27 160. BtNH, 6672
142. EtOH 235(1) 27 161. PrNH 6611
143, i-PrOH 236(2) 27 162. BuNH, 5372
144, BuOH 231 56 163. PhNH 3u6(6) 25, 58, 59
145, i-BuOH 230(2) 27 Secondary
146. s-BuOH 240(3) 27 164. Et,NH 637(15)Y =
147. t-BulH 247(4) 27 165. i-Pr,NH 5978 -
148. t-AmOH 261(1) 27 166. Bu,NH 6918 ~
149. CH,=CHCH,OH  204(1) 27 167. (PhCH,),NH 476t
150, c-HexOH 242(3) 27 168. PhNHMe 4520
151. C1CH,CH,0H 183(1) 27 169. Piperidine 706"
152. HOCH,CH,OH 224(3) 27 170. Pyrrole 3430
153. MeOCH,CH,O0H 238(4) 27 Tertiary~
154, PhCH,OH 208(3) 27 171. Bt N 650 35
155, PhOH 130(2) 57 172. PhiiMe, 422(5)9 -
156. HOOH 90? 173. Ph.N 460 60
igingylic 174, N-Me-piperidine 7277
== 175. N-Me-pyrrole 114 10
igZ' Eﬁgggﬁ i;;gzi ;Z 176. CHN 472(4) See Ref. 27
. Lj S 177. 2-Me-CgH,N 508(10) 58, 61



178. 4-Me-CoH,N 495(5) 7, 58, 61

179. 2,6—M92-05H5N 535 61
180; 2,4 ,6-MeCHN 531 61
181, 3,5—01205H3N 374 6
182. Quinoline 494(4) 7, 61
M. Sulphur_
compounds
183, Etzs 251 8
184, Bu,S 252(7) 21, 22, 26
185. MeZSO 362(3) See Ref., 27
186. EtZSO 360 8
187. i—Pr2SO 360 62
188. PhZSO 294 6
189. Sulpholane 157(1) This work
190 g&i;ﬁé?SEEyI 181 6
191. Me2804 aa 75 63
N. Miscellaneous
192. PhENO 422(8) 6, 64
193, MeiNO 467 40, 64
194, Et5P04 331 6
195. Ph3P04 232 6
196. 8i(0Et), 222(3) 6, 28, 29
197. MeSi(OEt), 237 29
198. B(OBu)- 222 6

Footnotes. As a rule, the B parameters presented in
column 1 are the averaged values (arithmetic mean) of the
best available literature values of In the paren-
thesis, the standard deviations of the latter are presented.

The A Vpypg~values for a large number of bases, not pre-
sented in Table, can be found in Refs. 5-9 and in the refer-
ences therein. See also footnotes to the separate classes
of solvents. ° By definition. ? See also Refs. 10-13. © cal
culated from the data of Ref. 23 using parameters of Eq.(3)
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8trevcning rrequencies of the X-H band of the proton do-
nors in the infinite dilution in the inert media can also
characterize the Lewis basicity of the corresponding pure
bases as solvents. The general basicity scale of +the most
typical solvents, derived according to Eq.(2), is presented
in Table 1.

It is interesting to compare the ¢;~JPhOH-parameters
with the analogous A Hx-values for the other standard

from Table 2 for the series 1. Calculated from the data
of Refs. 8, 24 using parameters of Eq.(3) from Table 2 for
the series 7 and 11. & Calculated from the data of Ref. 8
using parameters of Eq.(3) from Table 2 for the series 7.
Calculated from the data of Ref., 24 using parameters of
Eq.(3) from Table 2 for the series 1l. ' See also Refs. 13,
26-28. Y Measured in the present work. For experimental de-
tails see Refs. 23, 37. k See also Refs. 6, 8, 30, 37. 1See
also Refs. 39 and 40. T Measured in the present work as de-
scribed in Refs, 27, 37. The value given refers to the low-
er frequency (more 1nten51ve) maximum. A FhOH for
other maximum equals 208-5. The average from values 467
and 4759 is given. ® See also Refs. 6, 30, 38. P see also
Refs. 46, 47. 9 calculated in this work using the correla-

tion A\’PhOH=AJD +P! Gx(x)"’ PR Or for substituted nitri-

les XON (P *=-24.81%1.00; PrE-58.87%2.43; AV=151.8%1.4;
R=0.987, s=5.8; 31 statistical degrees of freedom). T See
also Ref., 53. S See also Ref. 37. K Calculated on the basis
of the linear rel&tionshipa'7 between AJPhOH values for
ethers and alcohols and Taft 6‘—constants. Y see also
Ref. 58. Y Calculated from Eq.(3) (Series 1 and 11 from Ta-
ble 2) using data from Ref. 24 and measurements in this
work (A\)MeOH=386 cm_l). ¥ calculated from Eq.(3) (Series
1 from Table 2) using the value cm ~ meas-
ured in this work. ¥ See also Ref. 6 and 61. Y Calculated
from Eq.(3) (serles 1 from Table 2) using the value

MeOH_431(cm )J 2 See also Ref. 62. 22 see also Ref.
28 and 64.
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protou donors HX in the same standard media (CClu) as wesl
&8 in the media of the pure bases (as a rule, Hx-values
were taken from Refs. 5-8, 13, 22-24, 33, 38, 65-,2). On
condition that all those frequency shift scales refer to
the standard inert media and characterize the Lewis basici-
ty of the corresponding bases it is evident that they must
be equivalent tc each other. Indeed, in all cases cousidered,

1

data of Table 2 evidence that A and AJDhOH-para—

meters are connected by the linear relationship® (see also
Refs. 6, 67, 68, 71, 73, 74 in a form of Eq.(3):
Table 2
Parameters of Eq.(3) for Various Proton Donors HX

. . Number
HX, Conditions a=s, b-sy r sk of
points

1. MeCH, CCl, -12%>  0.611%0.009 0,991 2.9 89

2. HC1; CCY, -10-17 1.610%0.094 0,990 5.3 8

3. t-BuOH, CCl, 813 0.446%0.017 0,989 3.6 23

4. 4-FC.H,OH, CCl, 54 1.005%0.015 0,998 2.2 27

5. Pyrrole, CCl,  -10%3 0.533%C.0i2 0,984 4.4 69

6. HCL in pure 81-14 1.265%0.078 0,975 5.5 15
base b

7. PhOH in pure 14-10 1.031%0.057 0,978 7.2 17
base B

8. Ph,NH, CCl, 0.3-2.3 0.314%0.008 0,985 4.8 50

9. PnC=CH, CCl, 9-3 0.207%0.009 9,973 5.0 39

10. PhOD. CCl, 918 0.630%0.031 0,985 4.5 15

il. MeOD in pure 30-2 0.382%0.009 ¢,987 3.2 54
base B

l2. HNCO, CCl, -3%8  1.246%0.039 0,994 4.7 15

13. =siom® 47-8  1.45820.031 0,995 2.2 28

14. PhOH, CCl, (1,0) (0) (1,0) (0) -

15. H*sB=~BH* 38%4,2 58500%1290 0.891 12 22

a Surface siianol groups. Frequency shifts are due to the
absorption of the base from vapor phase to the surface,
e By definition.
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.4CC1
Aqﬁx N PhOH 3

For some important baces for which the literature data for
LSJPhOH were rot available, Eq.(3) was used for predicting
the latter values on the basis of A\)Hx—parameters; The
calculated values are also included in Table 1. If, however,
AJHX—values refer to the non-inert, non-reference media
(e.g., to the pure base B), Eq.(3) should hold only on con-
dition that the contributions of nonspecific and eletro-
philic solvent-solute interactions in the gross solvent
shifts are negligible for the whole set of bases. Linear
relationships in terms of Eq.(3) (N°N° 6, 7, 11, 13, and 14
from Table 2) strongly suggest that this is the case.

One should pay attention to the approximate linear re-
Jationship between the A\)Phoﬂ--parameters and the gas phase
proton affinities (PA) for certain, not too extensive, set

of bases. One may hope that additional more accurate data
as for PA (weak bases) as well as for A‘,PhOH (e.g., amines)

make possible an unambiguous solution of the problem ubout

the relationship between the IR-shift parameters and
Brdnsted basicity of bases (see Ref. 66 for literature and
discussion).

Series N° 13 from Table 2 is also quite instructive
and suggests that the change from CCl, to the gas phase
does not tell oun the change of the relative basicity order
of bases. As it is expected73, the slopes b of Eg.(3) for
various HX depend approximately-limearly on the pKa-values
of these hydrogen acids in water. It once again evidences
the applicability of the rule of multiplying of the acidic
and basic factors75 75 for donor-acceptor interactions.

From the practical viewpoint it 1s important that Eq.
(3) hclds approximately also for AJOD(B—parametcrs of Refd.
1 and 2). Least squares treatment of the latter in terms of

For the CCl, mediun the ordinate a must equal zero.
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general four-parameter equzatiomj"2 for the solvent effects
A=A, +yY +pP + eE + bB )
which includes a new general basicity scale 4y)pnon 1DStead
of previous A\)OD=B-parameters and takes A=A‘)0D (Solvents
NeN° 1, 4, 5, 19, 25, 27, 34, 50, 52, 65, 66, 74, 75, 77,
78, 85, 8, 105, 106, 113, 115, 119, 124, 125, 132, 136,
139, 171, 172, 176, 177, 182, and 185 from Table 1 were in-
cluded) results only in a slight improvement of correlation
characteristics (cf. series N° 11 from Table 2):
AVop=(-0+3-7.1)+(11.4-7.2)Y+(71.2-26.8)P+
+(2.3-1.1)E+(0.395-0.010) AV ppon 5)

(=(€-1)/(&+2); P=(n2-l)/(n2+2); for E-parameters see Ref.
78; R=0.992; s%=3.0.

However statistically significant, first three terms in
the right-hand side of Eq.(5) have rather a low relative
weight. For example, for the maximum range of variation of
the A\’OD-parameter (289 cm_l; transfer from gas phase to
EtBN) the contribution of the bAA\)PhOH term 89 per
sent, whereas the relative weight of the pAY-term is ca.

1 per cent; the pAP-term ca 6%; the contribution of the
eAE-term is negligible. Even for the hypothetical base for
which all solvent parameters have their extreme values
(AY=0.96; AP=0.35; AE=21.8 and AA\)PhOH=650) the contribu-
tion of the bAA‘)PhOH term is of per cent. Therefore it
is evident, that as a rule, however not alwaysﬁ, the ear-
lierl’2 used B(AJOD)-parameters characterize in rather a
satisfactory approximation the general basity of bases, as
measured by A\)PhOH-values (new B-parameters).

However, on the reasons given above the preference
must be given to the latter parameters. Some applications
of the new B-parameters of solvents for quantitative corre-
lation of the solvent effects are given elsewhere79.

® It is possible to select certain pairs of bases (e.g.,
DMSO and aniline) for which the contributions of all four
terms of Eq. 4, 5 are of comparable importance.
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Extended Scale of Solvent
Electrophilicity Parameters
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An extended scale of the solvent electrophilicity
parameters has been suggested on the basis of recent
literature data on the ET-parameters of solvents.

Earlier, the solvent electrophilicity E-scale was de-
rived for several individual solvents on the basis of the
Ep parameters of Dimroth and Reichardt® > Later onu, this
scale has been expanded to the aqueous sulfuric and per-
chloric acids. In connection with the recent extension5 of
the ET—scale it is also expedient to extend the solvent1
electrophilicity scale (E) of pure media. By definition™,
the E-parameters are calculated as follows:

E=Ey-E -y -pP (1)

where Y and P are the polarity and polarizability para-
meters of solvents; the respective susceptibility values

y and p are estimated from the ET—data for propely selected,
only non-specifically interacting with N-phenolpyridinium
betaines, solvents.

As compared with our earlier workl a slightly modified
reference set of solvents for determination of the y and p-
—values was used. The following pure media were included:
hexane, cyclohexane, l,2-dichloromethane, l-chloropropane,

137
18



chlorobenzene, diethyl ether, dibutyl ether, di-isopropyl
ether, diphenyl ether, tetrahydrofuran, piperidine,
N,N,N',N' -tetramethylguanidine, triethylamine, pyridine,
quinoline, CC1,, nitrobenzene, benzonitrile, N,N,N',N'-
tetramethylurea, hexamethylphosphortriamide, fluorobenzene,
1,2-dimethoxyethane, iodobenzene, bromoethane, 1,2-dichloro-
benzene, and 1,1,2,2-tetrachloroethane. The dependence of
ET—parameters of these solvents on the characteristics of
nonspecific solvating powerx of the solvents can be descri-
bed by the following equation:

ET=(25.1011.06)+(14.8410.74)Y+(9.59i3.7o)1= (2)

R=0.974; s=0.78; s%=7

Within their reliability intervals, the parameters of Eq.
(2) are practically indistinguishable from those given in
Ref. 1. Taking into account Eq.(2), Eq.(l) can be rewritten
for the calculation of E-parameters in the more definite
form:

E=ET-25.1O-14.84Y-9.59P (3)

Since the present standard deviation s, s% of Eq.(2), and
reliability intervals of E&, ¥, and p-parameters are some-
what lower, as compared with the earlier work™ the E-values
(see the Table) calculated Dby Eq. (3) are characterized
by the lower uncertainty intervals.

Table
E Parameters of Pure Solvents as
Calculated from Eq.(3)
Solvent B Solvent 5
1. Hexane (0) 7. EtBr (0)
2. Cyclohexane (0) 8. EtZO (0)
3. PrCl (0) 9. i—PrEO (0)
4, 0014 (0) 10. BuZO (0)
5. CHC120H012 (0) 11. PhZO (0)
6. EtBr (o) i2. MeOCHchZOMe (0)

® y_(g-1)/(s+2); P=(n2-1)/(n2+2).
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Solvent B Solvent E

13, THF (0) 47. HCONH, 14.5
14, PhF (0) 48,  HCONHMe 11.9
15. PhCl (0) 49.  HCONMe, 2.6
16. PhBr (0) 50.  MeCONle, 2.4
17. PhJd (0) 51. MeCONHMe 9.9
18. PhCN (0) 52.  MeNO, 5.1
19. PhNO, (0) 53.  EtNO, 2.8
20. 1,2-Cl,C.H, 0 54,  MeCN 5.2
21. Piperidine (0) 55. BtCN 3.2
22. CgHoN 0) 56.  PhCH,CN 2.2
23%. Quinoline (0) 57. H20 21.8
24. CO(NMe,), (0) 58. MeOH 14.9
25. NH(NMe,), (0) 59. EtOH 11.6
26. P(o)(NMez)3 (0) 60. PrOH 10.6
27. Et3N (0) 6l. i-PrOH 8.7
28. 2,6-Me,CcH.N (Q) 62. BuOH 10.3
29. CClgMe 1.5 63. i-BuOH 7.4
30. CH2012 2.7 o4, sec-BuOH 74
51. CHCl, 3.28 65. t-BuOH 5.2
32. CH,CICH,C1 3.0 66. MePrCHOH 7.1
33. Me,CO 2.1 67.  Et,CHOH 6.2
34. MeCOEt 2.0 68.  PhCH,OH 10.9
35. MeCOPh 0.7 69.  HOCH,CH,OH 15.0
36. Cyclohexanone 0.5 70. MeOCHZCHZOH 12.5
37. MeCOPr -0.6 71.  O(CH,CH,0H), 12.8
38. MeCO(i-Bu) 0.1 72.  H,NCH,CH,OH 1o.ﬁ
39, ICOOMe 3.1 73%.  PhOH 13.7
40. MeCOOE% 1.6 74.  HCOOH 16.7
41. (MeC0),0 3.7 75.  MeCOOH 14.6
42, N-Methylpyrrolid- 76.  O(CH,CH,0Et), 1.0

-2-o0ne 1.3 77. 1,4-Dioxan 4,2
43. Lt,NH 1.2 78.  PhOMe 1.4
44, H,NCH,CH,NH, 2.5 . 79.  PhOEt 0.8
45, NH5 10.6 80. C6H6 2.1
46. PhNH, 6.2 8l. PhiMe 1.3
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Solvent E

Solvent E
82. 1,5,5—Me306H5 0.8 85. Me280 3.2
83. Ph(t-Bu) 1,2 86. Sulpholane 2.3

84. 2-Me-CEH4N =0.7

%E—values for the reference set of solvents are given
in parenthesis. bCalculated on the basis of the correlation
of the rate constants of the solvolysis of t-BuCl in various
solvents.

In addition to the E-values calculated from the first
time, the Table includes also the E-parameters calculated
over again from Eq.(3) for the solvents for which these va-
lues were reported earlier™. As a rule, for the latter set
of solvents, the E-values derived in the present work are
practically indistinguishable from those reportedl.

Some examples of the application of the present set of
E-values for the quantitative correlation of solvent effects
are given elsewheree.
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The more precise and complete experimental data
on reaction rates of HCl with absolute methanol, ethan-
ol, and 1-propanol and on conductivities of the solu-
tions of HCl in these alcohols are reported. In rela-
tively dilute solutions of HCl linear dependences of
first order rate constants on equivalent conductivities
of respective solutions were observed. These lineari-
ties are interpreted as confirmation of the mechanistic
scheme with rate limiting decay of ion pairs. The posi-
tive deviations from this relationship for higher con~
centrations of HCl in methanol were observed.

4
In our preceding papers »? the results of the investi-

gation of the kinetics of the reaction of HCl with absolute
methanol and ethanol as well as the results of a conducto-
metric study of respective solutions were reported. A cor-
relation between kinetic and conductometric data has been
observed., This relationship has been regarded as a proof
that the observed rate is proportional to the concentration
of ion pairs ROH; c1 .

This study is purposed to check the results and con-

141



clusions of those papers by using more precise apparatus
for conductometric measurements.

Experimental

Methanol (chemically pure), ethanol (rectified up to
95.5 per cent), and l-propanol (pure) were dried as
described elsewhere.” The solutions of HC1l in alcohols in-
vestigated were prepared as described previously.l For con-
ductometric measurements a device ERCP-60, construeted by
Reeben was used at frequency of 1590 Hz. The conductomet-
ric cells with non-platinized or slightly platinized elec-
trodes were used. Before each experiment the cell has been
sealed. The cell constants were determined at different
temperatures, and extrapolated to the temperatures needed
in measurement. For calibration the data reported by Noyes
and Melcher5 were used. The cells were thermostated by ul-
trathermostat U-8.

Below 70°C the thermostat was filled with water (ac-
curacy -0.,02°C in the inner vessel), in the range of 70 to
95°C with glycerol (-0.05°C), and in that of above 95°C
with oil (-0.15°C with glycerol in the inner vessel).

In conductometric rate measurements at temperatures
above 40°C the time-dependence of conductivity of the reac-
tion mixture was recorded by potentiometer EZ-4. Reactance
was compensated with help of a subdivided capacitor P-515.
The output scale was calibrated by means of a resistor
P-517 or P-517 M.

At lower temperatures (25 and 40°C) separate simulta-
neous compensations of reactance and real resistance were
carried out during each measurement. Thus, real resistance,
Rx’ of the solution in cell was equalled to the reading at
the resistor,

The effective conductivities, aﬁobs
calculated from the Rx values obtained.

The accuracy of measurements with respect to absolute
values was of 0.5 to 1 per cent.

(S?-l cm—l), were
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The initial fragment of the kinetic curve, conductivi-
ty vs. time, passes through a maximum, which reflects the
dynamics of the temperature equalization between the reac-
tion mixture and the heat-transfer agent.

Initial data for conductivity of the HC1l solution in a
given alcohol at a given temperature were found by graphical
extrapolation as shown in Fig. 1.

Fig. 1. An example of graphical
extrapolation for obtaining
the initial data for con-
ductivity of HC1l 0.0133 M
in ethanol at 75°C.

t denotes time in minutes.

TP

HCL 10°M I

Fig. 2. The N values for HCl solutions in ethanol
at 25°C as reported by several authors.
Hurray-kust and Hartley7
8
Ogston
Bezman and Verhock”
El-Aggan et al.lo

o@ bx O

present work
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Using these results of conductometric measurements and
taking into account the dependence of the conductivity on
the concentration of HCl as obtained from initial conductiv-
ities, the effective rate constants k (sec_l) were calculat-
ed putting them equal to the initial slopes of plots in co-
ordinates of /HCl/ and time (the method of initial rates).

The corrections resulting from the conductivity of
pure alecohol, poy, were introduced: € = acobs -X rom*

The equivalent conductivities of solutions investi-
gated were calculated accogding to_the formula:

A =1000 €/ fAc17 “t(g-equiv)~!

The comparision of the A values for solution of HCl
in ethanol at 25°C obtained in this study with respective
values from literature is represented in Fig. 2.

Rate constants at higher HCl concentrations
(/Hc17 =>o0.1 mol.l_l) were measured using titrimetric
techniques.

The results of measurements are listed in Tables

1 through 5. rable 1
able

Equivalent Conductivities 2. (G2 _l(g—equiv)_1
for Solutions of HCl in Absolute Methanol at 25 and 80°C

[HC17 25° 80° HC17 25° 8¢

(mol/1)x10° ™ N (mél/l)xlo3 N I
2000 - 68.4 54 132.5  183.9
1360 - 86.3 27 143.6  21l.4
849 - 101.0 13.5 154.4  225.2
750 - 104.0 6.7 164.8  247.2
493 82.3  113.5 3.3 1714 265.9
214 - 145.8 l.6 18l.1  279.5
108 119.3  164.2
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Table 2
Effective Rate Constants for the Reaction of HC1
with Absolute Methanol at 80°C
A7  kxx10° Me1l7 k x 10° /A7 x x 10°
(mol/l)x105 sec™1 (mol/l)xlo3 sec'1 (mol/l)x103 s.ec_1

3660 34,3 754 16.2% 4.2 1.67%#
2900 34.5 712 16.2 3.6 1.53%*
2750 33.7 447 15.3 2.7 1.29%%
1960 28.0 345 13.3% 1.9 0.91**
1400 23.1 144 10.8% 1.3 0.66%%
1280 23.3 99 9.50% 0.9 0.43%=
1070 21.3 55 7.85%

920 18.5 21.6  4.76%

¥ Calculated from data reported by Hinshelwood.6
¥ From our earlier reportz.
Table 3
Equivalent.Conductivities I\ (S? -l(g-equiv)- ) for
Solutions of HCl in Absolute Ethanol at Several Temperatures

(molfﬁgi{o3 25° 40° 60° 75° 100°
501 - - - - 31.5
212 - - - - 33.6
106 32.2 4.1 35.9 36.5 35.9

53 37.5  43.0 46.1 51.8 48.6
26.5 43.7  51.0 53.2 63.9 59.2
13.3 52.2 62.5 66.1 78.9 4.7
6.63 59.9 72.6 80.3 95.2 91.8
3.31 65.9 81.5 9.5  112.7 107.5
1.66 69.1  83.2 104.7  128.9 126 .4
0.83 71.6 89.3 114.2  139.1 149.5
0.41 4.5 90.9 118.8  148.7 164.2
0.21 76 .4 92.3 119.9  151.0 191.3
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Table 4

Effective Rate Constants for the Reaction
of HC1 with Absolute Ethanol at 75 and 100°C

[AC1/ 75° 100° (HC1l/ 75° 100°
, 3 6 4 3 6 4
‘mol/1)x10° kx103 kx10y (mol/1)x10° kx103 %10
secC séc sec sec
501 - 1.7% 3.31 5.1 1.1
106 - 1.6% 1.66 3.8 0.81
53 9.9 1.5 0.83 2.9 0.72
26.5 8.8 1.4 0.41 - 0.51
13.3 7.9 1.3 0.21 - 0.38
6.63 6.3 1.2

® Pitrimetric method

Table 5
Equivalent Conductivities (5 _l(g—equiv)_l) for
Solutions of HC1l in Absolute l1-Propanol and Effective Rate
Constants for the Reaction of HC1l with Absolute l-Propanol

at 110°C
7 k /uc17 k
(lnl/l)xlo2 A sec™! (mol/1)x10 e sec™t

41.8 - 4 % 1,11 20.0 3.7
18.0 12.6 y 0% 0.56 25.5 -
9.0 12.4 4,1 0.28 35.6 3.1

4.5 13.5 4.0 0.14 49,9 2.7
2.25 16.5 - 0.07 62.0 -

® Pitrimetric method
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Discussion

The results obtained confirm the conclusionl_3 that
for the reaction between HCl and absolute alcohol the ef-
fective value of the first-order rate constant, k,is smaller
at lower concentrations of HCl (for illustration see Fig.3).

20

HCl 10 M

Fig. 3. Dependence of the effective rate
constant k for the reaction of HC1l
with ethanol on the concentration
of HC1l

O at 100°C
0O at 75°C

If this phenomenon is interpreted as a sign of proportional-
ity of the observed rate to the concentration of ion pairs
ROHZ-Cl (see Refs. 1-3,6) and it is assumed that the de-
pendence of k on the concentration of HCl is caused by
the change in the degree of dissociation,d. , of these ion

1-3 we can write:

X = (1—d~.)ko and = 7\'/7\,~

consequently,
-2 (1)
o _7\“\,}"

k =k
where ko denotes the rate constant for the conversion of
ion pairs into the reaction products. If the linarity (1)

pairs
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between k and A is held the values of k, and and,
consequently, N\ a could easily be determined from respec-
tive values at the intercept and the slope. From the coef-
ficients of linear regressions in coordinates k,A and in
the range of [HC17ss 0.7 mol/l the respective k, and A~
valuese were calculated and listed in Table 6. Eq.(1l) is
held well at these HCl concentratioms.

Table 6

Values of ko and J\v Calculated from Parameters

of Eq.(1). /HC17 < 0.7 mol/l, r - Correlation

Coefficient, SD - Standard Deviation, n - Number
of Experimental Points

Te -
pera- o N T SD n
ture,

°C

System

CH50H+HCI 80 (2.47-0.06)10-4 279.0-3.9 0.994 0.06 12
02H50H+H01 75 (1.4130.02)10:2 175.2-1.7 0.997 0.03 7
02H50H+H01 100 (1.87—0.02)10_4 234.2%4.,1 0.996 0.03 10
CBH70H+HCI 110 (4.59-0.06)10" " 11l.4¥5.,4 0.992 0.08 6

The N~ value is usually obtained making use of lin-
ear extrapolation in coordinates or Vc. The compar-
ison of the Aw values calculated from parameters of Eq.(l)
with those obtaimned from the extrapolations is represented
in Table 7. It is obvious that the values of A obtained by
these methods are different. This problem has been discussed
by several authors (see, e.g., Ref. 17).

Eq.(l) represents a correlation between two independent
series of experimental data. Such a correlation indicates
that the kinetic and conductometric data are related to one
and the same physical object. According to the interpreta-
tion given above the observed values of k is proportional
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to the fraction of dissociated and the value of - to
the fraction of undissociated ion pairs.

Table 7
Comparision of the Values of Calculated Using
Eq.(1l) with Values Obtained by Linear Extrapolations in
Coordinates X\ ,\//HC17 and N\ , 1 ZHC17

Tem- A~ from
Alcohol ggiz- linearity linegrity
°C Eq.(1) on \Zc17 on | fHC17
CHOH 80 279.0-3.9 307.5%1.9 332.6%0.9
C,H50H 75 175.2%1.7 154,734 .2 173.0%3.2
G HgOH 100 234,23 .1 206.6%8.9 234.3%9.,9
C 5H,OH 110 111.4%5.4 77.1%.0 95.6%6.8
CH;OH 25 - 190.9%2.0 200.5%3.1
C,H-OH 25 - 78.2%0.5 84.720.6

But one should keep in mind that the mechanistic
scheme represented and Eq.(l) corresponding to this scheme
are consistent with experimental data only at relatively
low concentrations at HCl. For the best illustration of
that are the data for methanol (see Fig. 4).

One can see that the linearity in coordinates k,Jv is
broken at higher HCl concentrations and the value of k even
exceeds the ko value obtained by the extrapolation wusing
the data at lower HCl concentrations. Such a trend in +the
dependence of k on I\ cannot be explained proceeding from
accepted theory of solutions of strong electrolytes. There-
fore an attempt to interpret this inconsistance will be
presented in a separate report.
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20

10

100 200

Fig. 4. Plot of k vs. J\L for the reaction
of HCl with methanol at 80°C.
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The equations for AHJ(298°K,g) of free radicals
r'R%R%ce , R1R?Wm , R10+ and R100+ are derived from PPL
and the concept of l?—interaction. Standard deviations
for the correlations are considerably smaller than
errors of experimental AHg values for such compounds.
The available experimental data for heats of formation
do not confirm the hypothesis of hyperconjugational
stabilization of alkyl radicals. The AHg values calcu-
lated on the basis of relationships derived are recom-
mended as the "best" estimates for true formation
enthalpies of radicals R'R°R°Cs , R'R°Ne and R'1Or.

The earlier developed conceptsl—5 are here used for
the analysis of the relationships between the chemical
structure and heats of formation, AHg(298°K,g), of free
radicals RR2R°C., R'R2N., R'0+, and R100s; R* is any alkyl
substituent or H. There are a lot of contradictory data for
AHg of such compounds. Therefore it was decided to analyse
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all experimental data® which were considered as the indepen-
dent estimates of true heats of formation with random and/or
systematic errors.

The Radicals R'RZRICs

The AH% values for suchlradicals, as well as correspond-
ing quantities for alkanes R R2R5R405 are assumed to be de-
scribed by the PPL6 using the interaction parametersl B‘f .
In this case the following correlation should exist

2 aEQ(RRZRZC) = 8 + 8, 5 Y +

+ + aBD Pty (1)
where AAHO(R'RZR’C:) = AHSR'RPRPC ) - 2 AHQ(R'H) and
a8y =lf('CH2). The coefficients 841 85 and a3 should satisfy

the following requirements: a, = AHS(°CH;), and a, = ag, be-

cause of the conditionsu' a, = CXT and a3 =o(;, where o(r is
characteristic of interaction © between the substituents.

It was found that the AHg values for 9 of 11 alkyl ra-
dicals can adequately be described (See Table 1) with equa-
tion (1). Moreover; the limiting condition a, =¢3Hg(-CH3)
really fulfils, while a, = 8z = 0. Therefore in the limits of
accuracy of AHg values the following relationship should
exist

2aH°R'R%R%C.) = a_ + &) Zl Pert) (2)

As seen from Table 1 and Fig. 1, equation (2) describes

AHg values for 9 alkyl radicals with accuracy which  ex-

ceeds the uncertainties of experimental data. The deviations

of points for (02H5)20H- and (CH5)BCCHé perhaps can be ex-

plained by systematic errors in the corresponding experimen-
tal data.

*

The AHg values for these radicals are listed in Table 2.
Close values for the same radicals are averaged. The
values well described by the derived equations are under-
lined in Table 2.
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48

44

_AAH, (R *)

kcal/mol

12(15.8)

Fig. 1. The relationships
between  AnHO(R'RZRIC: )
or_ A}_Ig(RlR Ne) and
2 Y@®Y); O - the data
of Golden D.M. et al.:1'5;
{ - the data of Kerr
J.A.16; 0 - other data.
1. CHy ; 2. CH,CHy ;
3. CoHsCHp 3 41 (CHy),
5. n-C;H7CH2~;
6. (CH,),CHCHZ ;
7. CZH5(CH5)CH';
R
- Rt 1~ R
11. (CH5)500H£ ; 12. NHé;
13. CH,NH¢; 14. (CHz),N*

CHO H

Fig. 2. The correlation be-

tween ) and (.P(Ri)

for alkyl radicals: 1. CH5' H

2. CH3CH2' 3. 02H50H2';
(CHB)ZCH'; Se n-CBH'?CHé;
(CH5)2CHCH20 3
02H5(CH5)CH0 : (CHB)sc' 3
(02H5)2CH-;

10. (CH) CCHZQ;

11. C2H5(CH5)20-'; 12. cyclo-

hexyl; 13. cyclopentyl;

14, cyclobutyl; 15. cycdo-

propyl
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Table 1
The Calculated Parameters of the Correlation Equations (1), (2), (#4), (6), (8) and

(9) for the AH2(298°K,g) of Pree Radicals® R'R°RC°, R'R°N", R'0°, R'00°
Compounds  Eqns a, a, a, ag n r(R) 5q
R R°RC (1) 33.6840.98 2.36+0.33 0.04+40.13 -0.0240.06  9° 0.9999  1.01

(2)  33.0041.01 2.3940.15 11° 0.9821 1.80

33.6540.52  2.39+0.08 9 0.9965 0.88

(4)  3%4.2940.93  1.18+0.48 - - ¢ 0.9904 1.40

(e 31.56+1.75  2.39+40.15 1% 0.9842 1.79

R'R2N" (8)  48.0341.86  3.4040.37 3¢ o.9942 2.04
40.33+0.37  3.12+0.07 3° 0.9997 0.41

RO (9) -11.35+#1.81 7.67+0.57 8 0.9836 0.69
R'00° =7.37+4.39  7.95+1.32 3 0.9865 1.34

a

For the alkanes the AH§(298°K,g) values accepted by Stull et al,

b Without of the points for (CHB)BCCHZ' and (02H5)20H' radicals.

¢ Por all the alkyl radicals considered here.

d

e

The data accepted

The data from the paper15 of Golden D.M. et al.

6 by Kerr J.A.

/

are used here.



On the other hand, the following good correlation (see
Fig. 2) was found

B0p(R, ) = (22.36+1.67) + (7.3040.54) (3
n=12; r = 0.9737; 8y = 0.81 kcal/mol

This correlation considers the unpaired electron of ra-
dical center as a certain substituent X (by analogy of mono-
substituted alkane52 RiX). The point for de-
viates from equation (3) in the same direction as that from
correlation (2). Such a fact apparently confirms the con-
clusion of systematic error in the value for this radi-
cal. For cyclohexyl radical, as well as for cyclobutyl radi-
cal, one of two (see Table 2) known values is descri-
bed by equation (3). In the same time deviations of the
points for cyclopropyl and cyclopentyl radicals apparently
are random.

The correlation (3) seems to be somewhat formal be-
cause of differences8 in the geometry of the alkyl radicals
Ri and the corresponding substituents Ri in alkanes and
their monosubstituted derivatives. The parameter a, of equa-
tion (3) is the measure of ability of the unpaired electron
to take part in the qLinteraction, and parameter is its
additive contribution to the heat of formation.

The Problem of Hyperconjugational Stabilization
of Free Radicals

It is assumed8 that one of the reasons for the relative
stability of (CH3)3C- is its stabilization by the hypercon-
jugational interaction between the H-C~bonds and the un-
paired electron. If the hyperconjugational contribution is
well described by the cirhydrogen-bonding mode15'11, the
equation (4) should exist for the formation enthalpies of
alkyl radicals:

aaHQ(RTRRICH) = 8y + a4y ZPED + b T R @)

where n;(Rl) is the number of o{~-H-atoms in the substituent
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Rl. The condition h< 0 is required by virtue of the stabili-
zing nature of the hyperconjugation (see Ref. 11-14). Equa-
tion (4) should take the form (2) in such a case only when
its parameters are closely correlated., Indeed, there is a
close correlation between these parameters. Moreover, an
excellent correlation™ (5) is found

Sng(RY) = (-12.7040.98) + (1.84+0.09) TY(&Y) +

+ (4.2340.35)0%(C+) (5)
= 11; R = 0.9987; 8g = 0,18 kcal/mol
where nH(C-) is the number of H-atoms at the radical center.
The following model calculations were then made. On the
basis of equation (4) and assumptions: ao=34.0 kcal/mol,
a1=3.0 and n=-0,5;+0,5;-2.0;+2.0 kcal/mol, values of
AAHO(R]'RER}C ) were calculated for 11 alkyl radicals.™®
Then the possibilities to correlate these quantities and the
corresponding parameters S (‘P(R ) only were investigated.
In the case of h = +0. 5 kcal/mol a good correlation of
the type (2) is really observed for all radicals considered.
In the case of h = +2,0 kcal_/mol the relationships between
AAHf(RlRZRBC ) and ]._Z'-P(R'L) split into the sets of the
parallel lines (see Figs. 3 and 4). Each of such lines is
occupied by the points for the radicals with the same num-
bers of H-atoms at the radical center. Therefore the corre-
lation (6) should exist because of the relationship (5)

asB°(RIRPR7Ce) = ay + a3 T YRY) + ayny(Ce)  (6)

As seen from equations (5), (6) and Figs. 3 and 4, the
slopes of the parallel lines depend on the sign of the para-
meter h, It is evident that in the case of h< 0 the correla-
tion (2) for all radicals considered here should be worse
than in the case of h»O0.

¥ por the radicals which are listed in captions of Figs. .. .
3 and 4.

¥% por the radicals which are listed in captions of Figs.
3 and 4.
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Fig. 3 and 4. The correlations in the cases of the
hyperconjugational (h = -2.0 kcal/mol) and "anti-
hyperconjugational™ (h = 4+2.0 kcal/mol) interactions
between radical center of alkyl radical R1R2R30~

and pl -H-C-bonds of the substituents Ri (the results
of model calculations). 1l. CH; 3 2. CH3CH2°;

3. CszcHé; 4, (CHB)ZCHc; 5. 02H5(CH )CHe ;

6. (CZH5)ZCH<; 7. (CHB)BCCHZ'; 8. (CHB)ZCHCHé 3

9. (CH5)30v; 10. (C2H5)BC.; 11. CZHS(CH3)200

Now let us assume that the values for (02H5)20H¢
and (CHB)BCCHé contain any considerable errors. In such
case there is an analogy between Figs. 1 and 4, but not be-
tween Figs. 1 and 3. Indeed, equation (4) with h=1,50+0.58
kcal/mol holds for all alkyl radicals listed in Table 2.
Thus one would have to assume that instead of hyperconjuga-
tion there is a destabilizing interaction in the alkyl radi-
cals. The contribution of such an interaction is well de-
scribed by the modelg_ll of the hyperconjugation. But the
point for (02H5)2CH- deviates from this correlation in the
direction of additional stabilization. Experimental data for
other alkyl radicals are not available up to date. Therefore
the correlation (4) should be considered as rather a formal
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one arising from the correlation between the parameters
(BY), = ny®Y), and ny(c ).

The radicals RleN-

The values for such radicals are well described
(see Fig. 1 and Table 1) by the equation
aaBSRIEPN ) = ay + 2y TRY) 7
where aj = A ) and a, = But there are two

parallel straight lines for the 4H. values, one for those
found15 by Golden D.M. et al., and another for those accept-
ed16 by Kerr J.A. Therefore the data for one set have some
systematic error. We assume the data chosen16 by Kerr J.A.
are closer to the true values of the N-radicals. These
data fit considerably better equation (17). Moreover, for
the radicals NH.e and -N(CHB), these values coincide  well
with these accepted17 on the basis of a wider compilation.
As one can see from equations (2) and (7), a linear relation-
ship between the values for R"R°Ne and RlRZCH- can
be formulated. It was done as follows

aaH ORARMNe )=(-2.7740.94) +(1.27+0. 02)x aAH$ (R'R%E-)  (8)

Sy = 0.% kcal/mol
The radicals R0 and R0Or

Such compounds can be considered as monosubstituted al-
kanes RX with X = O¢ and 0O¢. Thus, their AHf values
should be well described by the equation

AAEER'X) = ag + a) Y (RD) (9
where a,= AH(X) is the additive contribution of X to f,
and a,= \P(X) is the measure of the ability of X to take
part in the %Llnteractlon The correctness of such a
hypothesis is evident from Fig. % and Table 1. The point
for R*=H considerably deviates from the correlation in the
direction of destabilization.

Discussion
The present results demonstrate the applicability to
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AAH(R'0)
201~ kcal/mol
(023)
-8 3t3)
(-21.9) [ (
0 2 3 4
Fig. 5. The relationship between A ) and

(RY)=; 1. H.; 2. CHzs 3. Collgs 4. n=C3Ho;
5. (CH3),CH; 6. n-Cyllg; 7. i-C Hg; 8. s-C,H
9. t-C,H.

the radicals of the concepts

9?
15,18 developed earlier for
compounds with saturated valence only. The interactions of
substituents in the radicals considered here are well de-
scribed by the ?—constants although the latter were found
from the heats of formation of alkanes. This fact once more
proves a wide range of the applicability of the formal inter-
action type related with chonstants for the alkyl substi-
tuents, The correlation (3) and its adequacy witness to the
proportionality between the energetic characteristics of al-
kyl substituents and the corresponding radicals. The corre-
lation also shows that the interaction between the unpaired
electron and the rest of the alkyl radical R can be con-

gidered as formally homogeneous with the interaction be-
ween corresponding alkyl substituents R and the substi-

tuent CH3. The hypothesi58 of the hyperconjugational stabi-
lization of the alkyl radicals has nc confirmations on the
basis of the available experimental data (and their accura-

161
21



cy) for the heats of formation of such compounds. The devia-
tions of the points® for (CoHg),CH+ and (CH,)4CCHe from cor-
relation (2) can also be discussed on the basis of correla-
tion (6). For the latter it is assumed also that an addi-
tional destabilizing interaction occurs in the alkyl radi-
cals, and its contribution to Aﬁg values is proportional

to the number of the H-atoms at the radical center. Such an
interaction has the formal analogy with interaction observ-
ed5 for alkenes and alkynes.

The main sources of experimental data for the AHS of
radicals are16’1q 20 mass spectrometry and kinetics of homo-
lytical reactions. For the analysis of the results of such
experiments various simplifying assumptions are used. They
lead to a vagueness in the Aﬂg values for the radicals
(see Table 2). The standard deviations for correlatioms (2),
(8) and (9) are considerably smaller than the uncertainties
for the AHg values correlated. Therefore, these correla-
tions can be used as additional criteria for the choice be-
tween altermative experimental data. On the basis of these
correlations the enthalpies of formation are calculated for
the radicals R1R2R3C-, R1R2No and Rioo . The calculated val-
ues are also listed in Table 2, It can be thought that these
quantities are the "best" estimates for the true heats of
formation of these radicals. The uncertainties of the values
calculated can be regarded as equal to those used for the
correlations. On the basis of correlations (2) and (8) the
Aﬂg values can be calculated for any radicals R R2R Ce and
R'R"Ne with branched R substituents® . Equation (9) can be
used for the calculations of thermochemical data for the ra-
dicals R0+ and R'00+ with any alkyl radical for which the
\P—constant is known or can be calculated (estimated).

® The absence of large errors in the AHE values for these
eompounds is assumed.
he A H., values for the radicals with strongly branched
substitlents Rl can deviate from correlation (2) in the
stabilizing direction as it takes place’ for the alkanes
R ¥ R’R"C.
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Table 2
The Enthalpies of Formation of Free Radicals (298°K,gaseous state, kcal/mol)

b b

Radical Aﬁg a n° Ref. A galc Radical AHg a n Ref. a“g. galc
i 2 3 4 5 1 2 3 4 5
CHB’ 34,041 2 16,17 33.7 (CHZ)QCHC 61+3d 1 20,16
31.5 1 21 (CHQ)BCH' 51.151.0 1 29
32,0 1 22 49+3 1 16
30,642 1 23 (052)405' 22+3 1 16
CH3CH2l 25.7+ 1 2 16,17 25.2 (CH2)5CH' 12+3 1 16
CZHSCHZ‘ 20,9+2 2 16,23 21.5 1548 1 26
18.9 1 24 HENI 4442 1 30 40.3
(CHB)ZCH. 17.641 1 16 18.1 47,2 1 15
n-CBH7CH£ 17.5+2 1 16 16.4 40+2 1 16
16.8 1 25 #.642 1 17
(CH3)2CHCHé 13.8+2 3 16,20,23 13.2 CHaHN' 34,342 1 16 34,7
02H5(0H3)0H0 12,6+2.,4 4 16,23,26 13.0 3042 1 17
27 45,2 1 15
(C2H5)2CH' 4,742 1 23 9.5 48+2 1 30
(CHB)BCE 2.7+1.3 4 16,20,23 8.1 (CHB)ZN. 29, 3+2 1 16 29.1
26,27 28+2 1 17
0235(CH3)20' 4,9+2,0 2 23,26 4,5 5142 1 30
(CHB)BGCH2. 7342 2 16,23 9.7 38.2 1 15



1 2 3 4 5 1 2 3 4 5
HO« 7.8 1 7 (CHy),CHOs  -18+4 131,34 -15.7
9.3+41 1 16,17 -154+2 1 16
8.9 1 3 -12.6 1 17
CH,0¢ 0%3 4 31(3),33° 1.4 1-C, HyOr -17+2 1 16,34 -16.4

34 i-C Hg0e  -18+2 1 16 -17.9
2.5¢2 3 16,17,20 5-C,Hg0r  =2042 1 16 -19.0
-3 1 33 -21.9+0.0 2 17,31 —o4.4
C,Hg0e “8.343 4 31(3),34  -5.7 -23.7+4 3 31,34,16
-6.0+2 4 16,17,31 HOO+ 5+2 1 16
-5.1+2F 4 CH300¢ 6.7 120
n-CH,00 =12.0+43 3 16,31,34 -11.8  C,Hc00¢ -1.6 1 20
-15.6 1 31,34 t-C,Hy00r  -19.2 1 20

a For the AHf values averaged here the greatest uncertainty interval for the individual
Hf values is placed. For the values from literature the corresponding uncertainties
are quoted. The AHf values here underlined are used for the calculations of the corre-
lation parameters. These values are considered as the most reliable ones. In Figs. 1,

2, and 5 the light circles correspond to those values. b The number of experimental
values used to calculate the average in Columni2. The value from quoted reference is
brought if n=1. © The Aﬂg values calculated here from correlatiomns (2), (8), and (9).
d The \j-constants for (CH2)20H and (CH?) CH taken do to equal the mean (?—value for
the cyclohexyl and cyclopentyl substltuents. € wBest" value aHf(CH 0 )=0+3 kcal/mol.

£ The averaged value proceeded from data -4 and -5-1; -7-2 -4-1,0 ; for which see
Refs. 20 and 31.
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UDC 541.124,7:541.11

VERIFICATION OF EXPERIMENTAL ESTIMATES
OF BOND DISSOCIATION ENERGIES

B,I, Istomin
Insgtitute of Petroleum Synthesis at Irkutsk
University, Angarsk, 665813%

The simple test (1a) for the verification of the
experimental estimates of bond dissociation energies,
D298’ is constructed on the basis of the enthalpies
of formation for the dissociating compounds, The test
is made use of for the analysis of the experimental
data for 87 bonds in various compounds, For 58 of the
bonds the best estimates for true dissociation ener-
gles are selected, The real accuracy for most of such
estimates is +1 kcal,

For a variety of well-known reasons1"3, the experimen-
tal estimates of bond dissociation energies, D298' have,

as a rule, great uncertainties and often contain conside=
rable systematic errors, However, the methods for verifi-
cation of these estimates are not developed for the moment™®
although the Dgga values are the main source for the estima-
tion of /\Hf values for free radicals, On the other hand,
the great scope of self-consistent experimental information
for the heats of formation, ;(298°K,g), of organic com-

®Second address: Chemical Department, Irkutsk University,
Irkutsk, 664003

*®®one such method, however, exists, It is based on the com-
parison of different /\Hf estimates for the same radical
A when thoge estimates are derived from different b298
values for various bonds A-X;, The method requires the
DHZ(X) values should be well known o That is possible for
only a few radicals.
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pounds is now accumulated, These data are considerably more
accurate than the estimates of Doge.

The simple method of verification of experimental esti=-
mates for the bond dissociation energies may be constructed
bearing in mind the trivial interrelationship between the
properties D° and ZSH;(298°K,g). Indeed, the dissociati=-
on energy, nge(xi-yj), for the bond between any X; and
any Yj should satisfy the identity

o o o o
D (xi-Yj) - D°(X;-H) = D (Yj-H) a =D 98(H-H) -
o () o
- AHR(X,Y5) ~AHG(X;H) = AHP(Y~H) (1)
In practice it is more convenient to make use of the coordi=-
nates of equation (1a) for the analysis of the D298 2stima~

tes, This is the linear equation with a priori known parame-
tera: a = -Dgga(H-H), and b = -1,0,

£§Z§D°(xi-y1) = D°(xi-Yj) - D°(xi-H) - D°(YJ-H) =
= a4+ b[zlﬂf(xin) - AE°(x,H) - £§H°(YJH5] (1a)

Let us assume now the [3H?(298°K,g) values for any con-
pounds X.Y ., XiH, and Y.H are known with high precision,i.e.
the condition s(ZSHg) s(Dggs) fulfils, In this case the
deviation of any /\/\D°% point from the straight line
(1a) will indicate the presence of an error at least in one
of the D°(X;-Y,), D°(X,-H), and D°(Y,-H) estimates., The ccm-
plete compensation of errors during the calculation of the
AAD®, _(x,=Y.) values seems to be improbable, Hence the
/\/\DO(xi-yj) points should be at random distributed around
straight lime (1a) if the errors in the D° estimates
are of random nature,too.

In Table 3 the experimental data are presented for
dissociation energies of g9® single bonds in such compounds
only for which the experimental /\Hg values are known,When
several experimental D298 values are known for the same

Epor the CH,CO-H and H~CN boads t' calculated D° values are
here used (see Ref,
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bond those aure considered to be the independent estimates

of the true ngs values, These estimates may contain random
end/or systematic errors, The uncertainties for most of ex-
perimental data for Dggs are assumedj to be +2 kecal, So

when the individual estimates for the sesme bond differ from
each other by 4-~5 kcal,the averaged one is quoted in Table

3 as the more true estimate of the real Dggs value, The ex-
perimental D29B egtimates for the same bond are often sub-
divided into some groups, In such cases the averaged va-
lue for the every group is qucted in Table 3 despite the
fact that the difference between these mean ones may be less
than 4-5 kcal, For the D°98 values averaged nere, the ercors
of the separate measuring are quoved in Table 3, The ther-
mochemical data of Good4 are used for the isomeric pentanes,
end the those from a compilation5 for the rest of alkanes,
For the most of other compounds the ZSH (298 X,g) values
earlier selected6 -1 are here used, For the compounds which
were not considered by us earlier, the thermochemical data
are taken from the original wocrks (see Table 3),

For the H--Xj bonds in simple ccmpounds the bond disso-
cilation energies, Dggs’ used here are quoted in Table 1,
These values are calculated from the heats of formation for
corresponding atoms, radicals, and compounds, The

Z&Z&nga(xi-Y ) values for 69 various bonds Xi—YJ with¥®
H were calculated with the help of data from Tab-
les 1 and 3, The relationship between thcee ones and the cor-
responding values of [SHf(XiY )qﬁSHf(x H)qllﬂf(Y .E) are
shown on Fig,1 ®% vhere the point for DO(H-E) is also outli-

®Mhe test (1a) degenerates in *rivial identity for x,,Yj = H,
®%The corresponding points for the HO-Cl, and HO-Er
bonds are not shcwn, The former one lies into the interval

of +4 kcal, and the others lie into the interval or +2 k:al
for the straight line (1a),
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N D’(X¢-Y))-D"(X¢-H)-D°(Yj-H)

_&A,_* °
\\:\\}}:\\ H-H

=110}

-120f °0°\ ™

AH; (Xt Yp)-AHp (XH)-8Hp (YH)

Pig,1. Graphic verification of the experimental esti-
mates for dissociation energies,D,ggs Of bonds X,-Y.,
The full 1ine is the ideal relationship (1a) y = =104,2-
= X; the dash lines are the uncertainty intervals of

+2 kcal, and the dot-and-dash lines are the correspond-
ing intervals of +4 kcal for theoretical relationship.

@ - the dublicated (see Text) AAN® values,
(Gaseous state, 298°K, )
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ned, The straight line (1a) must pass through this point,

" Table 1
Bond Dissociation Energies, DSSB(H-Xi), in Some
Simple Compounds HX. (kcal, gaseous state)

(o]
|l | Dogg [H ~ X; | Dygg ()
H-H [104,2 | 52.,1% |H - I 71,3 25,5 °*
Ha-F |135,6 | 18.1%P 5 - on | 119.2 9.30s¢

H - C1]103,2 | 29,1%®(5 - su| 91,7 19,6
H - Br| 87.5 | 26,7%'°|H - NH, 104,7 | - 40" ®f
8Prom the compilation12 Pone ZKHO(HX ) values from Ref.6
°The AH°(X,) values from Ref, 3. &r% 18 caloulated with
the respect to S (g). ®the AHS (HHZ) value from Ref

fSee also Ref,

If we assume the uncertainties of D°(X "Yj)’ D°(xi-n),
and D° (Y,~H) estimates are — +2 kcal (see Ref.a) then the
uncertainties of the Z§Z§D298 values should be1J within
the limits of +4 kcal, As seen from Fig.1, the z:zxnzga
values for 58 various bonds xi-YJ (xi,Yj # H) lie indeed
in this interval around the straight line (1a), Moreover,
the corresponding values for 43 of those bonds lie within
the range of [=2; +2] interval, It corresponds'® to the
uncertainties of +1 kcal in the D° estimates used for the
calculat¥on of such ZXZSD 298 values,

Hence, the titting of the [S[XD 298 values within the
"error corridor" of +2 kcal for the straight line (1a) may
be considered as the practical' test for the verification
of corresponding estimates for dissociation energies of the
XYy, X -H, and Y,-H bonds, The D°(xi ¥4), D o(x 4-H), and

i

Brhis té:?iis somewhat weakened because it assumes the rela-
tively small errors in the experimental estimates of bond
energies are possible, The rigid test must require the selec
tion of those ANAD® values only for which the correspond-
ing points will lie on the theoretical straight line

y = =104,2 = x (see Eqne.(1) and (1a)),

171



DO(YJ-H) estimates used here for the calculation of the euch
A/\D° values should be cousidered as the best estimates
of the true dissociation energies for the corresponding
bonds, The D° values selected in this way are underlined by
straight lines in Table 3, The D°(xi-2j) values (for

# H) underlined in Table 3 by wavy lines correspond
to those /\/\D° points which lie within the [12;+4]
and [~4;-2] intervals around the theoretical line (1a),
The [§Z§D° points blacked on Fig,1 are the aiternative ones
to those for the same bonds which lie within the [=2;+2]
interval, Such points arise when for the same bond several
alternative experimental D, 8 egtimates unaveraged by us
are considered, Thus, the test (1a) allows the choice of
the best estimate to be made between alternative ones for
the dissociation energy of the same bend,

The results of the correlatiop in the coordinates of
Egn.(1a) of the /A/A1° values for the +2 and +4 kcal in-
tervals are summarized in Table 2,

Table 2
The Coefficients of Eqn,(1a) for the Selected

Values of Zlé}Do(xi-Yd)
Yerror a
corridor® a b n r 8,
kcal kcal
b} ~104,59+0.35| =0.99+0,02 | 43 [0,9938| 1.28
+ -105,28+0,40| =0,97+0,02 | 54°{0,9877 | 1.65

®The standerd error of the regression, bWithout the con-
sideration of AAD(CFy~CH,) and ANDP(CH10-CH,) . The
deviations of these points from the regrecsion derived
are greater than those allowed by specified risk level
of 5%,

For the [—2;+2] interval, the regression coeffici-
ents do not differ significantly from the corresponding
theoretical values (see Table 2), Hence, there is the ran-
dom distribution of /\/\D® points within the interval,
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.Such distribution arises because the errors of corresponding
estimates for the D°(xi-yj), D°(X;-H), and DO(YI_]—H) are ran-
dom tco, For the [-4;+4] interval, the regression
coefficlent a differs significantly from the theoreti-
cal one o The distribution of ADAAD° points in this inter=-
val is usymmetrical one (see Table 2) because the EA;-Z]
interval is mcre crowded (see Fig,1) than that of {+2;+4].
From the analysis of the totality of /\/\D° points within
the [-2;+2] interval it is obvious that the D°(X.-H) and
D°(Y,-H) cstimates are more accurate, as a rule, than those
for bonds Xi-Y witk Xi’zj # H, Thus, the prefferential de-
viation of [Lleo(xi-Yj) points downwards®from the theo=-
retical line y = =104,2 = x, but not upwards from it,can
arise when the Do(Xi-Y.) estimates here used are smaller
than the true dissociation energy for the bond Xi-Yj.The pos—
sible reasons for such understated AAND° values may be
the overstated estimates of the activation energies for the
reverse reactions in the case of metathetical reactions or
the neglect (see, as example, Ref.3) of temperature correc-
tions ir the case of activation energies for pyrolytic re=-
actions,

The verificational test here proposed is not the universal
one, As example, it is not applicable to the estimates of
dissociatlion energies for the bonds C=N and C=S in nitrocome
pounds, sulphones, and sulphoxides, However, this test is
not also only possible one, A large number of identities
which are similar to Eqn.(1) may be constructed for various
substituents 2 (as example, Z = CHB’ OH, etc,)

D2(Xy=¥;) = D°(X3-2) ~ D(¥y-2) = = DO(2-2) -
~{AE%(X3Y5) = AE°(X52) - AEO(Y,2) ] (3)
The applicability of those identities for the verification
of various experimental estimates for bond dissociation ener-

%1t ig obvious that the deviations of most of /\/\D°(xi-yj)
points (see Table 1, the blacked points) for the alterna=-
tive DO(Xi-Yj) values have the same direction,
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Tahle 3

Experimental Estimates of Dissociation Energies, Dogas for Bonds
(gaseous state, kcal)
o [ v b 0 ) a b
¥ x Y| D2(Xy=vy) ' n® Ref, ¥2| x, Y, |D (xi-yd) n°| Ref,
1 2 3 4 5 6 1 2 3 4 5 6
1 H H |104,2° 7 13 |oN H 129 + 3%
2 CH, H |103,0+1,0 |7 [16-23 14(CcHy | H 104,5+2,4% | 4 [48-51
3 CoHg H | 97.6%0,8 (216,18 110,141.3 |4 [52-55
4 n-CyH, H 98,640,6 |2 (16,25 15 [CNCH,, | H 86 + 2° 1 |56
5 1-C4H, H 94,5%0,0 |2 (19,26 >19 1 |57
6 H | 90,640.9 (3 [16,19,27 | 16 |CH,0 |H 100,5+2,1% |2 [3,58
T CHyaCH H |103,8+1,8%|2 (28,29 17 |[cHO |H 89 + 4° 2 |59,60
8 (CHy)cn | H 94,58 80,2+2,0 |3 [61-63
(cH;)CB T4.T 1 |64
9 cHyCo H | ss + 29° 18/cC1, [H 92,243,2F |4 [44,65-67
e
10 CH,=CHCH, | H | 86.2+1,87|2 (30,31 19|0gHq4 | H 94{5 2 (68,69
11 CEHyCH, |H 84,770,6%|3 |32-~35 20 [CH,CL | H 97 1 |66
TT¢5 136 88 +5 1 |44
90,0 137 21 [cHC1, | B 92f 1 |66
12 cpy H |10642+0,3%|5 [20,39-42 75 + 2 1 |44
103,540.4 |4 (4346 22(CBry |H 96,0+1.69 |1 |70
109 1 (a7 23 |CH, CH, 87.5%2,2 |8 [72~T9




1 2 3 4 5 6 1 2 3 4 5 6
23cH,4 CHy | 80.271.2] 2[80,81 38 I CH, 54,971,5% [5[21,110.113
69 1|82 39 Er CHy | 67_F 0,0%|3|114~116
24 |CHs CHy | 83.5+2.1]| 2|72,83 40 CH,0 cH; |81 1]60
6702 1)84 41 oH CHy |902 1117
25 CHy | 8643 1|85 42 SH CHy 671$ 2 [1[118
26 |1~C,H, CHy | 81,641,5 | 4/86-89 43 HH, CE; |91 1]119
27 [¥~C Hgy CHy | 80,6+2.4 | 3|86,90,91 44 CgHSCH, czn5 68,5+0,5%|1 (32
28((CH,),CH |CHy | 8141 1|92 5745 1120
(033)03 . 45 CHg CoHg 86,3 1|85
29 |CH,=CH CHy | 8548 1|93 78 . 1121
94,0 194 46 C,H I 52,0+144™ (6 [112,115,122-
30{CH,CO CHy | 69.9+1,65 5/95-99 ~125
31|CH,=CHCH, | CH; | 6046+242 | 2(100,101 45,0 1125
69.5+2,0% 1 |102 47 CH, c1 83 77 1126
32|CeHCH, |CHy | 63,2° 1/103 48 CH, Br 651 1| 126
69,9+0,7 | 3 (32,104,105 | 49 CoHg OH 90 1117
33 |CP, CH, 99,7+2,0%| 1 (106 50 CEHsCH, |n~C3H,|66,141,6° |2 (32,127
34|cH CH; [104,6+0,6% 2(107,108 51 CH,C0  [CH,CO [66,670,8" |2 [128,129
35 |C¢Hg CH, 91® . 172 52 CN CN 145 T 6™ |[1[131
36 |CNCH CH, | 72.7+1.4%| 1|56 125 + 8 [1[132
37(c1 2 CH; 80 1{109 53 CHO CHO T1.,5+0,3™ |1 134




1 2 3 4 5] 6 1 2 3 4 5 6
54[1C3H; |1-C3Hq | 76.0 1[92 74|CF, c1 | 80.3+1.0 |2(137,155
55|t=CaHg | 1-C3Hq | 73,0 186 75|cglisCH, 01 | 70,0F  [2156
56 |t=C 4Hg t=C,Hg | 6845 1]86 76|CcHsCH, |Br | 51 + 18 3,139,157,158
57 OH,=CHCH,| 1-C4Hy |~54,5% | 1[135 T7|CgHsCH,|T | 39.5+0.7% |2 115,161,162

i PP

58 [1~C5H, 46,1 1[112 43,7 1112
59 |CH,=CHCH,| t~C Hg | 65.5° | 1136 78|CgHgCH, | NH, | 59.4+0,6%|2 (163,164
60t-CHy [T 45,1 1112 79 cGH5 ofsH |53 +2F (1118
61(ccl, c1 68 + 1]43,137 80|CcH,, [T | 49.2" 1|168
62 ccly Br 49.5° 1]43,116 81|n-C,Hg |1 | 49.0" 1112
63 |CH,CHaCH,| Br 47.5+2,0°|1 {139 82|n~CqHy |I 52,0+2.8% 2 [112,169,170
64 |CH,=CHCH,, | T 39,0P 1112 83|cHyCO [T | 50.7% 1171

35 - 37 [1]115 84|CH,C1 |Br |61.0" 1116
65 |CH,=CHCH, | C1 59.3F  |1[140 ss|cHCl, |[Br |53.57  |1[116
66 |CH,=CHCH,, | CH,=CH | 56,0% 1[143 86 |CBry Br | 49.0 11116

CHq 45,6 1]144 56.241,8% |1 (70

67 |CgHs Br 70,9% 11146 87|CHCl, |I | 42.47 1 168
68 |CgHs I 55,5+2,1% |2 (112,115|  88|0H c1 |60 + 3y 1173
69 |CgHs CFy  [103,632,57 [1 147 89 [oH I |56 +3% [1)173
70 |CgHs CeHs |81 + 8% (1]149 90 |OH Br |56 +3% [1)173
71 cp, CFy | 94.4+4.0T11 150,151 91(wm, |, |54.08 |1 f175
72|cF, P 129,.3+2,0% |1 1106 60 +4 |18
73 [cF, Br 70,040,7F |5 [152-154
74 |CF, cl 86,140,871 154




8For the D298 values averaged here, the errors of the se~
parate measuring are placed, For the literary values the
corresponding uncertainty intervals are quoted, bThe num-
ber of experimental D° values used here to calculate the
average one which is brought in Column 4. The value from
quoted reference is brought if n=1, ®see Table 2, dCalcu-
lated, see Ref.3. €The Z§H°(298°K,g) value from Ref.7.
tTheZﬁHf(g) value from the compilation in Ref.11. 81t is
accepted in Ref.3. hThe Zkﬂg value from the compilation in
Ref.8, lrhe [§Hg(g) value from the compilation in Ref
JFor ZSH?(CHBrB) two estimates are known: 4 kcagl (See Ref13)
and 10 kcal(See Ref11). The former assumes to be more reli-
gble, kThe AHES value from the compilation in Reflo.
1AH.(2)2~78.4+0.3 kcal is the mean of the values from Ref.
5,13 | Doy, [&Hg value from our compilation in Ref, 2>,
n[}Hg=-10.0+1.5 kcal is the mean of the values -8,9 (See
Ref, ©7) and ~11.0(see Ref33®) keal, °AHI(£)=11.8 kcal
from Ref, . p[XHg(g)=22.9 kecal from Ref142. QZle(g)s
=20,0 keal from Ref.'*’, */AH3(g)=~167.0 kcal, the estimate
selected148 by Kolesov, sZSHi.(g)= 19,4+0,8 kcal is the me-
an of the values from Ref, '’ ’160. Yhe AH%(g) = 14 keal
is the value calculated from ZSH?(I): 2,0 (See Ref.1 ) and
/\H°. The latter is estimated by Klages' method165; the
value of tb from Ref.167‘ UThe deviation of experimental
estimate of AH; from the correlation AAH?(RiI)s £(
(See Ref,” ) is more than the corresponding confidence in-
terval, The [§Hg(C6H11I,g) value aere used is calculated
on the basgis of the former correlation, The constants
and AH; are taken from Ref.s. V'AH?(3)= 12 kcal (See Ref.
™). "AH%(g)= ~31.2 keal (See Ref. ''2) , *AHI(g) =
= 19,5 is the mean from the values' '+ 138, y[&Hg(g)=
2-21,2 kcal is the mean from 3 values (See Ref.174).
ZThe [ng(g) values are taken from Ref. '?, 6)\Hg(z) a 22,8
kcal (See Ref.g) . The Szwarc's results on pyrolysis
(See Ref,!)
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gies will be only limited by the accessibility of the ther=-
mochemical data for compounds » X2, andYJZ. The prac=
tical test based on Eqn.(3) will be applicable to the esti~
mates of D°(C=N) and D°(C=-S) for nitrocompounds, sulphones,
and sulphoxides when Z = CHB' as example,
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THE BASICITY OF SOME PHENOIS AND NAPHTHOILS
N.A.Sakharova and B.I.Stepanov

Moscow D,I.Mendeleyev Institute of Chemical
Technology, Moscow

Received March 28, 1974

The basicity constants of 8 aromatic hydroxy
compounds in agueous solutions of sulphuric acid have
been found by the spectrophotometeric method. It has
been established that the dependence of the PK, of
polyphenols on the Hammett G-constants in nonlinear.
Depending on the mutual arrangement of hydroxyl
groups in the molecule of a base the conjugate acid
is in one of the possible forms (oxonium compound,

G- and ﬂ'-complexes).ln the case of asymmetric po-
lyphenols it has the structure of a gl—oomplex.

In studying the azo coupling of 1,2-diazonaphtols
with phenols and naphthols in sulphuric acid solutions we
supposed that the course of this reaction depends sub-
stantially on  the behaviour of the azo component. At the
same time, no data were available in the literature on the
basicity of asymmetric polyphenols and naphthols, except
for phenol [I] and phloroglucinol [2] .

In this connection, we have studied the basicity of
1,2-, 1,3-, 1,4-, and 1,2,3-polyhydroxybenzene derivatives,
I- and 2-naphthols, and 2,7-dihydroxynaphthalene.

The basicity of compounds (I-VIII) was determined
spectrophotome trically [3] in aqueous solutions of sulphu-
ric acid at 25 + 0.5°C. The values of the acidity function
(H,) for these solutions were determined on the basis of
data reported in the literature [4] .

As a result of preliminary experiments,it has been es-
tablished that in sulphuric acid solutions with concentra-
tion of up to 80 per cent the spectra of phenols do not
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change with time, i.e., no sulphonation or any other pro-
cesses are observed under the selected conditions.

To check the procedure chosen we measured the basici-
ty of phenol, its pK, being found to be equal to -6.69;
according to literature data [I] the pK, of phenol is
-6.74.

According to investigations reported in the litera-
ture [5,6] the protonation of weak bases proceeds by the
following scheme:

B-SH,0 + H+xH20=B...H+nH20 +(8+x+10)E0 (D

B...H'nH,0== BH' + nH,0 ©)

These authors have found that the spectrophotometric
me thod may be used to determine the constant of the equi-
librium corresponding to the Bronsted scheme:

B+ H == pu* 3

The outcome of this is that the slope
of the dependence of log —TEI- on Ho is equal to 0.79
(Pig.I) and not to unity as it might have been if the ob-
Jects under study were true Hammett bases.

Table I presents the values of pKa for the hydroxy
compounds studied, which were calculated from the formula:

PE, = H_+ log .L?E_%T_ )

By analogy with the correlative dependence of the va-—
lues of pK, on G (the Hammett or substituent constants)
established earlier for amines [ 9], we made an attempt to
estimate the dependence of pKa values of polyphenols on

-values. Fig.2 shows the arrangement of points for poly-
hydroxybenzene derivatives.
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TABLE I The Basicity Constants of Some Aromatic
Hydroxy Derivatives

Phenol Amine PK,
I  Phenol -6.69+0.05 Aniline 4.58 [7]
II Pyrooatechol -5.73+0.02 o-Aminophenol 4.73[8]
III Resorcinol -=5.194+0.04 m=Aminophenol 4.30 i8]
IV Hydroquinone -6.21+0.05 p-Aminophenol 5.65 [g]
Vv  Pyrogallol =5.93+0.03
VI I-Naphthol -5.72+0.02
VII 2-Naphthol -5.60+0.03
VII 2,7-Dihydroxynaphtha- -5.59+0.03
lene
IX Phloroglucinol -3.86 [8]
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Fig.2 Thedependence of the values of pxa of some
polyphenols on O (the Hammett or substituent
constant)

It turned out that if the protonation of asymmetric
polyhydroxyphenols proceeded with the formation of an
oxonium compound, as has been found for phenol [1], then
the point corresponding to the parameters of the latter
would have been on a single straight line with those of
(II1)=(V). Besides, the changes in the basicity of phenol
caused by the introduction of hydroxyl groups into it
would probably correspond to the changes that occur in
aniline when hydroxyl groups are incorporated into it (see
Table I),

On the other hand, it has been established earlier
that the protonation of phloroglucinol and its ethers in-~
volves the formation of a (O-complex, which accounts for
such a sharp increase of the basicity upon introduction
of two hydroxyl groups into the phenol molecule at the me-
ta-position [2,10] . The deviation of the point of phlo-
roglucinol from the straight line (II-V) is a proof that
this mechanism of protonation is also inapplicable to
agymme tric polyphenols. On the strength of this,we think
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that the protonation of compounds of the II-V type is ac-
companied by the formation of a -complex, which is also
supported by small changes in the band intensity of the
electronic spectra taken in sulphuric acid solutions in
the region close to PK,.

Experimental

Sulphuric acid solutions were prepared from chemical-
ly-pure grade sulphuric aoid; their concentration was
checked by potentiometric titration using a fIM-60M po-
tentiome ter.

A weighed sample of the substance under study
(I-2 mg) was dissolved in the corresponding sulphuric
acid solution in a 25-ml measuring flask, After an hour
a cell (1 cm) was filled with this solut ion and ther-
mostated for 30 minutes at 25+0,5°, Then a spectrum was
taken on the interval between 230 and 280 nm with a spectro-
photome ter (C¢ -4a), and after an hour the measurement
was repeated.

The values of pK, were calculated after Haldna (3]

The values of Hammett O —constants were taken from
the literature [I1] .
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REACTIVITY OF COMPOUNDS WITH DIARYIMETHYLOL GROUP

XV. IONIZATION CONSTANTS FOR N-( B -OXYETHYL)- AKD
K-( P-ARYLOXYETHYL) AMIDES OF DIARYL GLYCOLIC ACIDS

V. Shkliayev and Yu. Chupina

Perm Pharmaceutical Institute, Perm
Received April 17, 1974

Ionization of N-( B-oxyethyl)- and N-(_p-aryloxy-
ethyl) amides of diaryl glycolic acids has been stu-
died by spectrophotometrical method. It was shown that
in the range of 60 to 70% of the H2304 concentration
stabilization of the carbonium carbon atom by unshared
electron-pair of the oxygen atom in the ether group
exerts influence on the ionization of the N-(“p-phen—
oxyethyl) amides. In case of weakening nucleophilicity
of the latter the stabilizing effect vanishes.

It is known that in some reactions substituents may
influence the stabilization of transition state or interme-

diates by means of full or partial of reaction centre.Nume-
rous examples of such a influence are described in the works

of Winstein et alia [I]and other authors[2].
In the process of studying of acid-base interaction

In the process of studying the acid-base interactions
of compounds containing diarylmethylol groups [3,43 we
made an attempt to find out how these interactions are in-
fluenced by an oxygen-containing group introduced inJ6 -
-position of the nitrogen-containing radical in N-alkyl-

amide of diaryl glycolic acid.
For this purpose three series of compounds of a com-

mon formula (R - )2—8—CONH(CH2)20R were studied.
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These series differ from each other by substituents
at the oxygen atom :

R=H; R=H (I),p-CHsz (11),m~CH4 (III),p-CH(CH3)2 (1v),
p-CH30 (V),p-Czﬂso (Vi),p-F (VII),p-Cl (VIi1i),p-Br (1X)
(the first reaction series).

R=06H5; R=H (I),p-CH3 (XI),p-CH30 (III),p-02H50 (xI111),
p-F (XIV),p-Cl (XV),p-Br (XVI) (the second reaction
series).

R=p-C1C¢H,; R=H (XVII),p=CHy (xvIII),m-CH; (XIX),
p-CH(CH;), (XX),p=CH;0 (XXI),p-C,Hs0 (XXII),p-F (XX111),
p-Cl (XXIV),p-Br (XXV) (the third reaction series).

Halochromy is characteristic of compounds with diaryl-
methylol group [5]. Halochromy of compounds of the second
reaction series (X-XVI) has the particular character. Thus
at high concentration of H,S0, halochromic colour appears
immediately after mixing the solutions X-XVI with HZSO4.
Being not stable the colour of solutions of compounds X,XI,
XIV-XVI disappears very soon.

If we dissolve these compounds in 60-70% H2504 the colo-
urless solution gradually acquires a steady colour and its
intensity reaches its maximum in two or three days.Spectral
characteristics of solutions of compounds X-XVI in H2504
of different concentrations are listed in Table 1. It is
noteworthy that }max of compounds X,XI,XIV-XVI,depending on
the H2504 concentration, are either close to each other
(60-70% H2504) or distinguish essentially by their value
and approach to the -Rmax value for corresponding compounds
I,11,vII-IX,XVII,XVIII,XXIII-XXV. It may be connected with
different character of stabilization of carbonium ions in
solutions of H2804 of different concentrations.

By spectrophotometrical method in systems HZSO4 +4% of
H,0 (A) and (96% H2504+4% HZO) = CH3COOH (B) for compounds

xSyntheses and constants of these compounds are to be found
in the journal "Chemistry and Chemical Technology (in print).
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Tabdble

I

Electronic spectra of N-( 8-oxyethyl)- and
N-( B-aryloxyethyl) amides of diaryl glycolic acids

( R- <::> ) 2C(OH)CONE(CH, ) ,0R

N System (B) System (A)
comp. R R' 60-70% H,S0,
‘max e Jnax
II H p-CH3 520 4.53
Iv H p-CH(CH3)2 520 | 4.54
v H p-CH30 544 4.72
VI H p-02H50 550 4.81
VII H p-F 498 | 4.40
VIII H p-Cl 540 4.60
IX H p-Br 580 4.40
X CGHS H 514 4.00 490 354
XI 06H5 p-CH3 514 4,22 490 3.88
XII CGHS p—CH30 540 4.41 540 4.65
XIII 06H5 p-02H50 540 4.46 540 4.80
XIV CGHS p-F 496 4.26 490 4.03
XV C6H5 p-Cl 550 5.18 490 4.40
XVI CGHS p-Br 580 4.98 490 4,32
XVIII p-ClCGH p-CH3 506 4.58
XX p-ClCGH p-CH(CH3)2 516 4,46
X1 p—ClCGH p—CH3O 540 4.83
X711 p-ClCGH p-02H50 540 4,92
IXIII p-CICGH p-F 488 4,56
IXIV p-CICGH p-Cl 556 4,67
xxv p-0106H4 p-Br 580 4.81
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X-XVI indlcator relations (Q) are determined and dependan-
ce of 1g Q from the acidity function Hp for the mediunm [6] has
been studied.The parameters of correlation 1gQ a-pHp are
calculated by means of the least-squares method (Table 2).

Tn the system (A) at the Hp range from -9 up to -II.26
the average of the slope of the regression line,the parame-
ter "¢" for compounds X,XI,XIV is close to unit (I.030).

All these compounds have equal lmax value (490 nm) and

they remain stable over the whole range of HB‘ For compounds
unds XV and XVI in 70-75% of HZSO4 (HR from -I1.52 up to
«12.82) '2max are not constant and change from 496 to 506 nm
and that is why the determination of the above-mentioned
dependence loses its meaning. However,in 84-92% of 32804
)max become constant and parameter is close to unit
(1.049).

In the system (B) at concentrations of H,,SO4 from 42
to 70% the quantity "g" for the compounds X,XI,XIV,XVI is
considerably different from wunity (0.443), though for XII
and XIII, which have strong electrodonor substituents
(p-CBao— and p—cznso), "¢" equal 0.997 and I.025, respective-
1y. "The behavior of XV and XVI at high concentrations of
32804 is analogous to that described for system (A).

Such behavior of compounds X,XI,XIV-XVI in solutions
of 112804 indicates that under the certain acidity of envi-
ronment for some compounds the acid-base equilibrium is
complicated by some additional effect. The same
Phenomenon was observed earlier in studying the ionization
of di-(p-anisyl)- and di-(p-tolyl)alkyl carbinols[7].

As in compounds X-XVI there are some groups unequal
by their basicity, it may be suggested that., depending on
the acidity of the environment different protonated forms
take part in equilibria.

The most important of them are listed in Table.

For example if the acidity is rather low (up to 50%
H2504) compounds XII and XIII form an equilibrium system
consisting of forms "a" and "b" which is charactirized by
the constant K [4].
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PTable
Parameters of correlation

2

a -EHB

tor B-( B -oxyethyl)- and N-(p -aryloxyethyl) amides

of diaryl glycolic acids (t=20*1°C)
- ( B- ) ,C (OH)CONH(CH,) ,0R
R The interval| Sys-
comp. R R of acidity |tem -a
I 2 3 4 5 6

II H p-CH, -10.75-12.8I| B 12.239
v H P-CH(CHg), | =10.75-12.8I| B I1.785
v H p-CH50 -5.10-6.54 | B 6.037
VI H p~C,H0 -5.10-6.54 | B 5.811
VII H p-F -12.8I-14.52| B 12.299
VIII | H p-C1 -15.43-17.24| B 16.945
Ix H p-Br -15.15-17.24| B 15.632
X Celg H -9.70-I1.26 | A 10.396
XI CeHs p-CH, -9.I8-11.26 | A 9.873
XII CgHs p-CH0 -5.87-7.06 | B 6.190
XIII | CgHg p-C,He0 -5.59-6.70 | B 6.673
XIV Cgls p-F -9.70-I1.26 | A 10.829
xv Cells p-C1 -15.71-17.24| B 17.396
XVI Cellg p-Br -15.71-17.24 | B 17.323
XVIII | p-C1C4H,|p-CHy -II.40-I3.23 | B 10.270
xx p-C1C¢H, | p-CH(CHy), [ ~10.75-12.81 | B 11.957
XXI p-C1CH, | p-CH;0 -5.87-6.70 | B 6.120
XXII | p-CICgH,|p-C,HO -5.59-6.54 | B 54373
XXIII | p-C1CgH,|p-F -I1.73-13.64 | B 13.576
XXIV | p-C1CgH,|p-Cl -I5.15-16.20 | B 14.050
xxv p-C1CgH, | p-Br -15.15-16.20 | B 18.244
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Table?2 (continuation)

. | -8 -pxg - a n
comp.
7 8 9 I0 I1

II I.022 11.985 0.999 0.030 7
Iv 0.989 II.91I6 0.998 0.043 7
v I.025 5.890 0.988 0.078 6
VI I.040 5.587 0.999 0.022 6
VIiI 0.872 14,120 0.997 0.038 6
VIII I.038 16.326 0.988 0.I00 6
IX 0.961 16.266 0.993 0.078 7
X I.021 10.1I82 0.997 0.065 5
XI 0.987 10.003 0.991 0.098 5
XII 0.995 6.220 0.997 0.083 7
XIII I.025 6.5I0 0.986 0.066 6
XIV I1.083 10.330 0.998 0.040 5
XV I.028 16.922 0.993 0.069 5
XVI I.069 I16.204 0.999 0.027 5
XVIII 0.847 12.I30 0.994 0.058 6
X 0.984 I2.1I51 0.998 0.042 6
I 1.017 6.020 0.986 0.050 5
XXII 0.972 54530 0.992 0.042 5
XXIII I.098 I12.360 0.997 0.057 6
XIV 0.904 I5.520 0.997 0.026 5
v I.I33 16.100 0.995 0.042 5

198




Scheme

Acid-base equilibria for N-( A-phenoxyethyl)
amides of diaryl glycolic acids

H (-H,0) .
ArC~G-NH~CH,~CH,~0~C¢Hy ———— Ar,C~C-NB~CH,~CH,-0~CgHg
HO © (a) K 0 (b)
(-B.0) 2H
40CgHg
+ +
Ar,C~C~NH-CH,~CH,~0-C¢Hy Ar,C Taz
=C CH,
/ '
NH
(d) (c)
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Under such conditicne other forms must practically be absent
because the acidity of the medium [8] is too small for
the formation of form "d" and the formation of form "c" is
impossible due to insutticient electrophilicity of carbonium
ions. All this is confirmed by the fact that Rmax of solu-~
tions of these compounds in H230 have the same value as
the basic amides of diaryl glycolic acids B]. Besides the
point for compound XII on the diagram showing the relation-
ship between the Taft -constants for substituents at amide
nitrogen in substituted amides of di-(p-anisyl)glycolic acid
and pKR+[9], lies near the regression line which means that
the oxygen atom of ether is not protonized.

When the acidity is higher (up to 70% 52804) in water
solution the equilibrium is established slowly - during two
or three days and probably includes the forms "a","b", and
"c". Due to low concentration of ions "b" in the medium of
such acidity the accumulation of ions "c", which can be
followed spectrophotometrically, requires much time. Ion
"c" is more stable in comparison with ion "b" because the
specially favourable electron pair of oxygen atom takes
part in this stabilization.

The evaluation of the concentration of ions "d" based
on Arnett data on simple ether 8 allows to draw a conclu-
sion that in 70% H,50, the share of ions "d" is not more
than 0.0I ¥ and so their influence on equilibrium is very
little. However, in the medium of 75% and somewhat
higher, the concentration of ions "d" is more considerable
and its presence in the system influences the equilibrium
of compounds XV and XVI.

All this explaines the shift of A___.

When the acidity is high (84-92% 32804) the protoniza-
tion of the ether oxygen is so full that the formation of
ions "b" and consequently ions "c" becomes impossible (com-
pounds XV and XVI). Obviously, in the system the equilibri-
um "a"BY + B, -rmdn o4 H,0 is established which cen be quan-
titavely characterized also by the constant K.

It may be suggested that the ions of compounds X,XI,
XIV-XVI in 60-70% H S0, have both electrophilic and nucleo-
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philic centres active enough, and that is why the latters
can interact with each other through space. All this decrea-
ses the substituents contribution to the stsbilization of
ion charge as it is confirmed by the dsts of UV-spectrs
(Table I) and by increasing ionization constsnts by some po-
werds of ten in comparison with corresponding compounds of
the first and the thi.,d reactinn series.

In the first and the third reaction series ionization
in goes without any peculiarities observed at the
compounds X,XI,XIV-XVI (see Table 2). Here the average slo-
pes (8 ) are close to unit (0.992 and 0.995 respectively).
The pKR values correlate well with the electrophilic Brown-
Okamoto constants (Table 3).

Table 3
The parameteis of correlation pK_ ve.G "
Resction series ~ P* PKp+ s n
I. 06996 -5.96 -I4.96 0.44I 6
2. XII,XITI,XV,XVI 0.997 =5,7I -15.03 C.395 4
3. 0.98I =-5.45 -I4.39 0.750 7
The parameters of correlation between pKR+ and +,

determined in system (B) for the compounds XII,XIII,XV, and
XVI of the second reaction series and also for the first
and the third series show that under the reversible acid-ba-
se interactions the main part in siabilization of carbonium
ion is piayed by the substituents in diarylmethylol group,

In the case of compounds of the first reaction series
the basicity of the primary alcohol is such that under con-
ditions of the expepiment it must be practicalliy fully pro-
tonated [I0] and as a result of that, the oxygen atom hss no
nucleophilic properties. In the third reaction series the
nucleophilicity of this atom lowers the I-effect of the
chlorine atom in the para-position.

Experimental

For specltrophotometrical measurements the compounds by
means of the repeated crystallization were brought to puri-
ty corresponding to the interval on the melting temperature
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less than 1°,and were kept in exicator under pressure of
20 mm Hg. The UV spectrophotometer SF-4 has been used at
20-1°, Determinations of maximum and equilibrial values of
optical densities for the solutions with unstable halochro-
mic colour were carried out as reported earlier [4].

10.
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The kinetics of the interaction of various substi-
tuted arylsulphonic acid anhydrides with aromatic
amines in nitrobenzene at 25° was studied. The data ob-
tained on the dependence of the transition state struc-
ture upon substituents in the reagent molecules were
discussed from the point of view of the '"reacting
bonds"™ rules in terms of a simple single-stage substi-
tution mechanism. The change in the position of the
transition state at the reaction cordinate has been
shown to be mainly due to the interrelation structures
of nucleophile and the acyl portion of the substrate.

With a view to obtain information about the change in
the nature of the transition state depending on the struc-
ture of reagents in the reaction of nucleophilic substitu-
tion at tetracoordinate sulphur the kinetics of reactions
of various substituted arylsulphonic acid anhydrides with
aromatic amines in nitrobenzene at 25° was studied.
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Ric6H4 - SO0

0 + 2NH,— C(H R, —> products QD)

Ricsn% - 802
The feature of tne reaction series in question con=-
sists in a simultaneous change in three structure frag-
ments usually varied in the nucleophilic substitution re-
actions; nucleophil®: structure, that of leaving group and
that of the acyl portion of the substrate. The reaction

rate under cunsideration was found to obey a seoond-order
kinetics 1 ., The rate constants (subscript in ki. refers

to the series of reactions with varying substituent in both
the anhydride and aryl amine) are suumarized in Table 1.

Tke correlation of the rate constants with the para-
meters, characterizing the substituents in reagents waa
carried out in accordance with the equations

-] (-]

© o
1g kij = lg ki° + ,9 6, (3)

where 93 and ?i are sensitivity constants of the individ-
ual reaction series to the substituents R, and R. char-
acterized by inductive constants 6: and GJ in the case of
j~th arylamine and i-th anhydride, respectively.

The correlation parameters of tne data in Table I ac-
cording to the equations (2) and (3) are listed in Table 2.
It follows from these data that the sensitivity of reac-
tion (1) to the structure effects of the attacking nucleo-
phile ( ) increases when the electron-withdrawing
substituents are introduced in the molecule of arylsulpho-
acid anhydride, i.e. as i1ts reactivity increases. On the
other hand, the sensitivity of reaction (1) to the varia-
tion of the arylsulphoacid anhydride structure‘Pﬂ (8imul-
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Values ef

Table 1

Anhydrides with Aromatic Amines in Nitrobenzene at 25°

J.10J ¢ l/mol'sec)*) for the Reaetion of Substituted Arylsulphonic Acid

375" 3—“02—
H N 3~C1 N (COOCHJ)Z- N }—N02 N 5=C00CHy |N
#—CH3 91.6 + 2.3| 6 12.3 + 0.3 6 4.77 + 0.16]6 | 1.62 + 0.05|7| 0.36 + 0.05|6
H 311 + 5 71 25.6 + 0.8 | 5 10.2 + 0.9 |6 |3.69 + 0.10|8| 0.68 + 0.05|5
4-C1 1360 + 10 7 140 + 4 6 44,1 + 0.5 |5 12.7 + 0.6 [5] 2.90 + 0.10]6
J-No2 - - 796 + 12 4 185 + 2 5] 33,4 + 2.3 |5
Values of k, . are listed with standard deviations. N ia the number of points.
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Correlation Parameters of the Rates of the Arylamine

Table 2.

Acylation by the

Arylsulphonic Acid Anhydrides with the Substituent Constants ( §°, 5‘1)
Eqns. (2) and (3); r - Correlation Coefficient

According to

Parameters of Eq. (2)

Parameters ot Eq. (3)

g

R‘1 1g kcJ ‘PJ r Ry ko Py r
H -0. 53+0. 004] 2. 74+0. 05 | 0.994 | 4-CH -1.034+0, 004 | -2.45+0.05 | 0.9995
3-C1 -1.59+0.03 | 2.54+0.03 | 0.998 H -0.530+0. 004 | =2.75+0. 04 | 0.9998
3,5-(COOCH3)2 =-1.97+0.02 | 2. 6040.13 | 0.997 | 4=C1 0. 135+0. 050 | -2.83+0.05 | 0.999
J-NO2 -2.43+40.01 | 2.40+0. 04 | 0.998 | 3=NO 1.49 +0.04 -3.11+0, 18 | 0.998
3-N02-5- =3.10+40.02 | 2.27+0.13 | 0.997

COOCHJ




taneous change in the acyl portion structure and that in
the leaving group) decreases as the electron withdrawing
substituent is introduced in the molecule of the aoylated
amine, l.e. as its reactivity decreases. Hence, some inter-
action occurs between the structure effects of the substit-
uents, respectively in acyl portion and those of the leav-
ing group of the arylsulphoacid anhydride Ri,on the one
handyand the substituent effects Rj in arylamine,on the
other hand.

Let us consider the data obtained in terms of the
applicability of the "reacting bonds" rulesﬂ>ﬂ , which pre-
dict the substituent effects on the transition state struc-
ture in bimolecular nucleophylic substitution reactions.
Recently in our laboratory, +the interaction of the
substituents in reactions of acylation of arylamines by
acyl halides of substituted benzoic acid derivatives has
been studied {4, 5. This is an illustration of applicabil-
1ty of the above-mentioned rules to nucleophilic substit-
ution at the unsaturated (carbonyl) carbon. The works of
Rogne [6, ﬂ on the influence of the reagent structure
on the nucleophilic substitutlon reactions at the unsatu-
rated sulphonyl sulphur (interaction of substituted in ring
derivatives of benzenesulphonyl chloride with arylamines
[6) and pyridines [7] of various structure) were published
almost at the same time. In the foregoing works E, d the
influence of suhstituents in nucleophile and substrate mo-
lecules on the transition state structure 1s discussed.

A priori two kinetically hardly distinguishable me-
chanlsms are possible for the bimolecular nucleophilic sub-
stitution reactions at sulphonyl sulphur. Oae of them con-
sists in direct single-step displacement of the leaving group
of the substrate by the nucleophile (:N) through the tran-
sition state of the type I ig].
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0
\\?/Zs-x (4)
R

T

The second possible mechanism includes the formatioa
of the pentacoordinate intermediate II Bﬂ at the first

stage followed by breakdown of II to produets

0 0

N: + RSO,X —= N - § - X —> RS0,N + X: (5)

2 |
R
11

The presence o the intermediates of type II is not detec-
ted by any physico-chemical mnethods. Nevertheless the pes-
s8ibility of its existance,in principle,is assumed in the
studies of many workers [9] including the investigations of
our laberatory ﬁo]. For the reaction type in question such
a situation is also possible when the fres energy of the in-
termediate II is close t¢ that of the transition state I ,
In such a case significant differences in the

structure of the trarsition state and that of the inter-
mediate are not bound to occur [11]. Taking into account
this and the difficulties of the interpretation of the ob~
tained results within the framework of Scheme (5) we skall
considgr the behaviour of the ccrrelation parameters Oi
and (7, in terms of simple single-stage substitution mech~
anism involving the transition state I; though, in principle,
the obtained results of the multiple correlation may be ac-
counted for in terms of the step-wise mechanism.

First, let us decide upon the change in the _ﬁLval-



ues under the influence of the substituents Ri' In accor=-
dance with the foregoing rules Eﬂ the introduction of an
electron-withdrawing substituent into the leaving group of
arylsulphonic anhydride (X = SO0,C.H,R.) should facilitate
the, decrease in the Ne--S-bond order in the transition
state I ,As a result of this the sensibility of the reac-
tion to the nucleophile structure should decrease. The ob=-
served change in P, (see Table 2) reflects the overall
effect. Inasmuch as the absolute value of increases as
the electron-withdrawing properties of the substituents R
in anhydride molecule grow, one may conclude that the ex-
tent of NeeeS=bond making in the transition state I is
changed to a greater extent when effected by a substitu-
ent in acyl portion than in the leaving group.

i

Now let us consider the behaviour of the _p.—values.
The parameter is complex and reflects the overall sen=
sibility of the reaction rate to the simultaneous varia-
tion of the leaving group structure ( pJ)x and that of the
acyl portion (~p° i.e.

Py= (Py+ (PR (6

®)pn additional term, C((SE)X( FO)R, which reflects the

change in reaction sensitivity caused by the interaction
of R and X, should be added to Eq.(6)., However in the
been shown [12] that the sensitivity of the reaction
between p-anisidine and arylsulphonic acid chlorides

( 74) coincides with that of the reaction of p-
~anisidine with arylsulphonic acid bromides (~PX=Br'0'76)'
Hence, the interaction of R and X appears to be neg-
ligible and,consequently,the term (f)')x(~Pj)R in Eq.(6)
is close to zero.
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As it is seen from Table 2, .PJ decreases with the
growing electron-withdrawing properties of the substituent
R in the attacking arylamine.

After Harris and Kurz [ 3] the introduction of an elec-
tron-withdrawing substituent into the attacking nucleophile
decreases the bond order with the leaving group. Hence, the
value of ( must increase., .

The change of the term ( j depending on the sub-
stituent in the nucleophile will be determined by in what

extent the bond making competes with the breaking of
the S —— X bond. If the bond making prevails over the bond
breaking the value of ( should decrease as the reac-

tivity ef arylamine decreases (Cf, [4,6] ). This experimen-
tally observed decrease in the ( value with introducing

an electron-withdrawing substituent in the arylamine molec-
ule indicates that this change is mainly due to

Hence, the change in the amine structure effects to a larger
extent on the reaction rate sensitivity to the variation of
substituents in acyl portion than in the leaving group,

with the tendency of increasing the S —— X bond breaking

in comparison with the N¢-+S bond r .king occurring as the
arylamine reactivity reduces.

Thus, it follows from all these considerations
that the change in the transition state structure (the shift
along the reaction coordinate) i: determined mainly by the
interrelation between the nucleophile structure and that
of the acyl portion of the substrate,

EXPERIMENTAL
All the arylsulphonic acid anhydrides under study
were prepared and purified for kinetic investigations as

described previously {1].
Aniline [13], nitrobenzene [1 , 3-chloraniline {14},
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J=nitro-aniline ﬁa], 3,5=dicarbomethoxy-aniline ﬁ5], and
3-nitro=5~oarbomethexy-aniline [15] were purified accor-
ding to the known precedures.

The rate of the reaction under investigation was de-
termined by petentiometric titration of the unreacted aryl-

amine by the sodium nitrite in the medium of hydrochloric
1c1d[d]
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The kinetics of the interaction between p=to-
luenesulphobromide and p-anisidine and its N,N-di-
deuteroanalog in benzene, nitrobenzene and their
50 per cent mixture (by volume) at 25°C has been in-
vestigated. The primary kinetic isotope hydrogen ef-
fect (when the N-H-bond is substituted by the N-D-
bond) has been shown to be absent both in the non-
catalytic reaction and in reaction, catalysed by the
second amine molecule and by arylsulphanilide being
formed. On the basis of this and a number of results
previously obtained on the influence of structural ef-
fects and polar properties of medium on the rate of
sulphamide formation, the general base catalysis me-
chanism without proton transfer in the rate limiting
stage 1s discussed.

In a series of our previous papers ﬁ-1ﬂ we have
already discussed the mechanism of both the bimolecular
non-catalytic reaction and the accompanying trimolecular
(catalysed by the second molecule of the nucleophile) re-
action of arylsulphoaoid derivatives with aliphatic [1-4] and
aromatic [5-1ﬂ amines. The guestion of the role of proton
transfer from the N-H-bond of the amine being acylated in
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the mechanism under discussion is, in particular, of im-
portance. On the ground of the lack of the primary kinetic
isotope hydrogen effect (on substituting the N~H=bond by
the N-D-bond [10] ), a conclusion was drawn, that the hy-
drogen departure from the N-H-bond in the bimolecular in-
teraction process takes place in the rapid non-rate-=limit-
ing stage. Hence, the N-H-bond is not a "reacting bond"
and its breaking does not influence significantly the
structure of the transition state. This fact together with
a number of other previously discussed data [1-1ﬂ sug-
gested as the most likely mechanism one involving the for-
mation of pentacoordinate intermediate (I) from the rea-
gents in the first rapid equilibrium stage followed by the
removal of the leaving group which limitates the overall
rate which results in forming of protonated sulphamide

(II), that quickly loses a proton in the fast completing
stage:

k1 + 0\ //0 k* + - k"
ATSO0,X + RNH, ———= RNH, - § - X —= RNH,S0,ArX
_ I slow < fast
f - ir
ast T
—> ATSO,NHR + HX, )

where X = C1l, Br, 0802Ar; R = Ar, Alk.

The catalysis by the second amine molecule was con-
sidered [3, 4, 8, 11 as a result of a bifunctional assis-
tance in the breakdown of the intermediate T through the
cyclic transition state of type III

Reacting bond is a bond that is either broken or is
formed immediately at the reaction centre [12] .
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The latter mechanism is consistent with the follow-
ing findings: low sensitivity of catalytic reaction rate
to the electronic Structure of R in the catalysing amine mo-
lecule [5] and to the influence of the polar properties of
medium [1ﬂ s high sensitivity to the steric enviroment
at the N-atom in the catalysing amine molecule (in reac-
tion with secondary amines, unlike primary ones, the ca-
talysis by the second amine molecule does not occur)[3, 6];
decelerating the catalytic reaction rate with temperature
increase [1, 3, 4]. An analogous cyclic mechanism (see IV)
was also suggested for the arylsulphanilide-catalysed pro-
cess [8].

For a further check of the catalysis scheme in ques-
tion it seems interesting to study the kinetic isotope ef-
fect of hydrogen in reactions catalysed by the second amine
molecule and by arylsulphamide. With this end in view, we
have studied the kinetics of the interaction between p-to-
luene sulphobromide and p-anisidine and its N,N-dideutero-
derivative in solvents that appreciably differ one from
another in polarity: in benzene, nitrobenzene,and their
50 per cent mixture (by volume) at 25°C. The acylation rate
of undeuterated amine in the given solvents has already
been studied earlier [6, Ty 14]. However, to compare with
reactivity of the undeuterated and deuterated derivatives
more correctly the experiments were repeated under strictly
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identical conditions.
RESULTS AND DISCUSSION

It was shown earlier [5-7, 10, 14] that in the gener-
al case the overall interaction rate of arylsulphobromides
with aromatic amines can be represented as

w = (k2 + kJ[Ar'NHZJ +
+ ka[ArNﬂsozAr'J )[ArSOzBrJ [Ar'NHz] , (2)

where k, (1/mol.sec) is the bimolecular non-catalytic re-
actlon rate constant, k5 and ka (lz/mola.sec) are the rate
constants of trimolecular processes catalysed by the second
amine molecule and arylsulphanilide respectively. The re-
lationship between the two pathways varies greatly with
the polarity of solvent so that in benzene [6] the domi-
nant role 1s played only by trimolecular processes (k3 and
ka), in 50 per cent mixture of benzene and nitrobenzene

[5, ﬂ ~ by processes characterised by k2 and kj, and in
nitrobenzene -~ only by the bimolecular reaction (kz). The
corresponding rate constants calculated as described else-
where [5-7, 14] are listed in Table 1. The values of iso-
tope effects characterised by the kH/kD ratio are also
given there.

With allowance for the confidence intervals it can be
sald that all three reaction pathways are characterised by
approximately eagual values of the isotope hydrogen effects
which are less than unity in all the cases. This is sug-
gestive of the fact that the numerical value of the kH/kD-
ratio i1s associated either solely with the exhibition of
the secondary isotope hydrogen effect (cf. ﬁ(ﬂ ) or with
the exhibition of primary effect in conjunction with the
secondary one, the contribution of the former being very
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Table I
Rate constants™ of non-catalytic, (k,, 1/mol.sec), amine-catalysed
(kJ, 12/m012.se°) and arylsulphanilide -catalysed (ka, 12/m012.sec) reaction
of p-toluene sulphobromide with p-anisidine in various solvents at 25°C

~—.4mine p—-Anisidine N,N-Dideutero-p-anisidine
Media k. /k
H' "D
“onstants k.103 N lc.103 N
k3 1.93 + 0,33 8 3.34 + 1,08 8 [0.55 + 0.28
Benzene
ka 22,1 + 0.90 8 37.6 + 4.1 8 10.60 + 0.09
50 per cent k2 7.2 + 0.2 7 8.4 + 0.1 7 [0.86 + 0.03
nixture of
benzene-nitro-| i 53.6 + 4e6 7 58.3 + 2.9 7 10,92 + 0.12
benzene 3
Nitrobenzene k2 54.2 + 0.4 17 65.0 + 0.4 19 (0.83 + 0.01

® Rate constants values are listed with the standard deviations;
N « number of points.



small. It follows Prom the statement above that the N-H-
bond in arylamine is not affected much in the rate-lim-
iting stage both under non-catalytic (of. [10]) and catalyt-
ic conditions. From the point of view of the "solvation
rules* [12, 13] (according to which the primary isotope
effect does not occur if a) hydrogen is transferred be-
tween atoms of the same nature b) hydrogen does not form
"reacting bonds" in the transition state) the latter state-
ment does not agree with the previously discussed bifunc-
tional mechanism of the action of the catalysts in ques-—
tion (see II1 and fv). In our opinion, the absence of the
primary catalytic isotope hydrogen effect in the reaction
catalysed by the second amine molecule may agree with such
a scheme of general base catalysis which does not involve
the proton transfer in the rate-limiting stage. This can be
made more illustrative if the scheme for the concerted (3)
rather than step-wise (1) mechanism of substitution at sul-
fonyl sulphur is resorted to

Koo
2ArNH2 - Ar - N - H -"y - Ar
F
H . 0 ©
| £+ N/
vV + ArSOZX Ar - yn H - ? . ? products(S)
H Ar Ar
trancition state

VI

The catalysing amine molecule which forms the H-boad with
the amine molecule seiving as a reagent (complex V) in-
creases the nucleophilicity of the attacking nitrogen atom.
This leads to the fact that the N-S-bond is formed at a
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longer distance, than in the non-catalytic reaction. The
transition state becomes reagent-like to a greater ex-
tent and hence, to reach it a lower activation energy

is necessary as compared to the non-catalytic reaction.

In such a situation the difference in the zero-point vib-
rational energy of the N-H-bond varies very little in
changing over from the initial state (V) to the activated
state VI. Furthemore, since the hydrogen taking part in the
formation of the N-H-bond is located between the atoms of
equal electronegativity (N-atoms) then according to the "sol~
vation rules" [12] the primary kinetic isotope hydrogen
effect must be absent here. Ia the case of the amine cat-—
alysed reactions the fact that the transition state is
reagent-like to a considerable extent may also explain
those effects (e.g. low sensitivity to the catalyst struc-
ture [5] and to polar properties of medium [11], ete. ),
which were interpreted eaclier [3, 4, 8, 11 as conforming
the bifunctionai mechanism of catalysis [3, 4, 8, 11}.

The bifunctional mechanism of catalysis by the second
amine molecule also seems to be doubtful bacause of the
geometry of the intermediate X (or the transition state
similar to it in the case of a concerted substitution me-
chanism). Recently, a trigonal-bipyramidal structure of
the transition state in tke nucleophilic substitution at
the sulphonyl sulphur [15 with the attacking (ir our case
RNH,) and leaving (X) groups in axial positions has been
oreferred in literature. The distance between two axially
located ligands (an angle of 180°) is appreciably longer
ihan that between two equatorially (an angle of 90°) lo-
cated ligands (see, for example,Ref.l6).Because of this,
the N-H-bond length in the catalyst (amine) is hardly long
enough to ensure formation of H-bonds with the entering
and leaving groups which results in acyclic structure of
type 1.
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From the geometrical point of view there is a good
chance of bifunctional action in the case of catalysis by
arylsulphanilide (of seven-membered ring IV in contrast to
five-membered ring III). However, in this catalytic reac-
tion too, the primary isotope effect of hydrogen does not
remove the possibility of realizing the general base me-
chanism of catalysis through the transition state of type

r 0
A N7
3
BVE” Y0....H = NevrtSennnX
R Ar

VII

Althoug in accordance with the "solvation rule",
a),one should expect the isotope effect here,the latter
may, however, not occur 1f the rule b) is not followed.
Assuming this mechanism to be possible, attention should
be paid to the significantly large catalytic activity of
arylsulphanilide as compared with arylamine (cf. k. and
k, for reaction in benzene, Table I) though sulphamides
are far weaker bases than arylamines do (cf. [17] and
[18] ). On the basis of this arylsulphanilide can (unlike
amine) be credited with bifunctional mechanism of action.
Nevertheless, one may hold a different viewpoint. Since the

strength of the H-bond is not determined by basicity in
cases with atoms of various nature 19 acting as electron

donors (as, e;g., the N-atom in VI and the O-atom in VII)
the stabilization by the hydrogen bond (0...H) of the
transition state of VII may turn out to be greater than
that by the hydrogen bonding (N...H) of the transition
state of VI which conforms to the fact that the transition

state of VII as compared with that of VI is reagent-like
to a greater extent. In consequence, the cataiytiq activity
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of arylsulphanilide may be higher than that of arylamine.

It is difficult to explain why the general base con-—
tribution in accordance with VI and VII alters the struc-
ture of the transition state so much (as far as reagent-
like) comparing with the catalytic reaction for whrch the
transition state seems to be highly reagent-like on the
basis of high sensibility of the latter reaction to the
influence of the nucleophile structureﬂﬂ , that of the
leaving group [}O, 2ﬂ, and polar properties of medium [9].

It is natural that a question arises whether one can
interpret the absence of the primary isotope hydrogen ef-
fect 1n the reaction in question reasoning from the step-wise
mechanism of substitution at sulphonyl sulphur rather
than the concerted one. It seems possible if one assumes
that the rate determining stage i1s altered under the in-
fluence of the general base catalysis, and the breakdown
of the intermediate T (stage, characterized by the rate
constant k, in Scheme (1)) in the non-catalytic reaction
and the formation of intermediate (stage, characterized
by the rate constant k, in Scheme (1)) in the reaction
catalysed by the second amine molecule serve =s the rate-
determining stage. In such a situation along the reaction
coordinate we shall actually deal with the single transition
state that (s more or less reagent-like rather than pro-
duct-like.

Thus, the available data do not make it possible to
conclude convincingly whether process catalysed by the
second amine molecule and arylsulphanilide involve a pen-
tacoordinate intermediate of type I on the reaction path
or they proceed by the mechanism of concerted substitu-
tion (as, for example, the transition state of VI reflects
it).
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EXPERIMENTAL

The reagents [6, 10] and the solvent [10] were pre-
pared for kinetic investigations as described earlier.
Apalysis for deuterium in the N-D,-group of N,N-dideutere-
p-anizidine was performed from IR specotra (see Ref.22).

a rule,deuterium amounted to no less than 96-97 per cent.
The precautions which were taken when working with deute-
rated derivatives are described in detail elsewhere [10].rhe
procedure of kinetic measurements consisted in the poten-
tiometric titration of the bromide ion formed after the
reaction had been inhibited by diluted nitric acid [6].

(Translated from Russian by V.T. Kolyadny)
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A high catalytic activity of pyridine and
N,N-dimethyl=-p-toluidine in the reaction of p-chlo-
robenzenesulphonic acid anhydride with m-nitroani-
line in nitrobenzene at 25°C has been found. The in-
tensity of catalytic action in reactions with an-
hydrides, bromides,and chlorides of arylsulphonic
acids has been compared. The catalytic properties
of tertiary and primary amines are correlated with
the nature of the leaving group and the sub-
strate. The kinetic hydrogen isotope effect has been
shown to be absent on substituting the N-D-bond for
the N-H-bond in the arylamine being acylated. From
the experimental results the nucleophilic mechanism
of catalysis has been assumed.

In order to continue investigations 1,2 of catalyt-

ic reactions of nucleophilic substitution at the tetracoor-
dinate atom of sulphur, the kinetics of reactions of
anhydride of p-chlorobenzenesulphonic acid with m-nitro-
aniline and N,N-dideutero-m-nitroaniline in the presence
of various admixtures of pyridine and N,N-dimethyl-p-to-

29
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luicine in solution of nitrobenzene at 25°C has been
studied.

RESULTS AND DISCUSSION

The interaction of anhydrides of arylsulphonic acids
with aromatic amines 1in nitrobenzene under non-catalytic
conditions [?, ﬂ is in compliance with the scheme:

(ArS0,),0 + ATNH, 818 4rs0,NHAT + ArSO,H (1)
ArS0.H + arNH, L2585 0N .S0.4r 2)
3 ¢ 3"°%
Or totally
(Ar802)20 + 2ATNH, —> ArSO,NHAT + ATKH,® SO AT (3

Here the reaction rate is not complicated by a catalytic
action of the initial reagents or the acylation products,
as in another case ﬁ, 2] , and is described by a simple
equation of the second order [3, @ . If a tertiary amine
is added to the medium the stoichiometry of the process
can satisfy equations (1) or (2) which depends on the re-
lationship of the concentrations and basisities of the
amine being acylated and the catalyst being added, and on
the solubility of their salts as well (cf. [1]).
Catalyslils by pyridine., The
catalytic action of this tertiary amine was investigated
in rether great detail earlier in reactions of amide for-
mation with chlorides and bromides of arylsulphonic acids
{1, 2] on the one hand and with acyl halides [5 and an-
hydrides Bﬂ of carboxylic acids on the other hand. It is
interesting to note that in the case of oarbonyl compounds,
an appreciable difference was observed in the behaviour of
pyridine as a catalyst depending on whether the chloride
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and bromide of carboxylic acid or the anhydride of tnis
acid were used as an acylating reagent. The acylation of
amire was often not only accelerated by the anhydrides as
in the case of reactions of acyl halides [5] but it was
even decelerated under the influence of the tertiary amine
added E]. It was especially jnteresting in this connection
to compare the catalytic behaviour of pyridine in the re-
action of sulphamide formation with acyl halides and an-
hydrides of arylsulpho-acids,respectively.

It follows from Fig. 1 (here and hereafietr a, b and
m are the initial concentrations of anhydride, arylamine
and catalyst in mol/1) that the introduction of pyridine
into the reaction mixture results in a very sharp increase
in the rate of sulphamide formation. Attention should be
paid to the fact that in the beginning the pyridine-cat-
alyzed reaction proceeds extremely rapidly. For instance,
on adding 0.005 mol/1 of the catalyst the quantitative
yield of amide was detected after a minute. Notice that
the m - a concentration relation takes place in the expe-~
riment given above. Under the conditions when m ¢ a (see
curvee 2, 3 and 4 in Fig. 1) some extent of transforma-
tion of the reagents is also achieved very quickly, and
that extent 1s slightly larger than m in number but still
it ie not in line with the quantitative yield of sulph-
amide. Hereafter, the process of acylation proceeds at a
measurable rate which is appreciably higher (curves 2, 3,
and 4 in Fig. 1) than the non-catalytic reaction rate
(curve 1 in Fig. 1). Thus, there can be no doubt about the
significant catalysis by pyridine in the reactions in ques-
tion. But it is necessary to find out by what such an un=~
usual character of the kinetic curves in Fig. 1 zan be ex-
plained. Taking into account the fact that the basisity of
pyridine (pK = 5.2, water, 25° ) is considerably greater
than that of m-nitroaniline (pK,= 2.5, water, 25° [7]) the
assumption is forced upon one that as arylsulphonic acid is
formed it quantitatively binds the catalyst converting it
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feld

Fig. 1. Kinetics of
the interaction of anhyd-
ride of p-chlorobenzene-
sulpho-acid with m-nitro-
aniline and its N,N-deute-
ro derivative (symbol D) in
the presence of pyridine
in nitrobenzene at 25°
(2a = b = 0.01)

1. m = 0; 2. m = 0.001;
3. m = 0.0015; 4.m = 0.003.

time,

into the non-active state which results in a decrease in
the reaction rate. At this the stoichiometry of acylation
must satisfy equation (1). Then the expression for the
over-all acylation rate should be written in the form:

Q% - [ko + ky(m - x)](a - x)(b - x), (4)

where ko (1/mol.sec) and Ky (lz/molz.sec) are the rate cons-
tants of the non—catalytici and tert. amine-catalyzed re-
actions,respectively; x (mol/1l) is the concentration of
the acid formed. It follows from (4) that the effective
second order constant, keff (1/mol.sec ) equals

erp, = Ko + Kylm = x). (5)

For the reaction of p-chlorobenzenesulphoacid an-
hydride with m-nitroaniline in nitrobenzene ko = (1.27 -
0.06)-10 (l/mol.sec) and with its N,N-dideuteroanalogue
(1.48 - 0.08)10™° 1/mol.sec [3].
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In accorc-nce with Eq.(5) the k,rp—value calculated from the
second-orde. equation (considering the stoichiometry of
EQe(1) should pe linearly dependent od x as long as x be-
comes equal to m (the whole of the catalyst will be bound).
From this moment on should approximate to kg (5).
However, as it was mentioned above, in every kinetic
experiment even the first experimentally recorded point
corresponds with the yield of the reaction product which
is larger than m, and the constant keff corresponding to
this value of x exceeds the value of ko appreciably. Later
on in the course of time keff falls less markedly with x

(Fig. 2) without reaching the value of k, even at high
degrees of conversion of the reagents. Such a character of

the change in keff appears to be associated with the fact
that the expected stoichiometry of reaction (1) does not re-
main unchanged throughout the development of +the cat-
alytic process. Indeed, since in such experiments there
was shortage of pyridine as compared to the amount of nuc-
leophile (m¢b) the effective bonding of the catalyst in
the initial period must be accompanied by a sharp change
in the relationship of the concentrations which as reac-
tion proceeds creates a situation when m «b. Under such
conditions bonding of the acid formed may take place par-
tially at the expense of m-nitroaniline which supplies the
solution with a quantity of catalyst. The latter seems to
be the reason for the greater rate of acylation in com-
parison with the non-=catalytic reaction even when x > m.
It is not excluded that the complex character of the
change in keff with time is also partially due to the in-
hibiting action of the p-chlorobenzenesulpho-acid anion
accumulated in the reaction if the mechanism of catalysis
has nucleophilic nature (cf. [, 8] ).

Since keff falls very sharply with changing in x
(see Fig. 2), extrapolation of it to the zero time (x — 0O
when t — 0) results in a great uncertainty of the inter-
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Fig. 2. Dependence of
keII. o x fer the reactien
ef p-chlerobenzenesulohonic
acid anhydride with m-nitrco-
aniline in the presence e¢f
pyridine in nitrobenzene at
25¢ (2a = b = 0.01).

1. m - 0.00"; 2. m = 0.0G15;
3. m = 0.003.

1 2 3 . o, mrobe(?
cept and, hLence, in a very low accuracy of k

N calculated
from kef' . Therefore the catalytic activity ef pyridine
in the 1eaction under discussien 18 evaluated only very
appreximately. If the rectilinear nature of the initial
portions of the curves in Fig, 2 also remeins in the range
of small x-values (net weccrded in the experiment), the
kN-value ean be evaluated graphically from the equation

Kepp (M) = K pp )
m, - m2 N

where k (m,) and K pp (m2) are the values of the nb-
served rate ccnstants in the experiments with pyridine con-
centrations m, and m, at concentratiens of x equal for
botk vhe experiments, respectively. The guantity kN can be
resented as a numerical value of the slope of tne initiel
pertion of a straight line 1in coordinates X . The
two ways lead tc a tentative value of kN which is not less
than 1.10° 1°/mol”.sec . Ii would seem that the difficul-
ties menticned can be avoided if one employs a catalyst at
a higher concentration than that of the acylating agent
(m > a). However, under such conditions the rate tuirned
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Table I

Elaetics of the interaction of m-nitroaniline and N,N-di-
deutero-m-nitroaniline with p-chlorobenzenesulrhonic acid
anhydride in the presence of N,N-dimethyl-p-toluidine in

nitrobenzene at 25° (2a

b = 0.01; Kopp = in 1/mol.sec)

Time in |P= 0-0010 | = 0.0015 |@ = 0.0025 |m@ = 0.0035
minutee [x:10% k102 [x-10* [ k107 x 10* k.10%| x.10%[k-10°
m-Nitroaniline
1 7 | 26.9¢
2 6 |70.95 10 | 23.90| 16 [35.20
3 7 | 8.70| 10 [13.10] 14 |19.7 [ 20 [31.9
4 8 | 7.60] 11 {10.99
5 9 | 6.96| 12 | 9.80] 17 |15.3 | 25 |23.7
10 11 | 4.40| 15 | 6.50 21 [10.3 | 30 |18.6
15 12 | 3.2 34 1641
20 18 | 4.30| 24 | 6.3
30 26 | 4.9
k'=0. 18+0. 02 |k =0.23+0. 02|k =0.35+0.05|k =0, 52+0.09
ky (156 + 10) 1/mo1? ,gec?
N,N-Dideutero-m-nitroaniline
7 T 6.7
2 17 |38.2
3 9 [11.6 | 11 |14.6 20 [31.9
4 10 | 9.8 | 13 [13.5
5 11 | 8.8 | 14 |11.8 | 20 |19.2 | 24 |25.3
10 13 | s.a | 17 | 7.6 | 24 |12.7 | 30 |18.7
15 15 | 4.3 33 {15.1
20 26 | 3.5 | 20 | 4.8 27 | 7.7
30 29 | 5.8 | 36 |9.2
k =0.21+0.01 |k'=0.28+0. 02 |k =0. 49+0. 02 {k'=0. 62+0. 05

kg =(178 + 3) l/m012.5e02



out to be so high that it could not be measured using the
procedure employed.
Catalysis by NN~-dimethyl-

-p~-toluidine. Owing to an appreciably smaller
catalytic activity of this amine as compared to pyridine
we have managed to investigate the kinetics of catalytic
reaction of sulphamide formation in the initial period too
(Table 1). That permitted the data to be analyzed in ac-
cordance with kinetic equation (5). Figure 3 shows that

Fig. 3. Dependence of
keff upon x for the reaction
of anhydride of p-chloroben-—
zenesulphonic acid with m-nit-
roaniline in the presence of
Ny,N-~dimethyl-p-toluidine in
nitrobenzene at 25° (2a = b =
= 0.01).

1. m = 0.001; 2. m = 0.0015;
3. m = 0.0025; 4. m = 0.0035.

there is a linear relation between keff and x. This is in
accordance with the fact that in the initial parts of
the kinetic curves which (these parts), in reality, were
treated the stoichiometry of the reaction is close to

that reflected by equation (1). The slopes in Fig. 3, ac-
cording to equation (5), give numerical values of ky, and
the intercepts correspond to the complex constants (col-
lected in Table 1).
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k' = ko + kNm ¢))

The values of kN for the non-catalytic reactions of an-
hydride of p-cnlorobenzenesulphonic acid with m-nitro-
aniiine and its deutero analogue were cazlculated from
equation (7) whese velidity is illustrated by Fig. 4. The

Fig. 4. Dependence of k' on
m for the reaction of p-ohloro-
benzenesulpho-acid anhydride
with m-nitroaniline (1) and its
deuteroanalogue (2) catalyzed by
NyN-dimethyl-p-toluidine in nit-
robenzene at 25°.

values of kN calculated from the slopes in the coordinates
K ppiX from equation (5) coincide with the values of
calculated from Eq.(7) which testifies to the validity of
the kinetic expression for the rate of (4) in this par-
ticular case. Earlier, reasoning from investigation of the
medium erfects {1, 2] and changes in the structure of
pyridine bases [9] on the rate of the acylation reaction of
aryl amines by halides of arylsulphonic acids, the reaction
heing catalyzed by these pyridine bases, considerations
were voiced in favour of the nucleophilic mechanism of
catalysis. In studying the terilary amine-catalyzed reac-
tions of formation of amides of carboxylic acids the prob-
ability of exhibiting the nucleophilic mechanism of cat-
alysis was found [6, 10, 11 to increase with the improv-
ing ability +to loose the leaving group in the substrate.
Since the arylsulrhonate anion in anhydrides of arylsulpho-
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acids 1s a far more easily separated group than the halilde
ion 1in acyl halides [», 4 , there i1s a reason to belileve
that nucleophilic mechanism of catalysis is especlally
probable. Indeed, the intensity of the catalytic actlon of
pyridine (ky/k  — 10°) and sven N,N-dimethyl-p-toluidine

(ky/x, = 1.2.10%) 1s considerably higher in the reaction
discussed here than in the case of the pyridine catalysis
in reactions with arylsulphobromide (kN/kozs 102 * 103)
Eﬂ. At the same time, an opposite situation 18 charaoter-
1stic of general-base mechanlsm of catalysis (see, for
example ,Refs.12-14) 1. e. the probabllity of catalysis in-
creases here in reactions of substrates with hardly de-
parted leaving groups. Thus, for example, 1n the case of
reaction of sulphamide formation in the non-polar medium
(benzene) the catalytic action of the second amine molecule
which car be explained only in terms of the general base
mechanism of catalyslis rather than the nucleophilic one
(see the previous report ﬁs]) occurs only in acylation by
chlorides [16] and bromides [17] of arylsulpho-acids and

1s absent in acylation by anhydrides Pﬂ of these acids.

It 1s also significant that catalytic actlecn by the secend
amine molecule doe@s not occur at all, when the range of the
variation of the basisity of the amine [3, 4, 18, 19] acyl-
ated i1s wide enough, for the process of sulphamide forma-
tion in a pelar solvent (nitrobengzene) in which a high cat-
alytic effact of tertlary amines 1s revealed both in em-
ploying anhydrides of arylsulphonio acid (present studies)
and in using halides of arylsulpho-acids [2, 8]. All the
above conslderations permit nucleophilic mechanism of oat-
alysis by tertlary amines to be postulated in the aminolys-—
is of anhydrides of arylsulphonic acids. The following
scheme reflects its gist:
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0
fast I +
Ar - 8 - N2 | S0 Ar (8)
Il
0

(4r80,),0 + N<

s]ow

T + ATNH. products (9)

According to this scheme the addition product of the cat-
alyst and the acylating agent I is further attacked by the
nucleophile ArNHZ. In this case the catalyst regeneration
at the expense of the substitutisn by the entering nuclec-
phil can take place either simultaneously or by the ad-
dition - elimination mechanism through the pentacoordin-
ate intermediate (see [15, 20| ).

The data on the isotope effect registered in sub-
stituting deuterium for hydrogen in the nusleophilic re-
agent [14 are often used in literature to identify the
nucleophilioc and general base mechanisms of catalysis in
reactions of nucleophilic substitution. It has been shown
[lﬂ , among other things that the isotope effect with sub-
stituting D20 for HZO in hydrolysis of dialkrl phenyl phes-
phate is close to unity for nucleophilic catalysis by ter-
tiary amines and it is about 2 and greater for general
base catalysis. The primary kinetic isotope effect is ab-
sent in the N,N-dimethyl-p-toluidine (kg/kg = 0.87 - 0.07
from the data of Table I) and also pyridine-catalyzed re-
action of sulphamide formation which we have studied (cf.
the kinetic curves for the reaction with m-nitroaniline
and its N,N-dideutero analogue in Fig. 1). This, hence, is
rot inconsistent with assuming nucleophilic mechanism of
catalysis. True, the absence of the primary kinetic isotope
effect, in terms of the considerations given by Swaianl]
can be consistent with an alternative scheme of general

235



base catalysis on condition that the transfer of hydrogen
takes place between identical atoms (which, in principle,
may also be realized for the reaction in point). But still,
in the aggregate, the above arguments lead one to prefer
nucleophilic catalysis.

EXPERIMENTAL

m-Nitroaniline, N,N-dideutero-m-nitroaniline rJ], an=
hydéride of n-chloroberzenesulphonic acid Pﬂ , pyridine [22] ,
and nitrobenzene Eﬂ were prepared for che kinetic inves-
tigations by previously described proce.dures.

NyN-Dimethyl-p-toluidine as a sulphate was crystal-
iised from 10 per cent sulphuric acld and decompcsed by
alkali. The product was distilled, the medium fraction Le-
ing collected; b. p. 210-211° ( [7], volume II, p. 990).

The analytical control of the prepared solutions of the
reaction components, rate measurements [ﬂ , and isolation
of reaction products [(17] were carried out as described
earlier.

It was establiched by check experiments (cf. [1, 22] )
involving the determination of the amount of unreacted
arylamine in the process of catalytic acylation providing
the reaction is practically completed that there were pos-
sible side reaction of hydrolytic decomposition of anhyd-
ride of arylsulphonic acid in the presence ot the catalyst
within the time necessary for completing reaction of sulph-
amide formation.

Translated from Russian by V.T. Kolyadnyi.
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IONIZATION MECHANISM OF STROFG ACIDS. TRICHLORO-

ACETIC, 2,4,6~TRINITROBENZOIC. AND PICRIC ACIDS
IN AQUEOUS SULPHURIC ACID

M. M. Karelson, V. A. Palm, R. Hiob,
and . L. Haldna

Received

Ionization of trichloroacetic, picric and 2,4,6-
~trinitrobenzoic acids was investvigated differential-
-conductometrically and spectrophotometrically in
aqueous solutions of sulfuric acid. Iu the case of
first of them both anionic and acidic forms of acid
have the equilibria of complexing with hydrated
proton in the solution. The simultzneous treating of
the conductometric and the spectrophotometric date of
trichloroacetic acid gives the value pKa=—O.56—0.03
for the dissociation constant (by the H acidity scale).

The dissociation of picric and 2,4 ,6-trinitro-
benzoic acids proceeds by Bronsted scheme of acid-base
equilibrium. Nevertheless, we should take into account
the ability of the nonionized form of the acid to
form the complexes by hydrated proton (as in the case
of 1,3,5-trinitrobenzene). The following values of the
dissociation constant were calculated: pKa=—O.1030.02
for picric acid and pKa=-O.17-0,03 for 2,4,6-trinitro-
benzoic acid (by the H, acidity scale).
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The reaction series of dissociation of carboxylic acid
is an important source for obtaining new values of inductive
6®-constants. In determining the parameters of the lineari-
ty between pK and 6* values the essential point is thas
for trichloroacetic acid. Many various values of its disso-
ciation constant can be found in the litervature, e.z. -0.76
and 0.89 (see Refs. 2 and 3, respectively). It was taken
note of a pronounced nonadditivity of the inductive effect
of the halogen atoms at the of -halogen-substituted carbox-
ylic acids, if to use the most spread values.1

Consequently, it is important to obtain more reliable
data about the dissociation of trichloroacetic and other
strong acids. From this point of view this work is a supple-
ment and logical continuation of the previous communication?.

In particular we were interested in picric and 2,4,6-
trinitrobenzoic acids. Various pK values available are al-
80 characteristic of the first of them.4

Two experimerntal metnods were used in this work:

a) Differeatial conductometry. which is based on the
determination of the influence of little additvions of the
substance investigated on the electrical conductivity of
the strong mineral acid (stou) aqueous solutions.

b) Spectrophotometrinal measurement of the molar ex-
tinction coefficient Of the substance in aqueocus H,S0,.

Experimental

Trichloroacetic acids was synthesized at the Laborato-

ry of the Kinetics and Catalysis, Tartu State University.
The melting point of the purified product was 57.5°C.

Picric acid was recrystallized three times from the
water-ethanol (1:1) up to the melting point of 121.5°C.

2,4 ,6-Trinitrobenzoic acid was recrystallized several
times from the cold acetone-water up to the melting point
of 220.0°C.

Bromoacetic and pivalic acids were used as models for
the conductometric investigation of the complexing of
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carboxylic group with hydrated proton.

Bromoacetic acid of the chemically pure grade was puri-
fied by recristallization from cold ethanol up to the melt-
ing point of 50.2°C.

Purified product of the pivalic acid had a melting
point 163.5°C,

UV absorbances were taken with a spectrophotometer
(Hitachi Model EPS-3T) at 25°-0.2°C. The cell lenght was O.l
or 1 cm.

The aqueous solutions of sulphuric acid were prepared
from concentrated H2804 of the special pure grade and redis-
tilled water by weighing.

Figs. 1, 2, and 3 show the typical absorbtion curves
for three investigated acids (trichloroacetic, picric, and
2,4,6-trinitrobenzoic acids). Indicator ratios were calcu-
lated by the formula

Ep - €
T e v

where é:AH and & 4~ denote the extinction coefficients of
nonionized and anionic forms of the acid, respectively, &
is the extinction coefficient of the investigated solution

of the acid.
The &£ values at max

were used. The ISp values are given in Table 1.
Conductometric method and equipment has been described

of substance investigated

previously5. The quantity

k +10°
y:

L (2)
@_IZ RO + RX

is calculated, where
k - cell constant (cn l),
Ro - resistance of the solution before the addi-
tion of investigated substance AH,
- resistance of the solution after the addition
of substance A,
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4000
Fig. 1.
UV spectral absorption
30001 curves of trichloroacetic
acid in

1l - water

2 - 8.87% H2804

3 - 20.0% HZSO4

4 - 35.8% H2804

2000

A\

1000

190 195 200 205 210 215

Fig. 2.
15000 UV spectral absorption
curves of picric acid in
1 - water
2 - 9.8
10000 S om o
3 - 23.09% HZSO4
5000

242



Fig. 3
UV spectral absorption
20000 curves of 2,4,6-tri-
nitrobenzoic acid in

1 - water

2 - 9.18% H,50,
15000 3 - 37.9% H,80,

10000 A (am)
210 220 230 240 250 260

A R - change in the solution resistance, due to the
dilution of the solution, after the addition of
substance AH,

£§H7B- stoichiometric concentration of added substance.

One can show that the addition of an organic acid that
can form complexes A (HBO )2 and AH-H,0" , and whose disso-
ciation may result in the ions HBO and A~, to the aqueous

2 O4 determines the following structure of the quantity y

rA—:] _ ]\H 0+) [I:A\H; o*.]

where ‘7LH30+, jLA—’ j\AH ot denote mobilities of the
proton, the anion, and the éomplex between hydrated proton
and acid molecule, respectively; [A ] and [AH H50 J are
molar concentrations of the respective particles.
The conductometric measurements were carried out at

(3),

y = "'.ﬂA-)

¥ y,0% denotes hydrated proton.
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8pectrophotometric indicator ratio, I

Table 1

sp*

(1) for

trichloroacetic, picric, and 2,4,6-trinitrobenzoic
acids in aqueous solutions of HZSO4

Trichloroacetic Picric 2,4,6-Trinitro-
acid acid benzoic acid
%H2504 sp %H2SO4 sp %HZSO4 sp
2.10 1367 2.43 2.43 1.22 7.28
4,50 6.49 3.02 3.05 2.43 4,27
5.89 6.06 4,20 2.12 3.42 2.87
7.06 4.78 4.78 1.89 5.93 1.52
7.80 3.89 5.93 1.31 .62 1.42
8.87 3.25 6.50 1.20 7.65 0.93
11.10 1.85 7.63 0.951 9.82 0.81
12.00 1.84 8.75 0.800 10.75 0.87
13.00 1.32 9.84 0.688 11.50 0.53
14.47 1.22 10.90 0.558 13.10 .45
15.90 1.08 11.45 0.528 16.25 0.35
17.00 0.970 11.96 0.500 19.02 0.234
20.00 0.661 13.02 0.385 20.14 0.184
21.30 0.605 14.05 0.328 22.23 0.208
15.07 0.237 24,42 0.165
17.14 0.141 27.21 0.137
19.02 0.102
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Table 2

Differential conductivities, y, for trichloroacetic,
picric, and 2, 4, 6-trinitrobenzoic acids®

Acid Trichloroacetic Picric 2,4,6-Trinitro-
%HZSO4 acid acid benzoic acid
0 362.7%3.1 384.0%1.9 388.8-4,2
1.19 - 330.8%3.7 256.9%5,1
2.08 295.2-0.9 275.2%3.2 229.7%6.3
2.44 290.5%2.7 262.5%2,1 212.6-4,3

3.02 265.4%1.4 - -
4,45 239.3-4.1 224,1%1.2 190.5%6.1
4,81 - 202.0%2,2 128.9%14.9
5.57 227.1-4.7 - -
6.61 196.8%3.2 121.5%4.,9 93.2%2,7
6.76 - 107.1%4 .4 79.9%11.1
7.76 150.4%2,8 105.5%6.2 57.8%4.,7
8.66 - 68.6-2,7 10.2%4,2
10.35 106.2%0.4 - -
14,72 - -92.5%3.9 -94.,0%3,7
15.56 18.4%2.9 - -
21.73 -75.5%0.9 - -
22.80 - -272.5%5.4 -249,2%6.8
26.99  -162.3%1.7 -349.4%2.9 -341.6%5,2
31.90  -205.6%2.9 -415,0%10.2  -395.8%7.3
38.61 -249.2%1,3 - -
40.35 - -505.2%4.,7 -593.0%6.1
47,11 -250.6%2.7 -547.7%1.6 -702.5%4.5
54.02 -247.9%3,1 -598.2%4 .4 -782.6%3.9
64.60 -198.5%4,2 -638.6%3.7 -
66.03 - -685.7%7.1 -872.1%2.9

¥ Mean square root deviations from arithmetic means at

degree of freedom f = 2.
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Table 3

Differential conductivities, y, for pivalic and
bromoacetic acids in aqueous solutions of H2304

Acid Pivalic Bromoacetic
acid acid

1.19 -26.5%3.7 -23.7%2.9
2.08 -40.2%7.0 -33.9%4.5
4,45 -64.5%1.,9 -55.1%3.2
6.76 -92.5%6.0 -76.2%1.7
8.66 -115.4%2.9 -93.2%4,4
10.35 -131.6%2,2 -102.2%3.5
14,72 -169.9%3.1 -135.5%5.9
17.02 -185.1%5,9 -150.3%3.2
21.70 -211.6%3.2 -168.8%7.0
26.99 -232.531.7 -185.5%0.6
31.90 -245.2%4.0 -196.2%4.,1
38.61 - -199.7%3.1
40.35 - 249.7%3.5 -
47.11 -247.5%5,1 -201.6%4,2
54,02 -250.9%4,2 -195.4%3,2
66.03 -219.6%7.2 -153.624,9

¥ Mean square root deviations from arithmetic means at
degree of freedom £ = 2.
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25 0,2°C, held with the precicion of +0.001°C. The following
values of the cell constant were used: 20cm-1; 215 cm_l,
3008 cm™t. The values of y are given in Tables 2 and 3.

Results and Discussion

A. Trichloroacetic acid
It was obs,e::-ved2 that trichloroacetic acid in aqueous
solutions of the sulfuric acid had different spectrophoto-

metric (ISp) and conductometric (defined as I, = w)
indicator ratio values. Specially was noted that the quanti-
ty I changes from positive to negative (the y values changes
the sign) in the more concentrated solutions of stou. This
phenomenon was interpreted2 as a result of simultaneous dis-
sociation and complexing with the H30+ of the trichloro-
acetic acid molecule. Then there must be following equilib-
ria in the solution:

AH + H,0 . AT+ HBO‘ (1)

A-H50+ K AT+ 1{30+ (II)
A-(H3O+)2£éA-H3O+ + H3O+ (II1)
AH H,0* -E——AH + H,0* (IV)

with the equilibrium constants:

— )
[AH]-aH o
_ (5)
[~ H.0%
[A . HBO ]-aH o*

(e)

[A- * (H50+)2]
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[AH] ay ot

K}= _ (7)
[azi-5,0*]
where [47], [an], [a™ , [ ay0h,] ana [aneH,0%]are

the molar concentrations of respective forms, ag ot is acti-

vity of the hydronium ion, ag o is activity of water.

Assuming that the complexing with hydrated proton does
not affect the molar extinction coefficients of the anionic
and acidic form of the acid AH, we can show that the spectro-
photometric indicator ratio (1) has the following content:

[a7] + [a78;50"] + [a - 5y0M),] (
= 8)

+
[aH] + [AH-HBO]
If to take into consideration the mass balance of the
acid AH, quantity y can be be written as

- - + - +
y([a7] + [A.HBO] + [a « (H;0 )2] )+
eo ] + [an0t)) -
- - - + +

= A A7) - AL (fama,00,] + [0t (9)
where =7‘H50+ *tAy- and A, =7\H5o+ —~7\A—-(H50+)2= 7\1{50+ -
~JUAH.H,0%. By combining the equations (8) and (9), we get

¥ - - +
(T, + ) ([an] + [an-m,07]) = A [a7]- A, Cfa@,0M),] +
+ [AH-H50+])

Then, by using definitions of equilibrium constants
(4-7), after simple transformations of the latter equations,
we get:

y(Iop+1) ay o+ a K )
= &y - Npag ot -

1 KK 3
H50 172

a

248



- —W(Ig +1 ]-————— 10
— fy1g, 0 +Rp ) — (10)
P H20

From this equation one can find the numerial values of

the constants Ka’ K1K2 and &P , but only if the quantities

aH30+ are known for the aqueous sulfuric acid solutions. In

”
our last work’ we noticed that the complexing equilibria be-

tween nitro-group and hydrated proton could be +escribed by
H,0
the acidity function H. = =<lg a +r 8 = z
H,0 P ~
3 aHZO

using the differential conductometric data for bromoacetic

. Now, by

and pivalic acids we can show that the function is use=-
ful also for describing of complexing equilibria between hy-
drated proton and carboxyl group.
The quantity I
Duﬂ max ™Y
I, = [AHHO] = . (11)
3

(concentration of the anion for these acids in merely acidic

media is practically zero), must result in validity of the
following equation for these acids:

= - pK
lgI, HP 1298 (12)
Least-squares treatment of data leads to the following
results: . dlgl N
pKP = -0,12=0,02; tgo = —— = 1,09-0,06;
aH

r = 0,993; s% = 3,1 for the pivalic acid and

pK, = =-0,14%0,02; tg o = 1,02%0,05; r = 0,991; s% = 3,7
for the bromoacetic acid.

The difference of quantities tgol = dlgIc/dH} from
unity is experimentally undetectable. Therefore, the function
Hg can be used for describing the complexing  equilibria
between proton and carboxyl group. If to extend +this propi-
—-tious circumstance to the carboxylate group, ome can pro-
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cess the data for trichloroacetic acid by Eq.(10),consideriung
ot = hﬁ . Least-square trectmeut of the data up to con-

cantration of 25% (wt.) stou, gives:

K, = 3,63-0.,22, KX, = 26.7%7.3, = 1.,6%0,3,

r = 0,991, 8% = 4,3.

The wvalue of Ka is in a gecod agreement with the value,
whiclL was obtained bty using the Raman spectroscopy in con-
centrated solutions of the trichloroacetin acid: =
= 3.210.1 (see Ref. 8).

Corresponding value of pKa = —0,5630,03 i3 a little,
but experimentally detectable different from the additive
value (pKadd' = =0,92).

B. Picric ard 2,4,6-tiinitrobenzoic acids.

A8 it has been established the nitro group also is able
to form complex with the hydrated protou.7 This fact must be
taken into consideration when one wants to compare the dif-
ferential-conductometric and spectrophotometric data.

Let the molecule of the picric or 2,4,6-trinitrobenzoic
acid which contains three nitro-groups and one dissociable
acidic group, be denoted as BH. Then the following equilib-
ria ghould occur in the solution of the strong acid:

K
a
BH + H,0 T B+ Hy0 (V)
+ 1 o= + :
B+ Hz0" s==E™ H;0 (VI)
B~ }130+ + 1{50+ (1130*)2 (VII)
K-
.- + + - +
8 -(Hao o *+ 1{50 B™. (}130 )5 (VIII)
K
- + + 4 - +
B (H50 )5 + H;0" == B (H50 N (IX)
BH + HyO" == B 150" (x)
+ +
BH*H30 BH-(P_BO ) (XI)
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. + + . +
BH (HBO )2 +HO — BH+(H-0 )3 (XII1)
Tae corresponding equilibrium constants are:
[B ]aH50+
K = — (12)
HAO

[B j aH30+
£ = — (13)
[B™ 5,07]
[B- H50+-]8‘H o*
K2 = 2 (14)
(B~ (a;0M,]
[B-(HBO )2] aH50+
K, =
3 [B-- (H50+)5] (15)
57 (13005 Jay o

R, = — (16)
4 - +

(7 (8507,

[BH]:
K = (17)
1
$ [BE-5;07]
K,, = (18)
2
# o [eu(u,0M),]

[BH (850", ]ay o+

(19)

[BH-(H;07),]

If to assume that the complex-formation with the pro-
ton brings about no changzss in the extinction coefficients
of the anionic and undissociated forms of the acid, tke spec-
trophotometrical indicator ratio may be written as
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B+ [B78,0%] + B~ (50", ]+ [B7 (50" 5] + [B7(1,0M), ]
© ] + [BEeH;0*]e [BH(u;0M),] + [BH-(H,07),]
The conductometric quantity y has following form:

(*7"}150+ * 1~ (‘AB(H5°+)2 } AH50+) B 150,]*
+
[BH-H50+]) + (JLB.(H50+)5 - Z.AH3O+) ([s- (150 )3] *

(20)

g
u

+

+

+

+
|B + (5;0%)5]) (20a)
It is accepted (see Ref. 9), that J\ BT(H O+) =

= leH-H ot » and so on (because the dimensions of corre-
sponding particles are approximately equal).

By using the definitions (12-19), we can rewrite Eq.
(20) as

a’
H o* 8g,0*
B _,2__ -7—2—- + —rr——)
L 1 2 5 1234 (21)
p = o a
H,0*
[Be] 1+ r}— rix— r}f-r
o2 “lp 2p73p
or
8p.0* 2,0t  g,0* ay_o*
1+ m2— + b —2 + ]
a, o+ 1 K.K_K
Isp Hy0" 17273 (22)
g2 4 3

+
1l + 2 + AEEQ + aHip
19 Kipfop  Kapapfsy

It is very difficult to obtain individual constants,
K,from the last equation ( 8-parameter treatment). There-
fere some restricting assumptions should be used. At firsw,
we utilize the data for the merely concentrated (up to
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20 w.%) HasO4 solutions, in spite of this restriction the in-
terval of the I changes is too large (see Table 1). We can
exclude equilibria (IX) and (XII), because the corresponding
equilibrium constant for the model substance and that for
1,3,5-trinitrobenzene should be comparable to each other and
large enough to allow us to neglect the TNB-}H,O+ formation
b )

(pK5 = -2.93, as shown earlier’).

Consequently, the spectrophotometric data for picric
and 2,4 ,6-trinitrobenzoic acids can be treated by the follow-

ing equation: 2

I ay_o* ag_ ot
-—SE- (a“ 0+ + -—2— + __L\ =
a 3 K. K
H,0 Ip2p

(23)
1

Since the reaction series in question is little sensi-
tive to the substituent effects we take and K2 as
equal to the respective dissociation constants for the first
and the second steps of dissociation for 1,3,5-trinitroben-
zene: Kly = 3.32; KZP = 31.5 (see Ref. 7).

If to assume that K2 = Kl and = K2 we can calcu-
late numerial values of quantities in brackegs on the left
and right sides of Eq. (23). As is seen in Table 4, quanti-
ty (Isp/aHZO) (aH30+ + aH30+/K19 + aH50+/KlPK295 1S con-
stant for picric and 2,4,6-trinitrobenzoic acids on the in-
vestigated intervalOH2304 from O up to 20 % by weight) and
numerically equal to the corresponding value of the disso-
ciation constant Ka (see Eq. (24)).

We can observe that this result is independent of the
assumption K, = and = K, , as the right side of Eq.
(24) is constant independently of the changes in the argu-
ment value.

The pK, values for picric (pK, = -0.10%0.02) and
2,4,6-trinitrobenzoic acids (pKa = -0.1730.05) are a little
more negative than the earlier values (see kefs. 4, 10).
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Quetient g. ® 0, i.e. Ky» K_ (since K # 0), This
fact indicates $rat equlllbrlum (VI) (and, consequently.
equilibria (VII - IX) also) cap be neglected in this inter=—
val of the sto“ concentration. If the restrictions made ir
our treatment are viue, it means that cdissociation of these
acids occurs by bronsted scheme znd only nonionized forms
of acid take part in equilibria of complex-formation with
proton.

Table 4

Calzculatioun of the Fa values for picric and 2 /. ,6-tri-
nitrobenzoic acids on condibion the left sida of
Eq.(23) is constant

X _(lsp/a,n o)(hn+ h8/3.32 + b} /104.5); ho =H oﬂ/aH 0

Pieric acié 2,4 ,6-Trinitrotenzoic acid
% 8280“ X % H,S0, X
2.43 1.19 2.43 1.45
4,20 1.36 3.42 1.45
5.95 1.23 5.93 l.43
6.50 1.24+ 6.62 1.49
7.63 1.22 7.65 1.30
8.75 1.26 9.82 1.53
9.84 1.29 11.50 1.29
11.96 1.31 13,10 1.40
14,05 1.17 16.25 1.61
17.14 1.05 13,02 1.41
N - _ +
Ka = 1.25-0.05 Ka = 1.47-0.09

One can show that the processing of conductometric da-
ta gives analcgous results.

If to take into account equilibria (V, X - XII) with
the dissociation comstvants (12, 17-19), Eq.(20a) can take
ancther shape:



Qo4ag ot (Rpayday o

Yag At + —
K, = H50 B1p T . (24)
G AL
where Ly = Ag- 4 3\350*’ Mo ot - 7\BH-H3O*’ As -
= 2,A - + - \7\; +
E50 BH- (H;0"),

Using the differentiali--onductometric data at concentra-
tions of H2804 up to 20% (by weight), quotient Ka remains
practically constant. For picri: acid (J\ = 234; 270;

= 575 are esvimated on “he bases of an earlier work~ )f
Ka = 1.21%0.12.
For 2,4,6-trinitrobenzoic acid (JL] = 3h8; JLQ = 275; 315 =
= 580, see Ref. 9.):
K, = 1.3720.13.

These values practically coincide with respective spec-
trophotometrical values. Such an accordance between the re-
sults of two independert experimental methods indicates, in
wrwmmmtmtmeﬂaWM%omﬁmduemhwbam

the assumptions made properly.
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Kinetics of isobutene hydroformylation reaction has

been investigated. 3-Methylbutanal, 2,2-dimetylpropa-
nal and isobutane activation parameters have been de-
termined., On the basis of experimental and literature
data analysis amtibatity of the change in selectivity
and reactivity of the system in olefin hydroformyla-

tion processes has been revealed.

Homogeneous olefin hydroformylation at elevated tempera-
tures (100-200°) and CO and Hypressures of 100-300 atm in
the presence of cobalt carbonyls is known to be the most com-
mon method for olefin-based production of aldehydes. The
first investigations on isobutene hydroformylation reaction
were carried out in order to determine the principal possi-
bility to obtain products of neopentyl structure. Later on
several reports were published (1-3) on the ratio between the
obtained isomeric aldehydes and the factors that influence
the pivalic aldehyde yield. The mechanism of olefin hydrofor-
mylation reactions has been investigated well enaugh. The
reaction rate is of first order for the olefin and the cata-
lyst (2,4). However, the problem of isomer ratio in hydro-
formylation reaction is still open for discussion. Therefore,
it seemed interesting to carry out quantitative investiga-
tion of the temperature dependence of parallel reactions for
aldehyde formation of different structure and to examine the
ratio between these isomers,

Experimental

The experiments were carried out in a perfect mixing
reactor under synthesis-—gas pressure of 300 atm (CO:H2=1:1);
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samples were taken from gaseous and liquid phases. The cata-
lyst 002(00)8 was prepared beforehand in toluene solutien.
The reaction was initiated by injection of an olefin dose
into the reactor. The analysis of the liquid phase was done
by gas-liquid chromatography on Chromatograph LHM-7A with a
thermal conductivity detecter and temperature programming;
the column length was 4 m, Styrene and divinyl benzene (DVB)
copolymer (DVH content of 40 per cent and specific area of
200 mz/g) was used as a sorbent. Gas analysis was carried out
by selective absorption of individual mixture components:
002, 02, co, ChHa. l1sobutane was detected with GLC instrument
HL-"‘ .

Results and Discussion

Time-dependent concentrations of isobutene, isovaleric
and trimethyl acetic aldehydes, and isobutane were obtained
with the help of the above given technique. (Figure 1).

The scheme of the investigated rﬁactions is as follows:

B0 (C0), — (CH;),CH-CH,~CH=0
(CH3)2C=CH2 + CO + Hy
2
(CHy)5C~CH=0
HCo(CO).
(CHy)C=CH, + H, ————=»— (CH,),CH-CH
k3

At constant synthesis-gas and catalyst cpncentration a

system of first-—order reaction equations corresponds to this
scheme, Kinetic constants of the reaction rates were evalua-

ted by means of differential methods of experimental data
analysis. The least-squares method applied to the tempera-

ture dependence of rate constants of the above-mentioned
reactions made it possible to determine the wvalues of Arrhe-
nius equation parameters:

1n k1 = (21.0+1.8) - (20000+2000)/RT;

1n k2 = (22,2+2.0) - (24000+2000)/RT;
1n ky = (30.0+3.0) —~ (30000+2000)/RT;
where k1, kz, k3 are rate constants of the corresponding

reactions in min 1.
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0 30 60 90 120
Figure 1. Comparison of experimental (dots) and calculated
results for isobutene conversion (co) into 3-me-
thylbutanal (01), 2,2-dimethylpropanal (02) and
isobutane (03). Conditions: T = 388°K, Co = 0.1
weight per cent, synthesis-gas (CO:H2=1:1) pres—
sure - 300 atm.

N
16

~dimethylpropamt

Figure 2. Relationship between the log(3-methylbutanal/2,2-
dimethylpropanal) and reciprocal temperature,
¢ - experimental data; A - Wender data (1);
- Knapp data (2).
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In investigation of unsymmetric olefin hydrogenatien a
very interesting problem is a ratie of the produced isomeric
aldehydes, As practice shows, mainly straight chain aldehy-
des are obttained, that are produced contrary Markovnikov ru-
le., However, the amount of the branched isomer ranges depen-—
ding upon reaction conditioms, As it has already been men-
tienmed in a number of reports (2,5) the most important fac-
tor influencing the ratio of isomeric products is the reaec-
tion temperature, Higher temperatures promote the formation
of more branched structures, Pigure 2 shows the relatiomship
between the obtained isomeric aldehydes and temperature., Da-
ta obtained by Wender (1) and Knapp (2) are also given, Thus,
with the decrease in temperature and, correspondingly, +the
decrease in the activity of the system its selectivity as
related to less branched aldehydes increases, Actiwation
energy relationship also evidences in favour of this fact,

Now we refer to the literary data on the influence of
the catalytic complex structure on the process selectivity.
If we compare selectivity on cobzlt carbonyl to that on co-
balt carbonyl phosphine complex, i.e., when a strong 6-donor
ligand is introduced into the corresponding coordination
sphere one can see that HCo(CO)jPR3 "works" more selectively,
giving, almost quantitatively a straight chain isomer contra-
ry to Markovnikov rule as compared to HCo(co)A, which gives
the branched isomer in amounts from 20 to 40 per cent.
HCO(CO)4 activity is approximately 200 times higher than
that of cobalt phosphine catalyst (6).

Such a comparison between activity and selectivity in
hydroformylation reactions, the rate-determining stage of
which is electrophylic addition (substitution) of the cata-
lyst to the olefin with the formation of Ji-complex followed
by its isomerisation into §~complex make it possible to draw
an analogy with electrophylic substitution reactions in an
ardmatio nucleus which also proceed throughgr-complex forma-
tion and its conversion into a true intermediate s;complex.
An empirical Brown rule (7) for eleotrophilio substitution
is well known; this rule determines the ratio between activity
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of a system and its selectivity:"™ the higher the reagent
activity the lower is its selectivity". On the basis of mo-
dern ideas one can consider selectivity in electrophylic
aromatic substitution reactions to be so much higher as more
transitive is the state, determining the reaction rate, like
6-°°mP1eI, in which the degree of a new bond formation is
the greatest.

Thus, in olefin hydroformylation reactions on cobalt
hydrooarbonyls HCo(CO)A forms, apparently, an "early" tran-
sition state, which is more likeSL-complex and in which a
degree of a bond formation is not high, therefore it quickly
and unselectively converts into 6-complex, while a cobalt
phosphinio complex forms a more "late"™ transition state:
(nearer to 6-complex), in which a degree of a bond formation
is high and therefore it makes greater demands: to electron
distribution in reagents., When taking into account that
a less active (more selective) hydrooarbonyl gives almost
completely the additien product contrary to Markovnikov ru-
le one can conclude that in the transition state hydrocarbos,
nyls are polariged predominantly by the type H (00(00)31) s
where X = 00, PRB.
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A NEW MODEL FOR SOLUTIONS OF ELECTROLYTES
(Preliminary Communication)
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Recelved

A new model is proposed which permits to describe
quantitatively the equivalent conductivities of aqueous
solutions of electrolytes of various valence type over
the whole concentration range.

Many problems on organic reactivity and mechanisms cannot
be solved without the help of fundamental concepts of the
theory of strong electrolyte solutions, It has been pointed
out that insisting necessity to take into account ionic as-
gociation has arised for many cases1'3. Classical approach
based on Milner-Debye-Hickel ionic atmosphere model, is
often unsuitable for this purpose. Moreover, there are many
difficulties in interpretation of various properties (activ-
ity coefficients, electric conductivity etc.) of the elec-
trolyte solutions even of moderate concentrations with the
help of them?9,

Celeda10 had demonstrated that a universal empirical
relationship is hold for the equivalent electric conductivi-
ties of relatively concentrated aqueous electrolyte solu-
tions

Q)]
or

(1a)
where.ﬂ.denotes equivalent conductivity of the solution,
o is the concentration of electrolyte in this solution (in
g—equivll),3l°and V’ are constants characteristic for given
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electrolyte at given temperature,

One can prove that Eq(1) has a simple physical meaning.
Let us postulate that for any pair of opposite charged ions
there exists constant, independing of the concentration of
electrolyte, probability P to be in electric-conductive
state. Mobilities () of ions in such a state are also
sssuned to be concentration-independent o Proceeding from
these postulates following equation can be derived for the
equivalent conductivity:

A= A epiate (2)
where is Avogadro?s number and ¢ is concentration of
electrolyte (in g-equiv/1). Eqs (2) and (1) are mathemati-
cally identic (e~2*3V = PMA) . Statistical treatment of
experimental data for 50 aqueous electrolyte solutions (of
various valence types at various temperatures) confirms high
reliability of the Celeda relationship (1). Correlation
coefficients are higher than 0,99, standart deviations vary
in range of 1 to 4 per cents of maximal change of the pro-
cessed quantity (A). Treatment was carried out for the
concentration range, where systematical deviations from the
regression line for the points of more concentrated solu-
tions were undetectable., Such deviations with the positive
sing were observed for diluted solutions (see Fige1).

In terms of above-mentioned interpretations, one can
state that under these conditions either the ratio of con-
ducting particles to non-conducting ones is not determined
by probability law (feleda relationship) or ion mobilities
do change (increase). It is important to point out that in
the region of concentrations, where deviations from feleda
relationship are quantitatively detectable, the fraction of
pairs of ions in conducting state (estimated by extrapolation
from Eq (1) ) is close to unity ( > 0,99) .

One can prove that experimental deviations of A -values
from the straight line, defined by Eq(1a), can quantitative-
ly be interpreted assuming that in the region the Beleda
relationship is hold practically all ions are associated
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2.2

} . Fige1. Equivalent
1.8 electrical conducti-

vities on the coordi-

nates of the Seleda
relationghip,

I - HC10,, 25°¢C
II - NaC1l, 18°%
III - MgsO,, 18°C

and in the region of diluted solutions, where the deviations
from this relationship are detectable ion associates could
be identified with ion pairs. The deviations from Beleda law
can be interpreted as a result of dissociation of such ion
pairs: mobility of free ionsg is larger as that for the ion
pairs in conducting state. Dissociation ratio of ion pairs
can be expressed:
A
= &)
AN = J\. ‘]\-E ’
A]\g: ’
7L is observed equivalent conductivity of the solution,
J\Eis equivalent conductivity of the solution calculated
(extrapolated) from the Eq(1).
J\,is 1limiting conductivity for electrolyte at infinite

where

dilution.
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If this model is true, i.e. activity coefficients and
mobilities of free ions are concentration-independent, we
must conclude that the Ostwald dilution law, K = ocZe/(1-),
is valid if o is expressed as given by Eq(3). Consequently,
the linearity in coordinates AAZc,a)\ shall exist:

AX%c = KaA? - kAl Al )

Our statistical examination of experimental data showed
that such a linearity is valid with a high degree of reli-
ability (r> 0499, s=1 to 5 per cents of the maximal change
of the correlated parameter AJ\?c ) in the case of aqueous
electrolyte solutions. Values of dissociation constants af
ion pairs (K) found are rather different for the Fuoss11 or
Shedlovsky12 values. Nevertheless, this fact is not striking
because the different definitions of associates - ion pairs
had been accepted,

Free energies of ion pair formation A F calculated from
E-values obtained can be described by following relation=—
ship common for 1:1-, 1:2-, 2:1- and 2:2-electrolytes:

zZ_Z
a"k + o
AF = -2,3RIpE = (1.60%0.05) + <G ~ (#.75%0.1128
! € Ta k
(5)
where and denote charges of anion and cation. respec=—

tively, T, and r), are their crystallographic radii! '4,
€ is a macroscopic dielectric constant of medium (water)
at given temperature15, Ang is the sum of the hydration
enthalpies of ions forming ion pair. Consequently, in order
to describe quantitatively obtained pK-values, one should
introduce only two additional empirical parametres, if to
take into account electrostatic interaction in ion pair
(the second term in the right side of Eq(5) ) The last
term in Eq(5) might be interpreted as the free emergy of
partial desolvation of ions forming the ion pair. As is seen
from Eq(5), this free energy is proportional to the quantity
AH and consists of 0,47-0,01 per cents of the latter.

The adequacy of the model proposed for the description
of the electric conductivity of aqueous electrolyte solu=-
tions allows us to draw following conclusions:
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(1) Aqueous'electrolyte solutiem contains equilibrial
mixture of free ions and ion aggregates. The latter forma-
tions are practically identical with ion pairs in the com-
centration range where free ions are detectable cenducto-
metrically. Starting from relatively moderate concentra-
tions of electrolyte it is present practically only in the
state of ion associates (pairs).

(2) Two states for ionic associates are possible, one of
which is able to conduct electricity. Ratio of the ion as-
sociations in these two states is given by a simple prob-
ability law,

(3) Mobilities and activity coefficients of the free
ions are concentration-independent,

Detailed presentation of the results of the treatment
of the conductometric data will be published elsewhere.
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