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INTRODUCTION

The ultimate aim of this research is the preparation of potential
antimetsbolites by the selective replacement of a hydroxyl group in a
polyfunctional alcohol and carbohydrate,

The reaction chosen for this purpose is the nucleophilic substitution
of imidates
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where X~ is a poor nucleophile, and B is g good nucleophile

In order to augment the driving force of the substitution reaction, the
imidates were derived from negatively substituted nitriles such as the
cyanopyridines, and in order to ninimize undesired and complex side reactions
in the case of the polyfunctional alcohols, the formation of imidates was
chosen to be catalyzed by bases rather than 2cids,

In the first phase of this work there were investigated the factors
which affect the base-catalyzed formation of the imidates, and this report
deals exclusively with this aspect of the problem,

RESULTS

The formation of the imidates was followed using the method described
recently by Schaeffer and Peters (1). Using an excess of the alcohol, the
reaction kinetics obeyed the pseudo~unimolecular rate law, and the specific
reaction rate gave linear dependence on the concentration of the nitrile.
However, in order to achieve better comparisons of the reaction rates of
different alcohols and of systems containing inert diluents, the rates were
calculated on the basis of the pseudo~bimolecular rate law by taking into ac-

count the variations in the initial concentrations of the different alcohols.
The expression . '

%f = k (a-x) (b~-x) (bagse), where x = concentration of imidate at time t
4 = {nitial concentration of nitrile
b = initial concentration of alechol

gives, upon integration, the expression

2.3 log bfa-x) = k (base) t, and from the slope of the linear plots
a-b a(b-x)

of log a-x vs. t there can be calculated the rate constants k.
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Tables I and II list the results obtained ar 27°C with several
alcohols and the isomeric cyanopyridines. Since the rate of imidate
formation of t-butyl alechol is very low and the use of t-BuOK in place
of the corresponding alkoxide introduced relatively insignificant changes
in the rate constants (vide infra), it was convenient to employ t-BuOK
catalyst in these experiments,

TABLE 1

Base Dependence in the Reaction of Methanolﬂj and 3-Cyanopyrid1ne§/ at 27.0°C

(t-BuOK) x 10° K (t-Buok) x 105 k x 10°
mole x s 1 x mole”} sec ) 12 mq;e-z sec”!
6.0 0.618 1.03
8.8 0.80 0.91
18,9 1.84 0.97
23.2 2.14 0.92

8/ Concentration 20 mole x 1 1. b/ Concentration 1.0 mole x 11,

The results listed in Table I agree with the work of Schaeffer and Peters (1)
and demonstrate that the rates are directly dependent on the concentration of
the base catalyst,




TABLE i1

Reactions of Alcohols with Cyanopyridinesﬁf at 27.0%

Alcohol (t~BuOK) x 10° % x 103 % Infdate K x 100

{mole x 171y mole x 1™ - aote2gue=l | (equilibrium)
3-Cvanopyridine

Methyl (20) 2.8 -23.2 0961006 2.0 oY 13 .4/

Ethyl (15) 11.4 1.82 T 0.40 68,3 22

i-Propyl (12) 6.0 « 20,0 G, 15 0. 04 35.7 4.8

t-Butyl (11) 8.2 max. 0,0 2.4 0.23

Ethylene glycol (16) 8.2 - 31.2 G.037 + 0,007  3s6.9 3.75

1,3-Propanediol

(12.5) 4,2 - 15,2 0,11 0.01 51.0 8.7

2-Cyanopyridine

Methyl (20) 6.0 0.53 + 0.13¢ 9.9 (9) 473 (150)%/

Ethyl (15) 17.0 0.69 ~ 0.12 76.3 23

1-Propyl (i2) 13.4 - 26,0 1.82  0.15 81,0 38
a-ngggpyridine

Methyl (20) 6.4 - 12,8 5.8 + 0.2 " -

Ethyl (15) 6.4 -~ 9.8 13,3 ~ 0.3 95,0 99.7

1-Propyl (12) 10.6 - 13,2 7.3 0.2 35,7 4.8

8/ Concentration 1.0 mole x 11,

In view of the appreciable variation in

b/ Values reported in Ref. (1). cf At 30°%.

the rate constants with changes in

the structure of both the alcochol and the cyanopyridine, it waas of intereat

to examine the effect of temperature on
equilibrium concentrations of the imidates,

the rates of reactions and on the
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TASLE 111
Reactions of Alcohols with Cyanopyridines?’/ ar Different Temperatures
Alcohol Temp. k x 109 % Inidate Ko xz 102
{mole = 1°1) (£0.3°C) 12 mote“4gec-l (equilibrium)
Z2=~Cvanopyridine
Methyl (20) 7.0 C. 063 88 38
7 30,0 0.57 98.9 (973 473 (150)%/
42,5 1,54 96
Ethyl (15) 11.0 0.14
27.0 0.69 76.3 23
42.5 2,16 93.0 350
i-Propyl (12) 11.0 0,21
27.0 1.82 90 .76
42.5 4.72 67.5 18
3~Cvanopyridine
Methyl (20) 7.0 .11
27.0 ¢.96 72,0 1) 13 Ls)Y
42.5 7.9
Ethyl (15) 9.0 0.29 78.0 25
27.0 1.82 68.3 22
42.5 2.9
1-Propyl (12) 10.0 0.021
27.0 0.15 35.7 4.8
62.5 0.53
Ethylene 30.0 0.30 39,5 7.4
glycol (9.2)8/ 42.0 0.79 29.0 4.6
55.0 1.70 19.5 2.7
1,3-Propanediol (7.0)% 30.¢ C. 96 46.4 12.4
‘ 42,0 2.32 38.4 9.4
55,0 5.3 23.7 6.0
1,4-Butanediol (5.6)% 3p.p 9.53 46,0 15.2
42,9 1,77 32.3 9,0
55,0 4.15 28,7 7.6 ,
Q-Czanogxridine
Methyl (20) 14,0 1.5
27.0 5.7 95.0 99,7
42.5 16.9
Ethyl (15) 14.0 2.6
27.0 13.3 95.0 95,7
42,5 42.2
1~Propyl (12) 10. 6 1.3
27.0 7.3 35.7 4.8
42,5 21.0

a/ Concentration 1.0 mole x 1-1,

where noted,

b/ In the presence of 4,55 mole x 1-}

Blycolate as catalyst,

¢/ Values at 25°C from Ref. {1},

£-BulK catalyst employed in all runs sxcept

of dioxane and using the X salt of the




-5-

The data presented in Table 111 gave linear plots of log k vs. 1/?.

The enthalpies and entropies of activation were caleylated by means of the
Byring equation

k= K o g&gﬁ% e” 5ﬁ£§§
h RT R

(wvhere k and H are the Boltzmann and Planck constants, respectively) and
are listed in Table IV,
TABLE 1V

The Eothalpies and Entropies of Activation for the
Peection of Alcohols with Cyanopyridines

| att . ot
Pyridine Alcchol kcal x mole (e,u,) -
2~Cyano Mathyl (2) 6.6 - 8.0
Lhayl (15) 6.7 - 9,2
i-Propyl (12) 6.8 - 8.4
3-Cyano Mathyl (20) 8.5 - 2,95
Echyl (15) 7.; - 6.1
i-Propyl (12) 7 - 8.9
Ethylene glycol (9.2)5/ 12.7 -32,.4
1,3-Prepanediol (7.8)8/ 12,5 -30.9
1,%=Butzandiel (5.6)8/ 15.4 -21.8
4-Cyanc Mathyl (20) 5.0 ~13.2
Ethyl (55) 5.5 ~11,6
i-Treprel (12) 4.7 -16.1

&/ In the presence of 4,55 mole x 1°1 of dioxane,

The results 1isr2d in Table IV indicate that the entropy of activation is
the principal recponcibls factcr for the diffsrences in the reaction rates
of the isomeric eyancpyridines with the simple aleohols. There is noted
& trend toward more nugativa entropies of astivation for the reaction of

2« and 4-cynnopyridinan, and especially so with the latter compound, The
~ largs negative entrcpies of activations for the reaction of the glycols
also account to a large dagree for the lower reaction rates as compared
to those of the simnle aleshols,
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Table II and XII incilude information concerned with the equilibrium
valus of the formation of imidates. Wherevar comparisons are possible, the
results of this work agree well with those reported previously (1), Thers
is noted a remarkable difference between the 2- and é—cyanopyridines, on
one hand, and the 3-cyano isomer on the other, with the latter compound being
less favorable for the formation of the imjidates. 1t is also confirmed that
higher temperaturas tend to repress the formation of the imidates,

Table V summarizes the eéxperiments performed to test the effect of using
potassium t-butoxide as bage catalyst in place of the appropriate sodium
alkoxide, and there is notad & consistent decrease in the reaction velocity
when the sodium alkoxide is employad,

TABLE V

Effect of Different Baae Catalyst on the Reaction Rates of
Methano12/ and Cyanopyridineshl

Pyridine k x 10° {12 mole=-2 sec™l)
t=BuOK MeONa
2-Cyano 0.90 0.57
3-Cyano 0.96 0,51
4-Cyano 5.7 4.8

8/ Concentration 20 mole x 11 at 27°C. b/ Concentration 1.0 mole x 1“1.

In view of the interast to emp loy polyfunctional and possibly solid
alcohols in this research there was investigated the formation of imidates
in the presence of different solvents rather than excessive amounts of the
reacting alcohol, It was discovered that the equilibrium concentration of
imidate was greatly affected by the nature of the solvent, as showp by the
results reported in Table VI and sumnarized in Fig. 1.




TABLE VI

Effect of Solvents on the Equilibrium Concentration of Imidates Derived
from Methancl and 3-Cysnopyridine®/ gz¢ 27°C with varying Methanol/ Nitrile
Concentreations.

Methanol % Imidate
Solvent Mole x 1-!1 (equilibrium)
Dimethyl sulfoxide 5 12
7.5 18
10 25
Dimethyl formamide 5 19
7.5 26
10 36
15 52.5
Dioxane 1 11
2.5 19.5
5 30.0
10 53.0
17.5 65.0
t-Butyl alcohol 1 14
4 30
9 61
12 80
Toluene 1 7.5
2 38.2
4 47.5
6.5 54
g (3]
12 67

8/ Concentration 1,0 mole x 1-1. Variable amounts of t-BuOK did not effect
the equilibrium values.




90 4.

10¢

Imidate
50T

404

304

20-—

10y

e
[oV]
W =
o~
w
L= g
)
v s]
el

Fig. 1
(MeOH )/ (ArcN)

Equilibrium of Imidate Formation as Function of (MeCH )/ (AxCN) in
Different Solvents (Table ¥I).

The observed effect of solvents on the position of the equilibrium
during the formation of imidates is believed to be of great potential valua
48 a means to promote better yields in the synthesis of imidates.

For both these reasoms there was investigsted the posgibility of isolating the
imidateg as crystalline, and relatively insoluble plcrates, and the success
of this procedure ia shown by the analytical data reported in Table VII.




TABLE VII

Picrates of Imidates Derived from 3~Cyanopyridine§/

Alcohol Mp. %) pormule %C % H % N
Methyl 137-138 C13ysNgO7  Caled. 42.75  3.06  19.17
' Found 42,87 2.98 15.28
i-Propyl 139-140 C15H, N0, Calcd. 45,83 3.81 17.83
Found 45,63 3,57 14.09
Ethylene glycol 134-135 C14Hy3N50g Caled. 42,54 3.31 17.72
Found 42,11 3.19 14.23
1,3-Propanediol 122-123 CISHISHSOB Caled. 44,02 3.70 17.12
Found 44,62 3.45 15.75

1]
a/ Microanalyses by Dr. Alfred Bernhardt, Mhlheim, Germany.

The low nitrogen analyses indicate partial hydrolysis of the imidate to the
ester during the repeated crystallizations of the picrates from acetone.
Since the change of the NH group for an oxygen produces practically no change
in the molecular weight, and the picrate can still be formed by virtue of the
pyridine ring, the C and H analyses suffer no alterations as a consequence

of the hydrolysis.

Discussion

A mechanism of the imidate formation consistent with the results
described above involves a rapid equilibration of the reacting alcohol with
potassium t-butoxlde,

!

R-08 + t-Bu0” k' =P R-07K* 4 reBu-H
k.
S|

The fact that the resctions of methanol catalyzed by t-BuOK are consistently
more rapid than those catalyzed by sodium methoxide (Table V) indicates that
the nature of the metal is of greater significance than that of the alkoxide
introduced as the base catalyst, and this result is in agreement (2) withthe
recognized difference in the degree of dissociaticn of the alkali metal
alkoxides,
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The reaction of the alkoxide with the nitrile 1is more likely to be the
rate-determining step than the subsequent reaction of the anion with anothey
molecule of alcohol, since the latter is o relatively simple proton transfer
Process involving an anion expected to by highly solvated by an alcohol, in
the first place.

k
2
R-0" + AT-CE N e Ar“g' L
k. R
. k
3
Arf + R-OH e Ar"’im + R-0°
No-r k.3 OR
If k3> kp
‘Li&;ﬁf*ﬂl * k; (ArCN) (X0"), and since (RO')G(R]_ (ROB) (tBuoK),
o dmidate) L opy (arow) (Reom) (£-BuoKh)

. While it is true that k3 must vary from one alcohol to another, because
of the fact that the proton transfer in alcchols ig many magnitudes greater (3)

thés the rate of imidate formation, one can assume that the rate of the latter

resction {s affected very little by the relatively small differences in acidity
-of different alcohols (4).

It would seem from the data reported in Table II for 3- and 4-cyanopyridines,
that in the aeries methyl, ethyl, and isopropyl alcohols, the reaction rates
increase at first because of the greater nucleophilicity of the alkoxide ion,
but that this trend is more than coffset by steric impediments. However, it is
difficult to arrive at clear-cut conclusions along these lines because of dif-
ferences in the degree of solvation that undoubtedly affect the resction ratss
and which manifest themselves Primarily as the variations in the entropies of
activation reported in Table IV. In the case of imidate formation by 3~cyano-
pyridine, the progressive increase in the negative entropy of activation (as
one proceeds from methyl to isopropyl alcohol) can be interpraeted to mesn a

- progressively greater loss of freedom of the system (comparing the initial and

methanol, to an alcohol in which the intermolecular forces of attractions are
relatively small. The notable increase in tha enthalpy of activation for the
reaction of the glycols is moat likely due to chelztion that renders the -

alkoxide O~ K+ less reactive, and the large regative sntropy of activation

could mean that initially formed species in the rate determining step requires
a rigid, intramolecularly coordinated trausition atate:

| ‘ Ar-C = N-H
2- K+?H+Arc=_=ﬂ @ .‘.E s :’] -——% E K+ - '-—-9 &Ly,




The equilibrium constants for the imidate formation were shown (1)
to obey the Hammett equation and to be favored by negative substituents
{posirive rho value)., In line with the greatest positive sigma constant
for the 4-pyridyl group (5), it is expected that the 4-cyano compound is
the most favorable reagent among the isomeric cyanopyridines for the for-
mation of imidates, The incomplete data listed in Table II bear out this
expectation, but there ig an indication that 2-cyanopyridine may be of
special use in the formation of imidates derived from secondary alcohkols
(note the high equilibrium value for isopropyl alcohol). Should this
result be confirmed by additional work, it will be anp example of an
ortho-acceleration effect (6).

For a given equilibrium concentration of imidate (a) and known
initiel concentrations of the alcohol (b) and nitrile (c), the equilib-
rium constant is given by

{Inidate) a

Kim = = - , Where x represents the concen-
(ROH) (ArCN) (b-a-x) (c-a)

tration of the alcchol which is "inactive" in the equilibrium due to
strong involvement with the solvent molecules. As a first approximation
one can ignore the quantity % and estimate Kim values for different
(ROH)/(ArCN) ratios. Then we can plot the apparent Kim values against

the mole fraction of the given solvent and extrapolate to zero concentra-
tion of ROH to obtain an lmproved Kyp, value. This operation is justified
on the bagis that with decreasing amounts of aleohol the value of x becomes
less significant, Figure 2 shows this application of thig procedure to
several solvents, and Table VIII lists the Ky values obtained for the
imidate formation from methanol and J~cyanopyridine in different solvents
at 27°C, It is noteworthy that strong interactions between solvent mole-
cules and the alcohol have an adverse effect on the equilibrium congtant,
and that, on the other hand, the use of "inert" solvents produces favorable

displacements of the equilibrium even in the absence of excessive amounts
of the alcohol.




TABLE VIII

Equilibriwe Constants for tmidate Formation from Methanol and
3~Cyanopyridine ar 27°C iq Diiferent Sclvents,

Solvent Ky % 102
e e e s ‘—"_«-—__—_.“
Dimechyl sulfoxide 3
Dimethel formam%de 8
Methyl alcohold/ 13
Dioxane 18
t-Butvl alecohol B
Toluene ca, b6
4/ From Table I1.
S04
804
704.
N
604 ™ o
K ~
10 504 Toluene
" © t-BuOH
R o o .\
e 0
30 je o\ / © Dioxane
20 4+ » o ‘—'_’,—'uuw
“\h‘\‘“mhﬁo - ©
10 e o"'"‘"*-—-Oe-_...Q CROI . o_________.-O/
- O o = Q -
3 2 ) i 1 1 i L 1 ] I
{ t ! i i ¥ 1 i L) ! T ]
0.90 0.80 0.70 0.60 0.50 0.40
mole fraetion
Fig. 2 solvent

Estimate of KIm for the Reaction of Methanel and

3-Cyancpyridine at 27°C in Different Soivents
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