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Abstract —Forty-three (including eight identical) reactions of acetyl transfer figmacetyloxypyridinium

salts to pyridineN-oxides in acetonitrile solutions were studied. The rate constantsry in the range 16

101 I mol~t s°L; the equilibrium constantk, in the range 16-107; the activation enthalpgH?, in the range

17-30 kJ mot?; the activation entropyAS*, in the range 6085 J mot! K=1; and the heat of reactiorAH?,

within 50 kJ mot?. All reactions occur in a single stage by the concerte Bechanism with a low degree

of bond cleavage in the transition state. The rate and equilibrium of the acetyl exchange are satisfactorily
described by the Brgnsted equation. The quality of predicting the reactivity is substantially improved by
introducing into the correlation equation a second parameter, the rates of identical reactions.

Nucleophilic substitutions at the carbonyl centerbetween the acetyloxypyridinium salts and pyridine
are actively studied because of particular significanc&l-oxides in acetonitrile solutions, including identical
of carbonyl compounds in chemistry and biology [1].reactions (Nu= Nu,), to elucidate the reaction mech-
At the same time, the problem of predicting theiranism, to reveal correlations between the reaction
reactivity is still urgent [2, 3]; many questions remainrates and equilibria, and to examine the possibility
to be answered, especially concerning determinatioand assess the result of using ttigternal’ activation
of the reaction mechanism and choice of the analyticddarrier as the reactivity parameter.
procedure [3, 4]. Examples demonstrating the step N N
(AN + DN) mechanism of acyl transfer are well known CH3CONY X~ + Nuj &= CH3CONy X~ + Ny;, (1)

[5]. However, in aprotic solvents acyl transfer occurs _ _ _

most frequently in a single stage as a classiae? S X=BPhy ; Nuj, Ny —O‘NO Ccr (@),
reaction by the concerted (®N) or induced con-

certed (Av-Dn) mechanism [6]. This is the case, e.g., g ) O—NQ e (3
for transfer of the methoxycarbonyl group from acyl- © NO ) O CHs (3).

onium salts toN- and O-nucleophiles [7, 8].

In the majority of studies devoted to nucleophilic O—N@CH2CH3 (4), O—N@OCHg (),

substitution at the carbonyl group [3, 5, 6], the reac-

tivity is analyzed in terms of the linedree energy

relationship. At the same time, recently in the field of O—N@CH=CH@ (6),
nucleophilic reactivity active efforts have been made

to develop and adapt new, physically more substanti-

ated models such as the Marcus equation [9] or the O—N@CH=CH@N(CH3)2 (7),

method of crossing parabolas [10], the Sh&foss

approach [11], cubic reaction diagrams [12], etc., but
examples of their practical use for interpreting the O—N@N(CHs)z ®),
experimental data on acyl transfer are few, and for
indentical reactions such examples are lacking at all. Q
O-N N—"1 (9).
The goal of this work was to determine the equilib- O | —oO

rium and kinetic parameters of acetyl transfer (1)
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ACETYL EXCHANGE BETWEEN PYRIDINE N-OXIDES 1609

The kinetic and equilibrium characteristics of reac- or Kops = ki + Ko[Nuj].
tion (1) are listed in the table. The equilibrium con-
stants (lod;) of reaction nos. 46 and 9-16 in the The constantsk were usually close to zero, with

table were determined by UV spectroscopy in{ON  the conditionk; << k, always fulfilled. The concen-

at 298 K. The reagents in these reactions, 'N,N. tratlor) of the acerIQxypyrldlnlum salts :I%n the kinetic
dimethylaminostyryl)pyridine N-oxide (Nu, A, €Xperiments at = j did not exceed &% 10~ M. Inthe
395 nm) and itsO-acetyl salt &, 510 nm), have kinetic studies of the identical reactions, under condi-
long-wave absorption bands which do not overIaﬁ!OﬂS of stoichiometric equivalence, the salt concentra-
with each other and with the absorption bands of théons were an order of magnitude higher. However,
other reactants and are very strong 36000 and even under these conditions, as shown in [15], tetra-
50000 | mof! cm™?, respectively). This fact allowed Phenylborates of the alkoxypyridinium salts are prac-
spectrophotometric monitoring of two equilibrium tically fully dissociated ¢ > 0.8). The plots for
concentrations simultaneously, which considerablyrd. (3) were always lineat,e., theeffects of ionic

improved the accuracy and reliability of determinationassociation or hydrolysis were not manifested., The
of the constants. This is particularly important, becharacteristics of the transition statasl; and AS;

cause, by summing in pairs reactions (2a) and (2bjsee table) were determined from tkfevalues at three
we were able to calculate the constants of reactiofemperatures in the 3G range.

nos. 1734 in the table for whichi, j # 7. The heats of the acetyl transfer between, ind
CHyCO-NU' + Nu; = CH,CO-NU; + Ny K. (2a) iNC:jl ((S:;f; ;al()i)) V\ierag?lculated from the thermochem-
CHZCO-NU; + Nu = CHyCO-Nu + Nu; KZ  (2b) '

CH?,CO—Nui+ + Nuj = CH3CO—NuJ-+ +Nu KE — Kie7ng @)

CH,CO-NU'CI- = CH,COCI + Ny(aHJ  (4a)
, _ , - CHCOCI + Ny = CH3CO—NuJ-+CI‘(—AH5 (4b)
_ The optical properties of the species participating

in these reactions are so similar that reliable determieH,co-Nu'cl-+ Nuj=CH3c(}Nuj+c|—+ Nu (-AH fj’) (4)
nation of the equilibrium concentrations is difficult.

For reaction nos. 7 and 8, the equilibrium constant The required heats of formation of chlorides of
was calculated from the kinetic data: lsg = logk! - acetyloxypyridinium cations from the neutral species
logK'. The constants for reaction nos-® 9, and 10 [reaction (4b)] in CHCJ solutions (see table) were
can be determined similarly. It can be readily seemletermined by calorimetric titration. The values for
that the log<} values calculated by Eq. (2) agree] = 1-3 and 8 were taken from [16], and fpr= 7 the
within the measurement error with the constants detepeat of formation of the acetyloxypyridinium salt was
mined from the reaction rates. measured similarly in this work.

The rate constants (Id¢) of reaction nos. 4, 68, 1 2 3 7 8
10, 12, 14, and 1619 were determined for the first
time in this work in CHCN solutions by the stopped- AH}, kJ/mol SGt3 60+3 78+3 66+2 109+2
flow procedure. The values for reaction nos. 1, 3, 5, o
9, 23, 24, 27, and 28 were obtained similarly [13], and AS seen from _the table, the constants of equilibri-
those for reaction nos. 25 and 26 were determinedm (1) vary within 14 orders of magnitude, and the
previously in [13] and remeasured in this work. Therate constants, within 7 orders of magnitude, depend-

other values for the reactions with= j were calcu- ing on structural features of the reactants. The equilib-
lated as log’ = logk® + logK'. The constants for the rium constants and the heats of reactions show a satis-
e :

identical { = j) reaction nos. 3538 and 4143 were 'actory linear correlation (5) (Fig. 1):
determined by dynamic NMR, and for reaction no. 39
the constant was determined similarly in [14].

All the experimentally studied reactions (1) follow n 14, r 0.952, & 0.48.
second-order kinetics. The constants of the non- _ , _ ,
identical reactions were determined by Eq. (3) under The fact that an isothermodynamic relationship of
pseudo-first-order conditons at a 10-fold andtype (5) is obeyed indicates [2] that the transition
larger excess of one of the reactants for it6analyt- states are similar for all the members of the reaction

_AHO = (0.00:2.53) - (7.48:0.69)logK’;  (5)

ical concentrations. series, i.e., the reaction mechanism is the same. The
activation parameters of reaction (1) are typical of
Kops = K¢ + Ko[AC—NU X, (3) spontaneous (noncatalytic) bimolecular nucleophilic
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Kinetic (Iogkij, AH

#
ij
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—AS?J-E) and thermodynamic (Iolgg, —AHié) characteristics of reaction (1)

Run| Nu Nu, logk; | logKg ~AH], AHE, ~AS, log (kiky) |  PK; pK|
no. kJ mol? kJmor! | Jmort k-1
1 1 7 4.31 2.72 16 6.59 0.38 1.43
2 7 1 159 | -2.72 ~16 6.59 1.43 0.38
3 2 7 4.14 1.76 6 30 62 6.85 0.79 1.43
4 7 2 224 | -1.76 6 17 83 6.85 1.43 0.79
5 3 7 3.46 0.48 ~12 29 82 7.15 1.29 1.43
6 7 3 3.00 | -0.48 12 7.15 1.43 1.29
7 4 7 3.35 0.30° 7.16 1.34 1.43
8 7 4 3.05 | -0.30 7.16 1.43 | 1.34
9 5 7 324 | -1.35 17 81 7.61 2.05 1.43
10 7 5 4.13 1.35 7.61 1.43 2.05
11 6 7 3.4 0.86 7.02 1.10 1.43
12 7 6 254 | —0.86 7.02 1.43 1.10
13 8 7 1.3 | -5.26 43 8.31 3.88 1.43
14 7 8 6.53 5.26 43 8.31 1.43 3.88
15 9 7 1.6 | -3.80 8.09 3.25 1.43
16 7 9 5.41 3.80 8.09 1.43 3.25
17 3 9 5.97 4.2¢ 7.92 1.29 3.25
18 4 9 6.07 4.1° 7.93 1.34 3.25
19 5 9 5.81 2.45 8.38 2.05 3.25
20 9 3 1.69 | —4.2¢ 7.92 3.25 1.29
21 9 4 1.97 | 4.1° 7.93 3.25 1.34
22 9 5 3.36 | —2.45 8.38 3.25 2.05
23 2 8 7.5 7.0 49 7.84 0.79 3.88
24 2 5 5.31 3.1° 7.14 0.79 2.05
25 3 5 4.46 1.8% 7.44 1.29 2.05
26 4 5 4.89 1.65 25.5 66.2 7.45 1.34 2.05
27 1 3 4.40 2.F 28 6.42 0.38 1.29
28 2 3 4.13 1.7 18 6.68 0.79 1.29
29 8 2 05 | 7.0 -49 7.84 3.88 0.79
30 5 2 2.2 | 3.1° 7.14 2.05 0.79
31 5 3 263 | —-1.8%F 7.44 2.05 1.29
32 5 4 3.24 | -1.65 7.45 2.05 1.34
33 3 1 22 | 2.F 28 6.42 1.29 0.38
34 3 2 2.8 | o.F ~18 6.68 1.29 0.79
35 1 1 293 | O 0.38 0.38
36 2 2 319 | O 0.79 0.79
37 3 3 349 | 0 1.29 1.29
38 4 4 35 0 1.34 1.34
39 5 5 395 | 0 2.05 2.05
40 6 6 33¢ | 0 1.10 1.10
41 7 7 366 | 0 1.43 1.43
42 8 8 465 | 0 22 82 3.88 3.88
43 9 9 443 | 0 3.25 3.25

o))

Calculated fromkil = Kii ki, P Determined fromkil = Kii/Ki. ¢ Determined by summation of two reactioﬂsij(: Ki7K7j). d calcu-
lated by Eq. (9).
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AH,
kJ mol?

40

20

1
-8 -4 0 4 8 logK
e L
Fig. 1. Correlation between the thermal effect of reac-
tion (1) and the equilibrium constant. The reaction Fig. 2. Correlation between the rate of the acetyl
numbering is the same as in the table; the same for exchange and basicity of the (a) nucleophile and
Figs. 25. (b) leaving group.

substitutions [17]. The low activation enthalpidsl” group is protonated first, K +[N(CH3),] = 4.30
(17-30 kI mot) and entropiesAS™ (from —60 to  [20]. However, the basicity can be estimated from the
-82 Jmot' K™) suggest an associative transitioncorrelation between log, and Kg-.

state with a low extent of cleavage of the bond with _ )

the leaving group [11]. As shown in [18], nucleophilic logKe = (3.92:0.14) - (2.74£0.08)Kgys  (8)
substitutions proceeding via stable tetrahedral interme- r 0.998,n 7, §, 0.21.

diates are usually characterized by negative activation Then for Ny logK, = 0 and Kg,+(N—O) is, cor-

. #*

enthalpies. Therefore, our values &fi” can be con- respondingly, 1.43. According to [6, 19], the lack of

sidered as evidence in favor of a concerted, rathe break in th int for the identical . in th

than a multistage, reaction mechanism. _break in the point for the identical reaction (in't 1€
' vicinity of pKgy+ 1.43 in Fig. 2) is a necessary condi-

_ Re_qent_ly there has been a consid_erable progres_stinn and evidence of the concerted mechanism.

identification of concerted mechanisms of organic 14 coefficients of Egs. (6) and (7py, = 1.37

reactions [19]. Figure 2 shows the correlations besy , - 0.g7) are higher than those for the similar
tween the rate constants and basicities of the nucleﬁ)(-aacﬁoc’ng series studied previously [17, 21], i.e., ex-

phil_e and leaving group for the rgactions in which.Nu change of the CKCO group between pyridindl-ox-
IS eltg_er a nucl?otphlle or at'leavmg groupf. 'Ill'he COM®ides is, apparently, one of the most structure-sensitive
sponding correlation equations ar€ as 10lloWS:  aeetyl transfer reactions. Comparison of the coeffi-
7 . cients of Eqgs. (6) and (7) shows that the nucleophilic
logk™ = (1.150.08) + (1.320.04)Kpp  (6)  gypstitution at the carbonyl group is more sensitive to
n 8, r 0997, 0.13. structural changes in the nucleophile as compared to
i i the leaving group. This result can be checked.
logk” = (4.64:0.15) — (0.87:0.07)K gy (7) _ g ,g P
Figure 3 illustrates the dependence of the rate on
n 8, r 0980, & 0.23. the basicity of the nucleophile and/or leaving group
for a set of identical reaction; the corresponding equa-

As seen, in both cases there are good linear corrgon is the first example of such correlations for acyl
lations. It should be noted that for 4~,N-dimethyl-  transfer:

aminostyryl)pyridineN-oxide (Nu) it is impossible ] -
to evaluate experimentally the basicity of tNeoxide logk' = (2.83+0.05) + (0.4%0.02)Kpy+  (9)
group, since the nitrogen atom of the dimethylamino n 7 r 0.994,5, 0.08.
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dynamic NMR spectra. However, another fact is very

5 important. It can be readily shown [22] that within a
log k reaction series the coefficients of the correlation equa-
4 tions are related as follows:
py = L2py + 1l2p,, (10)
pji = 1/2pii - 1/2pev (11)
Pt P = Py (12)

Summation of the coefficients in Eqgs. (6) and (7)
(1.37- 0.87 = 0.50) leads to a result that excellently
agrees with a slope of 0.49 in the identical series;
this fact proves the reliability of the coefficients in
Egs. (6) and (7).

Figure 4 shows the correlation between the rate and
equilibrium [Eq. (1)] constants, which is described by
the equation

0 1 2 3 4 [KBH+

Fig. 3. Correlation between the rate constants of the

identical acetyl transfer reactions and the basicity of the

nucleophile. logkj = (3.62£0.07) + (0.49&0.025)|09Ki‘jl; (13)
Using Eqg. (9), we can estimate, in particular, the n 43, r 0.950, §, 0.47.

rate constant of the identical reaction forj = 6,

logk®® = 3.36, which was difficult to determine ex-  This equation satisfactorily reproduces the correla-

perimentally because of large errors in analysis of théon between the kinetic and equilibrium characteris-

log k

-8 -6 -4 -2 0 2 4 6 8 logKe

Fig. 4. Correlation between the rates and equilibrium constants of acetyl exchange.
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Fig. 5. Experimental (log,,J and calculated by Eq. (13) (lég, rate constants of reaction (1).

tics of reactions (1); Fig. 4 reveals no curvature of thehe “edge$ of reaction series (13) may reach 0.5 log
Brgnsted plot. However, identical reactions cannot beanit, which is comparable with the errors in experi-
described in the same coordinates; their rate is varmental determination of the rates of fast reactions and
able [Eq. (9)], whereas the position of tHequilibri-  with the consequences of neglecting B[23]. There-
um” is the same, which determines the location of théore, it is appropriate to restrict the consideration to
corresponding points in Fig. 4. the first two terms in Eqg. (14), as it was done, e.g.,
for methyl transfer reactions [22, 25, 26]. By a two-

tior'?g t:ri skaer;epg:r;% eﬁgf;ai%teg'g:jci;iﬂ;'Otlﬁgt'f::givit arameter treatment of the data in the table, we ob-
ained a correlation equation with the coefficients

[4, 11]. Therefore, let us analyze our results with the . : : : ,
Marcus equation [9]. This equation, when written fOSnrtually identical to those in Eq. (14):
the rates and equilibria, has the following form [22]:

(0.51+0.02)(logkll + log ki)
log kj = 1/2(logk; + logk;) + 1/2logK; (0.50+0.03)logK !; (15)
— (log Kj))2/{16[log B — 1/2(logk; + logkjl}. (14) n 34, r 0.987, S, 0.21.

commn Tt Bostons e s magebicg. The rate consiants calcaed by Eq. (14) vel
since, on the one hand, it is apparently small [23] anJ, P 9- P '

on the other hand, there are no verified procedures fgg i = (1.02+0.02)logkll, ; n 34, r 0.983,S,0.29. (16)

its determination [24]. The last term in Eq. (14) is

responsible for deviations from linearity in the Brgn- As seen, the use of the thermoneutral activation
sted coordinates, observed in some cases. Estimatibarrier not only considerably improves the quality of
of the maximal values of this term from the availablethe correlation treatment but also offers a way of
data (see table) shows that at (qu2 < 25 and simple prediction by Eq. (14) of the rates of reactions
Slogk; + logk;) ~ 50 the “quadratic’ deviations at that have not been studied experimentally. Compari-

log ki

+
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son of Egs. (13) and (15) shows that the acetyl trans-
fer in reaction (1) is controlled not only by the ther-

RYBACHENKO et al.
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especially for reactions at the carbonyl center [27, 28], 2.
and require further study.

EXPERIMENTAL

All the salts were prepared and purified as de-
scribed in [13, 29]. 4-(4N,N-Dimethylaminostyryl)-
pyridine N-oxide was prepared by the procedure given
in [30]. The nucleophiles were distilled or recrystal-
lized before use. Acetonitrile of anh grade (Aldrich) ™
was stored over 3A molecular sieves before use.

The reaction rate constants were determined with5.
an Applied Photophysics stopped-flow apparatus
equipped with a temperature-controlled unit@.1 K).

The observed pseudo-first-order rate constants were
calculated by the Guggenheim procedure from theg.
time dependence of the UV absorption as described
in [8, 31]. The rates of the symmetrical reactions were
determined from the dynamic NMR spectra, which
were taken on a Gemini-200 spectrometer (200 MHz).
As indicator signals we used those of theprotons 8.
of the pyridinium ring in the nucleophile and its acetyl
salt; their shifts § ppm) for the Ny-AcNu’ pairs
were as followsi = 1 (8.05, 8.75),i = 2 (8.02, 8.66),

i = 3 (7.98, 8.58),i =4 (7.97, 8.56),i = 7 (7.90, 9.
8.05),i = 8 (7.84, 8.00), and = 9 (7.89, 7.98).

The electronic absorption spectra of the participant%
of reaction (1) were taken on a Specord-YAs spec-
trometer; the optical densities were measured with ahl-
SF-26 spectrophotometer in a temperature-controlled
cell at 298+0.1 K. When calculating the constants, we
used the concentration quantities; the activity coeffi12.
cients were not introduced because of the symmetry
of reaction (1). The reproducibility of the measured
equilibrium constants was no worse thas%o; that of
the rates of the identical reactions, better thdi%%;
and that of the rates determined by the stopped-flow
procedure5-7% for fast (logk, > 5) and+3-5% for
the other processes.

13.

Calorimetric measurements were performed at
298 K; solutions of CHCOCI in chloroform ¢ ~5x 15
102 M) were titrated with solutions oN-oxides of

similar concentration. 16.
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