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Continuing the experimental (anilinolyses' and pyridino-
lyses?) and theoretical studies® on the phosphoryl transfer
reactions, the reactions of Y-O-aryl methyl phosphono-
chloridothioates with X-pyridines in acetonitrile at 35.0 +
0.1 °C (Scheme 1) have been carried out kinetically to gain
further information into the phosphoryl transfer reactions
and substituent effects of the nucleophiles and substrates on
the reaction mechanism, as well as to compare with the
relevant pyridinolyses of RiR,P(=S)Cl-type substrates in
MeCN.

The pseudo-first-order rate constants observed (kopsa) for
all reactions obey eq. (1) with negligible &y (= 0) in MeCN.
The second-order rate constants were determined with at
least five pyridine concentrations [XCsH4N]. No third-order
or higher-order terms were detected, and no complications
were found in the determination of kqpsq Or in the linear plot
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Scheme 1. The studied reaction system.

of eq. (1). This suggests that there is no base-catalysis or
noticeable side reactions, and the overall reaction follows
the path given by Scheme 1.

kobsa = ko + k2 [ XCsHaN] (1

The second-order rate constants [k (M s)] are sum-
marized in Table 1, together with selectivity parameters, px,
Px, pv, and pxy. The fx values were determined using pK,
values in water; the slopes from the plots of log k»(MeCN)
against pK,(H,O). Justification of this procedure has been
experimentally and theoretically provided.® The substituent
effects in the nucleophiles and substrates on the rates are
compatible with those for a typical nucleophilic substitution
reaction with positive charge development at the nucleo-
philic N atom (px < 0 and fx > 0) and negative charge
development at the reaction center P atom (py > 0) in the
transition state (TS). However, the Hammett (log k> vs ox)
and Bronsted [log k2 vs pKa(X)] plots for substituent X
variations in the nucleophiles exhibit a break region between
X =H and 3-Cl, resulting in discrete two parts with one part
for the strongly basic pyridines (X = 4-MeO, 4-Me, 3-Me,
H) and the other part for the weakly basic pyridines (X = 3-
Cl, 3-Ac, 4-Ac), respectively (Fig. 1). The Hammett plots
(log k> vs oy) for substituent Y variations in the substrates
are biphasic downwards with a break point at Y = H (Fig. 2).

Table 1. Second-Order Rate Constants (k> x 10°/M™" s™') and Selectivity Parameters® of the Reactions of Y-O-Aryl Methyl Phosphonochlori-

dothioates with X-Pyridines in MeCN at 35.0 °C

X\Y 4-MeO 4-Me H 3-Cl 4-CN oy’ o
4-MeO 88.0 213 425 852 982 2.45+0.11 0.56 + 0.08
4-Me 16.0 312 62.3 218 434 2.14+0.06 1.29 + 0.06
3-Me 10.3 23.0 41.0 144 290 2.14£0.10 1.30 + 0.06
H 4.30 7.20 14.3 51.0 117 1.91+0.02 139 +0.03
3-Cl 2.50 6.20 123 43.1 86.2 2.48+0.11 1.29 + 0.06
3-Ac 2.20 5.60 112 40.1 80.2 2.53+0.12 1.30 + 0.06
4-Ac 0.301 0.751 1.50 4.07 11.0 2.50+0.11 1.30 + 0.04
—px* 4.54+0.16 498 +0.20 5.06+0.19 420+0.13 3.20+0.09 oxy = pxy =
B 0.94 £0.12 1.03+0.15 1.04£0.14 0.87£0.07 0.66 £ 0.05 -1.76 £ 0.17 2.80+0.13
—pxst 7.12£0.01 7.14+0.02 7.13+0.02 8.05+0.03 7.01£0.03 pxy"ek= Pxy“ET =
B 2.14 2.13 2.13 2.38 2.08 —-0.02 +0.09 0.07 £ 0.05

“The o values were taken from ref 4. The pK, values were taken from ref 5. by = (4-MeO, 4-Me, H). Correlation coefficients, r, are better than 0.971. “Y
=(H, 3-Cl, 4-CN). » > 0.957. 94X = (4-MeO, 4-Me, 3-Me, H). r > 0.962.7 > 0.980. #X = (3-Cl, 3-Ac, 4-Ac). "r > 0.999. ‘Calculated with X = 3-Cl and 4-
Ac. Note that X = 3-Ac is not considered. /r = 0.941. % = 0.983. ’» = 0.961. ”r = 0.996.
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Figure 1. (a) The Hammett (log k> vs ox) and (b) Bronsted [log k>
vs pKa(X)] plots of the reactions of Y-O-aryl methyl phosphono-
chloridothioates with X-pyridines in MeCN at 35.0 °C.
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Figure 2. The Hammett plots (log k> vs 6y) of the reactions of Y-O-
aryl methyl phosphonochloridothioates with X-pyridines in MeCN
at 35.0 °C.

It should be noted that the fx values for the weakly basic
pyridines are calculated from the two pyridines with X = 3-
Cl and 4-Ac, excluding X = 3-Ac, since the sequence of the
magnitudes of ox and pK,(X) values of 3-Cl, 3-Ac, and 4-Ac
substituent is not consistency: ox = 0.37 (3-Cl) < 0.38 (3-

Notes

Ac) <0.50 (4-Ac) whereas pKy(X) = 2.38 (4-Ac) < 2.81 (3-
Cl) < 3.26 (3-Ac). The pfx values obtained with the two
weakly basic pyridines may be more or less overestimated,
however, the tendency of the substituent X effects with the
weakly basic pyridines can be discussed by the magnitudes
of px values together with the fx values. The magnitudes of
px (=-7.01 to —=8.05) and fx (= 2.08-2.38) values with the
weakly basic pyridines (X = 3-Cl, 3-Ac, 4-Ac) are greater
than those (px =—3.20 to —5.06 and fx = 0.66-1.04) with the
strongly basic pyridines (X = 4-MeO, 4-Me, 3-Me, H), indi-
cating greater degree of bond formation (or greater positive
charge development on the nucleophilic N atom) for the
weakly basic pyridines than for the strongly basic pyridines.
Furthermore, the magnitudes of px and fx values with the
weakly basic pyridines are not only great but also nearly
constant (px = —7.10 £ 0.09 and fx = 2.10 £ 0.04 when
excluding Y = 3-Cl) regardless of the nature of substituent Y,
electron-donating or -withdrawing (vide infra). The py (= 1.91-
2.53) values for the weaker electrophiles with electron-
donating substituents Y (= 4-MeO, 4-Me, H) are somewhat
greater than those (py = 0.56-1.39) for the stronger electro-
philes with electron-withdrawing substituents Y (= H, 3-Cl,
4-CN), indicating the greater negative charge development
on the P reaction center for the weaker electrophiles than for
the stronger electrophiles. The magnitudes of py values with
the weakly basic pyridines are almost constant for both the
weaker (py = 2.50 £ 0.03) and stronger (oy = 1.30 = 0.01)
elctrophiles (vide infra).

The cross-interaction constants (CICs; pxy), egs. (2), are
determined, where X and Y represent the substituents in the
nucleophile and substrate, respectively.” The sign and
magnitude of the CICs have made it possible to correctly
interpret the reaction mechanism and degree of tightness of
the TS, respectively. In general, the pxy has a negative value
in a stepwise mechanism with a rate-limiting bond formation
and a concerted Sn2. In contrast, it has a positive value for a
stepwise mechanism with a rate-limiting leaving group
expulsion from the intermediate. The magnitude of pxy is
inversely proportional to the distance between X and Y
through the reaction center.’

log(kxy/kun) = pxox + pyGy+ pxyGxoOy (2a)
Pxy = pPx/oy = pylox (2b)

Since both Hammett plots for substituent X and Y varia-
tions are biphasic with a break region and point, respective-
ly, four values of pxy can be obtained by dividing into four
blocks: (@) pxy =—1.76 (r = 0.941) for the stronger nucleo-
philes and weaker electrophiles (X = 4-MeO, 4-Me, 3-Me, H
and Y = 4-MeO, 4-Me, H); (b) pxy = —0.02 (r = 0.983) for
the weaker nucleophiles and electrophiles (X = 3-Cl, 3-Ac,
4-Ac and Y = 4-MeO, 4-Me, H); (¢) pxy =+2.80 (»r=0.961)
for the stronger nucleophiles and electrophiles (X = 4-MeO,
4-Me, 3-Me, H and Y = H, 3-Cl, 4-CN); (d) pxy =+0.07 (r =
0.996) for the weaker nucleophiles and stronger electro-
philes (X = 3-Cl, 3-Ac, 4-Ac and Y = H, 3-Cl, 4-CN). How-
ever, the pxy values have some problems with credibility
because of: (i) the pxy values are calculated with twelve
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second-order rate constants for a and ¢ blocks, and with
nine for b and d blocks;® (ii) the correlation coefficients,
r (£ 0.98), for a, b, and ¢ blocks are not tolerable; (iii)
moreover, the constancy of px and py values with the weakly
basic pyridines (vide supra) leads to unacceptable sign of
pxy values for b and d blocks (despite » = 0.996 for d block).
Consequently, the signs of pxy for a and ¢ blocks can be
acceptable while those for b and d blocks cannot be accept-
able to discuss the reaction mechanism. In other words, the
magnitude of pxy is null for the weakly basic pyridines, b
and d blocks.

The null of pxy value suggests the absence of the cross-
interaction between X and Y. This phenomenon can be
occurred: (i) X and Y are too far apart to interact; (ii) the
distance between X and Y does not vary. Thus, the null of
pxy value indicates a special stepwise mechanism with a
rate-limiting bond breaking where the distance between X
and Y does not vary from the intermediate to the second TS.
It is worth noting that the magnitudes of px and fx values
involving a frontside attack TSf are greater than those
involving a backside attack TSb (Scheme 2).

The authors propose mechanism for the studied reaction
system, divided into four blocks, as follows: (a) a stepwise
mechanism with a rate-limiting bond formation based on the
negative sign of pxy and a backside attack TSb (Scheme 2)
based on the relatively small magnitudes of px and fx; (b) a
stepwise mechanism with a rate-limiting leaving group
departure from the intermediate based on the null of pxy
value and a frontside attack TSf (Scheme 2) based on the
considerably great magnitudes of px and fx values; (¢) a
stepwise mechanism with a rate-limiting leaving group
departure from the intermediate based on the positive sign of
pxy, and a backside attack TSb on the basis of relatively
small magnitudes of px and fx values; (d) a stepwise mech-
anism with a rate-limiting leaving group departure from the
intermediate based on the null of pxy value and a frontside
attack TSf on the basis of the considerably great magnitude
of px and fx values. The greater magnitudes of py values
with the weaker electrophiles (¢ and b blocks) indicate the
smaller degree of bond breaking, suggesting the tighter TS
with the weaker electrophiles than with the stronger electro-
philes (¢ and d blocks).

In the present work, the unusual results should be stressed
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Scheme 2. Backside attack TSb and frontside attack TSf.

regarding the magnitudes of the px, fx, and pxy values with
the weakly basic pyridines: (i) the studied system is the only
one having significantly greater magnitudes of the px and fx
values compared to with the strongly basic pyridines (Table
2); (i1) the studied system is the only one having the null of
pxy values for both the stronger and weaker electrophiles
(Table 2): (iii) the null of pxy value implies that the distance
between X and Y for any kind of substituents X and Y is
invariable in the TS. (iv) the null of pxy value with the
whole spectrum from electron-donating to -withdrawing Y
substituents is observed for the first time.

Table 2 shows the second-order rate constants with
unsubstituted pyridine at 35.0 °C and selectivity parameters
(fx and pxy) for the pyridinolyses of R;R>P(=S)Cl-type
substrates in MeCN. The sequence of the row is the order
of the second-order rate constant. In Table 2, only the
pyridinolyses of Y-O-aryl phenyl phosphonochloridothio-
ates (2) exhibit linear free energy correlation for both
substituent X and Y variations. In contrast to the present
work (1), the biphasic concave upward free energy corre-
lations for substituent X variations for 3-7 were rationalized
by the attacking direction change from a frontside with the
strongly basic pyridines to a backside with the weakly basic
pyridines. The difference between 1 [(YCsH4O)MeP(=S)CI]
and 2 [(YCsH4O)PhP(=S)ClI] is one ligand, Ph or Me, How-
ever, the anilinolysis of 1 showed biphasic concave down-
ward Hammett and Bronsted plots with a break region,'™
which is the only one showing nonlinear free energy corre-
lations among nineteen R;R,P(=0 or S)Cl-type substrates.'®"!
Furthermore, the deuterium kinetic isotope effects (DKIEs)
of 1 involving deuterated anilines (XCgHsND) showed
different trends compared to other RiR,P(=0 or S)Cl-type
substrates; primary normal DKIEs (kw/kp = 1.03-1.30) with
the strongly basic anilines and extremely large secondary

Table 2. Summary of the Second-Order Rate Constants (k» x 10>’M™' s7') at 35.0 °C and Selectivity Parameters for the Reactions of

RiR,P(=S)Cl-type Substrates with X-pyridines in MeCN

no R R, k% 10% S XY ref.
1 Me YCsHsO 14.3 0.66-1.04/2.08-2.38¢ —1.76/0/2.80/0° this work
2 Ph YCsH4O 11.2 0.87-0.95 -0.46 2f
3 Ph Ph 1.83 1.53/0.38¢ - 2d
4 MeO MeO 1.54¢ 1.09/0.20¢ - 2g
5 EtO EtO 1.19¢ 1.02/0.29¢ - 2g
6 Me Me 0.744 0.97/0.27¢ - 2h
7 PhO YCsHsO 0.333° 1.36-1.50/ 0.23-0.48°¢ 2.42/5.14/-1.02/-0.04 2k

“For the reactions with unsubstituted pyridine (X = H) at 35.0 °C. *For the reactions of unsubstituted substrate (Y = H). “Extrapolated values from the
Arrhenius plots. “For more/less basic pyridines. “See the footnote in Table 1./The same sequence of substituent X and Y as footnote d.
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inverse DKIEs [kn/kp = 0.367 (unprecedented smallest value)—
0.567] with the weakly basic anilines.'™ A subtle combination
of small (Me) and large (YCsH4O) ligands in 1 leads to an
unexpected results for the pyridinolysis and anilinolysis.

In summary, the reactions of Y-O-aryl methyl phosphono-
chloridothioates with X-pyridines are studied kinetically in
MeCN at 35.0 °C. The Hammett and Bronsted plots for
substituent X variations in the nucleophiles are biphasic with
a break region between X = H and 3-Cl, while the Hammett
plots for substituent Y variations in the substrates are
biphasic concave downwards with a break point at Y = H.
The stepwise mechanism is proposed on the basis of the px,
Px, and pxy values as follows: a rate-limiting bond formation
involving a backside attack for the stronger nucleophiles and
weaker electrophiles; a rate-limiting bond breaking involv-
ing a frontside attack for the weaker nucleophiles and
electrophiles with the null of pxy value; a rate-limiting bond
breaking involving a backside attack for the stronger nucleo-
philes and electrophiles; a rate-limiting bond breaking
involving a frontside attack for the weaker nucleophiles and
stronger electrophiles with the null of pxy value. A com-
bination of small (Me) and large (YCcH4O) ligands leads to
an unexpected results.

Experimental Section

Materials. Y-O-Aryl methyl phosphonochloridothioates
were prepared as described previously.'™ GR grade pyridines
were used without further purification and all other materials
were as reported previously.'*?

Kinetic Procedure. Rates were measured conductometri-
cally at 35.0 °C. The conductivity bridge used in this work
was a self-made computer automated A/D converter conduc-
tivity bridge. Pseudo-first-order rate constants, konsa Were
measured by curve fitting analysis in origin program with a
large excess of pyridines, [Substrates] = 1 x 10~ M and [X-
Pyridine] = 0.05-0.13 M. Second-order rate constants, >,
were obtained from the slope of a plot of kopsa vs. [X-
Pyridine] with at least five concentrations of pyridine. The 4>
values are the averages of more than three runs.

Product Analysis. Phenyl methyl phosphonochlorido-
thioate was reacted with excess 4-acetylepyridine for more
than 15 half-lives at 35.0 °C in acetonitrile. Acetonitrile was
evaporated under reduced pressure and ether was added. The
product was isolated as ether insoluble fraction. The product
was purified to remove excess pyridine by washing several
times with acetonitrile and ether. Analytical data of the
product were as follows:

(C5H50)(CH3)P(=S)N+C5H4-4-COCH3C1_. Gummy—solid;
IR (neat) 3073 (C-H, aromatic), 1639, 1542 (P-O-C¢Hs),
1255 (P-CH;), 753 (P=S); '"H NMR (400 MHz, CDCl;) &
9.15 (d, J = 8.4 Hz, 2H, pyridinium), 3 8.76 (d, /= 8.4 Hz,
2H, pyridinium), 8.23-8.26 (d, J= 8.4 Hz, 2H, phenyl), 7.41-
7.46 (d, J = 6.8 Hz, 2H, phenyl), 7.10 (t, J = 8.4 Hz, 1H,
phenyl), 2.62 (s, 6H, P-CH;-H, COCH;-H); >C NMR (100
MHz, CDCl3) 6§ 196.42 (COCH3), 153.01, 149.50, 135.80,
132.38, 129.99, 129.69, 123.76, 121.69 (C=C, aromatic),

Notes

26.67 (COCH:), 20.69 (P-CHs); *'P NMR (162 MHz, CDCl;)
691.07 (S, IP, PZS); Anal. Calcd. for C14H]5N02PSC12 C,
51.30; H, 4.61; N, 4.27. Found: C, 51.92; H, 4.38; N, 4.60.
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