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@*P*O \ /\/X + HN\ _— P—IIIH—+ O@X

1 o0r 2
M=0(), S(2)
X =2,4-(NO,), (a), 3,4-(NO,), (b), 4-NO, (¢), 4-CHO (d), 4-CN (e),
4-COMe (1), 3-Cl (g), 3-COMe (h), 4-Cl (i)
HN\ = 7 different alicyclic secondary amines
A kinetic study is reported for aminolysis of aryl diphenylphosphinothio&esi). The phosphinothioates
2a—i are less reactive than aryl diphenylphosphinates-{), the oxygen analogues 8&—i, regardless
of the basicity of the leaving aryloxides or the attacking amines. The Yukdsano plot for the reactions
of 2b—i with piperidine exhibits good linearity with a smallzalue ¢ = 0.28), indicating that the leaving
group departs at the rate-determining step with a small degree of bond fission. Reactions of
2,4-dinitrophenyl diphenylphosphinothioate) with alicyclic secondary amines result in a good linear
Bransted-type plot witl#,,c = 0.52, implying that the reactions proceed through a concerted mechanism.
Thefnuc value determined for the reactions2ais slightly larger than that reported for the corresponding
reactions of 2,4-dinitrophenyl diphenylphosphinéte, {.e., 8..c = 0.38), suggesting that reactionsazt
proceed through a tighter transition state (TS) than thaaoThe reaction oRa with piperidine exhibits
a ca. 0.4 kcal/mol more favorable enthalpy of activatisvH{) than that ofla. On the contrary, the
entropy of activation at 25.0C (TAS) is ca. 1.5 kcal/mol more unfavorable for the reactior2athan
for that of 1a. This result supports the proposal that the reactioPegiroceeds through a tighter TS than
that of 1a and explains whya—i are less reactive thaba—i.

Introduction methods have been developed. These include the use of highly
reactivea-effect nucleophiles* or the use of various metal
ions as Lewis acid catalysts? Thea-effect nucleophiles (e.g.,
oximates, o-iodosylbenzoate, and HOOanions) have been
reported to exhibit significantly enhanced nucleophilic reactivity
than would be predicted from their basicity, particularly in the
r|oresence of a cationic surfactant such as hexadecyltrimethyl-

ammonium iort~4 Alkali metal ion$ and divalent metal ions

There is continuous interest in phosphoryl transfer and related
reactions due to their importance in the environment as well as
in biological processe’s:'2 The need for improved methods of
environmental decontamination has provided the impetus for

of toxic organophosphorus compourfdé Accordingly, various

* Corresponding author. Tel.: 82-2-3277-2349. Fax: 82-2-3277-2844. (2) (a) Quin, L. D.A Guide to Organophosphorus Chemistiley:

(1) (@) Hengge, A. C.; Onyido, Curr. Org. Chem?2005 9, 61-74. (b)
Rawlings, I.; Cleland, W. W.; Hengge, A. G. Am. Chem. So@006 128
171206-17125. (c) Onyido, I.; Swierzek, K.; Purcell, J.; Hengge, AJC.

Am. Chem. So@005 127, 7703-7711. (d) Sorensen-Stowell, K.; Hengge,

A. C.J. Org. Chem2006 71, 7180-7184. (e) Purcell, J.; Hengge, A. C.

J. Org. Chem2005 70, 8437-8442. (f) Sorensen-Stowell, K.; Hengge,

A. C. J. Org. Chem 2005, 70, 8303-8308. (g) Sorensen-Stowell, K
Hengge, A. CJ. Org. Chem2005 70, 4805-4809.
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New York, 2000. (b) Wu, T. G.; Qiu, J. WEnviron. Sci. Technol2006

40, 5428-5434. (c) Eyer, PToxicol. Re. 2003 22, 165-190. (d) Morles-
Rojas, H.; Moss, R. AChem. Re. 2002 102 2497-2521. (e) Yang, Y.
C.; Baker, J. A.; Ward, J. RChem. Re. 1992 92, 1729-1743. (f) Keuvill,

D. N.; Carver, J. SOrg. Biomol. Chem2004 2, 2040-2043. (g) Keuvill,
D. N.; D'Souza, M. J.Can. J. Chem1999 77, 1118. (h) Kevill, D. N,;
Bond, M. W.; D’Souza, M. JJ. Org. Chem.1997, 62, 7869. (i) Kevill, D.

N.; D’Souza, M. JJ. Chem. Soc., Perkin Tran£997, 2, 1721.
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(e.g., Mg*, Ca&t, zr?", Ct, Co?t, and Mrfh)® have also
exhibited significant catalytic effects in nucleophilic substitution

reactions of aryl diphenylphosphinates and their analogues.

Besides, the L# ion has been shown to be highly effective on
alkaline methanolysis of phosphate di- and triesters.

Kinetic studies have also been performed intensively to under-

stand the reaction mechanisms of biological processes1?

Um et al.
SCHEME 1
M - / '\||,|_+ - -
Orfo Oy — Orfin—ro (0,
1o0r 2
M=0(), S(2)

Linear free-energy relationships such as Hammett and Brgnsted X =2.4-(NO,); (), 3.4-(NO,), (b), 4-NO, (c), 4-CHO (d), 4-CN (e),

equations have most commonly been employed to investigate

reaction mechanismis®8-12 For example, alkaline ethanolysis

of aryl dimethylphosphinates has been concluded to proceed

4-COMe (f), 3-Cl (g), 3-COMe (h), 4-CI (i)
/ . . . .
HN = 7 different alicyclic secondary amines

through a pentacoordinate intermediate with its formation being hydrolysis of aryl diphenylphosphinafég® and imidazole

the rate-determining step (RDS) on the basis of the factdhat

constants result in significantly better Hammett correlations than

o~ constant$2 A similar conclusion has been drawn for alkaline

(3) (a) Stairs, R. A.; Buncel, ECan. J. Chem2006 84, 1580-1591.
(b) Han, X.; Balakrishnan, V. K.; VanLoon, G. W.; Buncel, Eangmuir
2006 22, 9009-9017. (c) Churchill, D.; Cheung, J. C. F.; Park, Y. S.;
Smith, V. H.; VanLoon, G. W.; Buncel, ECan. J. Chem2006 84, 702—
708. (d) Balakrishnan, V. K.; Buncel, E.; van Loon, G. Bhviron. Sci.
Technol 2005 39, 5824-5830. (e) Balakrishnan, V. K.; Han, X.; van Loon,
G. W.; Dust, J. M.; Toullec, J.; Buncel, E.Eangmuir 2004 20, 6586~
6593. (f) Bhattacharya, S.; Vemula, P. K.Org. Chem2005 70, 9677
9685. (g) Bhattacharya, S.; Kumar, V. Bangmuir2005 21, 71-78. (h)
Bhattacharya, S.; Kumar, V. B. Org. Chem 2004 69, 559-562. (i)
Kumar, V. P.; Ganguly, B.; Bhattacharya,J5Org. Chem2004 69, 8634—
8642. (j) Bunton, C. A.; Foroudian, H. langmuir1993 9, 2832-2835.
(k) Toullec, J.; Moukawin, MChem. Commurl996 221-222.

(4) (a) Terrier, F.; Rodriguez-Dafonte, P.; Le Guevel, E.; Moutiers, G.
Org. Biomol. Chem2006 4, 4352-4363. (b) Terrier, F.; Le Guevel, E.;
Chartrousse, A. P.; Moutiers, G.; Buncel, Ghem. Commur2003 600—
601. (c) Bunton, C. A.; Nelson, S. E.; Quan, .Org. Chem1982 47,
1157-1160. (d) Couderc, S.; Toullec, Uangmuir2001, 17, 3819-3828.

(5) (a) Buncel, E.; Albright, K. G.; Onyido, Drg. Biomol. Chem2004
2, 601-610. (b) Nagelkerke, R.; Thatcher, G. R. J.; BuncelQEy. Biomol.
Chem 2003 1, 163-167. (c) Buncel, E.; Nagelkerke, R.; Thatcher, G. R.
J.Can. J. Chem2003 81, 53—63. (d) Um, I. H.; Jeon, S. E.; Baek, M. H,;
Park, H. R.Chem. Commur2003 3016-3017. (e) Pregel, M. J.; Buncel,
E. J. Am. Chem. Sod993 115 10-14. (f) Gomez-Tagle, P.; Vargas-
Zuniga, |.; Taran, O.; Yatsimirsky, A. KI. Org. Chem2006 71, 9713~
9722. (g) Gordon, I. M.; Maskill, HJ. Chem. Soc., Perkin Trang001, 2,
2059-2062. (h) Gordon, I. M.; Maskill, HJ. Chem. Soc., Chem. Commun.
1989 1358. (i) Rao, S. N.; More O'Ferrall, R. Al. Org. Chem199Q 55,
3244-3251. (j) More O’Ferrall, R. AJ. Chem. Soc., Perkin Tran972
2, 976-982.

(6) (a) Zalatan, J.; Herschlag, D. Am. Chem. So@006 128 1293~
1303. (b) O'Brien, P. J.; Herschlag, Biochemistry2001, 40, 5691-5699.
(c) Catrina, I. E.; Hennge, A. Cl. Am. Chem. Sod999 121, 2156~
2163. (d) Herschlag, D.; Jencks, W.>Am. Chem. S0&987, 109 4665
4674. (e) Smolen, J. M.; Stone, A. Environ. Sci. Technol1997, 31,
1664-1637. (f) Maxwell, C.; Neverov, A. A.; Brown, R. $rg. Biomol.
Chem 2005 3, 4329-4336. (g) Lu, Z. L.; Neverov, A. A.; Brown, R. S.
Org. Biomol. Chem2005 3, 3379-3387.

(7) (a) Gibson, G. T. T.; Neverov, A. A;; Teng, A. C. T.; Brown, R. S.
Can. J. Chem2005 83, 1268-1276. (b) Tsang, J. S.; Neverov, A. A;;
Brown, R. S.J. Am. Chem. So@003 125 1559-1566. (c) Tsang, A. A.;
Neverov, A. A.; Brown, R. SJ. Am. Chem. So@003 125 7602-7607.
(d) Tsang, J. S. W.; Neverov, A. A.; Brown, R. Srg. Biomol. Chem
2004 2, 3457-3463.

(8) (a) Cook, R. D.; Rahhal-Arabi, [Tetrahedron Lett1985 26, 3147~

3150. (b) Haake, P.; McCoy, D. R.; Okamura, W.; Alpha, S. R.; Wong, S.

W.; Tyssee, D. A;; McNeal, J. P.; Cook, R. Detrahedron Lett1968
5243-5246. (c) Wallerberg, G.; Haake, P. Org. Chem1981, 46, 43—
46.

(9) (a) Williams, A.; Naylor, R. AJ. Chem. Soc. B971, 1967-1972.
(b) Bourne, N.; Chrystiuk, E.; Davis, A. M.; Williams, Al. Am. Chem.
Soc 1988 110, 1890-1895.

(10) Cook, R. D.; Daouk, W. A.; Hajj, A. N.; Kabbani, A.; Kurku, A.;
Samaha, M.; Shayban, F.; Tanielian, O.Gan. J. Chem1986 64, 213—
219.

(11) (a) Guha, A. K.; Lee, H. W.; Lee, 0. Org. Chem200Q 65, 12—
15. (b) Guha, A. K.; Lee, H. W.; Lee, J. Chem. Soc., Perkin Trank999
2, 765-770.

(12) Um, I. H.; Shin, Y. H.; Han, J. Y.; Mishima, MJ. Org. Chem
2006 71, 7715-7720.
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catalyzed hydrolysis of aryl diphenylphosphinates.

On the contrary, nucleophilic substitution reactions of 4-ni-
trophenyl diphenylphosphinate with aryloxides have been
concluded to proceed through a concerted mechaffisthe
evidence provided for a concerted mechanism is a linear
Brgnsted-type plot for the reactions with a series of substituted
phenoxides whoseify values straddle the basicity of the leaving
4-nitrophenoxidé€® A similar result has been obtained for
reactions of aryl dimethylphosphinothioates with aryloxides (i.e.,
a linear Brgnsted-type plot for the reactions of 4-nitrophenyl
dimethylphosphinothioate with aryloxides having a wid&, p
range (i.e., Ka = 5.53-10.2))¢ Besides,o~ constants have
resulted in much better Hammett correlations th&nonstants
for reactions of aryl dimethylphosphinothioates with phenoxide.
Accordingly, Hengge and co-workers have concluded that the
reactions proceed through a concerted mechatisfrhis
conclusion has been further supported by the prim&oyand
secondary>N kinetic isotope effectds

Only a few reports are available for aminolysis of phosphoryl
and related compound8:1? Reactions with amines have been
suggested to proceed either through a concerted or through a
stepwise mechanism. From studies of leaving group effects,
solvent effects, and activation parameters, Cook et al. have
concluded that aminolysis of aryl diphenylphosphinates and
related compounds in MeCN proceeds through a zwitterionic
pentacoordinate intermediate with its breakdown being the
RDS10 However, Lee et al. have proposed that pyridinolysis
of phenyl-substituted phenyl chlorophosphates proceeds through
a concerted mechanism on the basis of linear Brgnsted-type plots
with small B¢ values fnyc = 0.16-0.18)11

We have recently performed aminolysis of aryl diphenylphos-
phinates {a—i) and concluded that the reactions proceed
through a concerted mechanism althou§ltonstants result in
a better Hammett correlation thaim constant$? This was
because the Yukawal'suno plot for the same reactions exhibits
a significantly better linearity than the Hammett plot correlated
with ¢° constantd? The concerted mechanism has been further
supported from the linear Brgnsted-type plot with. = 0.38
for the reactions of 2,4-dinitrophenyl diphenylphosphina# (
with a series of alicyclic secondary aming@s.

We have extended our study to aminolysis of aryl diphe-
nylphosphinothioates2é—i), the thio analogues ofa—i, as
shown in Scheme 1. Replacement of O by a polarizable S atom
in the P=0 bond ofla—i would be expected to provide insights
into both the reactivity and the comparative reaction mechanism.
We report the effect of modification of the electrophilic center
from P=0 to P=S on reactivity and reaction mechanisms. In
addition to our Brgnsted analysis, we have analyzed the
substituent effects according to the dual-parameter Yukawa



Aryl Diphenylphosphinates/Diphenylphosphinothioates

TABLE 1. Summary of Second-Order Rate Constantsky, Mt
s™1 for Reactions of X-Substituted Phenyl Diphenylphosphinates (1)
and Diphenylphosphinothioates (2) with Piperidine in 80 mol %
H>0/20 mol % DMSO at 25.0+ 0.1°C
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TABLE 2. Summary of Second-Order Rate Constantsky, M1
s1) for Reactions of 2,4-Dinitrophenyl Diphenylphosphinate (1a)
and Diphenylphosphinothioate (2a) with Alicyclic Secondary Amines
in 80 mol % H»>0/20 mol % DMSO at 25.0+ 0.1°C

pKa2 1P ky (M~1sY 1P ky (M~1s7)

X (X-PhOH) 1b 2 KnP=O/kn"=S amines K2 1 2a KnP=O/knP=S
a 24-(NO): 4.11 419 74.7 5.6 piperidine 11.02 419 74.7 5.6
b 3,4-(NO) 5.42 66.4 6.63 10.0 3-methyl piperidine 10.80 429 72.9 5.9
c 4-NO 7.14 3.06 0.230 13.3 piperazine 9.85 234 39.6 5.9
d 4-CHO 7.66 0.720 0.0634 114 1-(2-hydroxyethyl)-piperazine  9.38  93.9 9.64 9.7
e 4-CN 7.95 1.57 0.147 10.7 morpholine 8.65 57.3 5.50 10.4
f 4-COMe 8.05 0.587 0.0615 9.5 1-formyl piperazine 7.98 332 2.38 13.9
g 3-Cl 9.02 0.245 0.0213 11.5 piperazinium ion 5.95 7.09 0.262 27.1
ih i:aOMe g;g glzjg ggllgg 13)3 apK, data in 20 mol % DMSO were taken from ref 5Data for the

aThe K, data were taken from ref 38.Data for the reactions dfa—i
were taken from ref 12.

Tsuno equation (eq £:1*This combined approach has previ-
ously proven to be highly effective to elucidate ambiguities in
reaction mechanisms of acyl transfer and related reactfgfs8

log K*/K* = py[0° + r(c™ — 0°)] (1)

Results and Discussion

All reactions in this study obeyed pseudo-first-order kinetics

reactions ofla were taken from ref 12.

Effect of Replacing P=O by P=S on Reactivity. Table 1
shows that the phosphinothioas-i are ca. 513 times less
reactive than their oxygen analoguks—i. The current result
is consistent with the reports that replacing the O atom in the
P=0 bond of phosphoryl compounds by an S atom causes a
decrease in reactivity?2021The thio effect, defined as the ratio
of rate constant&g”=9/k™=S, has been reported to be-41 for
reactions of the methyl 2,4-dinitrophenyl phosphate/phosphoro-
thioate system with various nucleophile® and 12.4 for
alkaline hydrolysis of the triethyl phosphate/phosphorothioate
systen?! Similar results have been reported for reactions that

in the presence of a large excess of amine. Diphenylpiperidi- haye heen suggested to proceed through a concerted mechanism
nophosphine sulfide was found quantitatively as one of the (i.e., K=O/K=S = 2—5 for alkaline hydrolysis of the aryl

reaction _products, indicating that the amine behavgs as agimethylphosphinate/phosphinothioate systéi§everal pro-
nucleophile but not as a general base catalyst. Pseudo-ﬂrst-ordebosmS have been advanced to account for the decreased

rate constant{,s9 were determined from the equationAg(
— A) = —kopsd + €. The plots ofkypsg VErsus the amine

reactivity on replacing 0 by P=S (e.g., decreased electron
donating ability of P-O~ as compared to PS~,2223 greater

concentration were linear, indicating that general base CatalySiSeIectrophiIicity of phosphorus in phosphoryl than in thiophos-
by the second amine molecule is absent. The second-order rat‘TohoryI compound&*2and enhanced polarizability of thess
constantsiy) were determined from the slope of the linear plots bond)26 ’

of kopsgversus the amine concentration. The uncertainty in the

On the contrary, the 4-nitrophenyl phosphorothioate dianion

ky values is estimated to be less than 3% from replicate runs. 45 heen reported to be more reactive than its oxygen analogue,

Theky values determined are summarized in Table81The
activation parameters\H* andAS") were calculated from the
Arrhenius equatio? The Arrhenius plots for the reactions of
la and2a with piperidine performed at five different temper-
atures resulted in good linear correlatiof® & 0.9930 and
0.9990 for the reactions dfa and2a, respectively; see Figure
S1 in the Supporting Information).

(13) (a) Tsuno, Y.; Fujio, MAdv. Phys. Org. Chem1999 32, 267—
385. (b) Tsuno, Y.; Fujio, MChem. Soc. Re 1996 25, 129-139. (c)
Yukawa, Y.; Tsuno, YBull. Chem. Soc. Jprl959 32, 965-970.

(14) (a) Fujio, M.; Umezaki, Y.; Alam, M. A.; Kikukawa, K.; Fujiyama,
R.; Tsuno, Y.Bull. Chem. Soc. Jpr2006 79, 1091-1099. (b) Fujio, M.;
Uchida, M.; Okada, A.; Alam, M. A.; Fujiyama, R.; Siehl, H. U.; Tsuno,
Y. Bull. Chem. Soc. Jpr2005 78, 1834-1842. (c) Fujio, M.; Rappoport,
Z.; Uddin, H. J.; Kim, H. J.; Tsuno, YBull. Chem. Soc. JprR003 76,
163-169. (d) Nakata, K.; Fujio, M.; Nishimoto, K.; Tsuno, ¥. Phys.
Org. Chem 2003 16, 323-335.

(15) Um, I. H.; Kim, K. H.; Park, H. R.; Fujio, M.; Tsuno, YJ. Org.
Chem 2004 69, 3937-3942.

(16) (&) Um, I. H.; Lee, J. Y.; Lee, H. W.; Nagano, Y.; Fujio, M.; Tsuno,
Y. J. Org. Chem2005 70, 4980-4987. (b) Um, I. H.; Min, J. S.; Ahn, J.
A.; Hahn, H. J.J. Org. Chem200Q 65, 5659-5663.

(17) (&) Um, 1. H.; Hong, J. Y.; Seok, J. Al. Org. Chem 2005 70,
1438-1444. (b) Um, I. H,; Chun, S. M.; Chae, O. M.; Fujio, M.; Tsuno,
Y. J. Org. Chem2004 69, 3166-3172.

(18) Um, I. H.; Lee, E. J.; Seok, J. A.; Kim, K. H. Org. Chem2005
70, 7530-7536.

(19) Carey, F. A.; Sundberg, R. Advanced Organic Chemistry Part
A: Structure and Mechanism3rd ed.; Plenum Press: New York, 1990; p
194.

4-nitrophenyl phosphate dianion, under alkaline hydrolysis
conditions (i.e.kP=9/kP=S = 0.1-0.3) 2 The enhanced reactivity
shown by the PS compound has been attributed to the
difference in the reaction mechanism (i.e., a stepwise dissocia-
tive mechanism (i.eDyn + Ay) for the phosphorothioate vs a
concerted mechanism for the phosphage).

Accordingly, thekP=C/kP=S ratio has been used to predict
mechanistic details of enzymatic phosphoryl tran3fé# How-
ever, the magnitude of the thio effect alone cannot differentiate

(20) Herschlag, D.; Piccirilli, J. A.; Cech, T. Biochemistry1991, 30,
4844-4854.

(21) Fanni, T.; Taira, K.; Gorenstein, D. G.; Vaidyanathaswamy, R.;
Verkade, J. GJ. Am. Chem. S0d.986 108 6311-6314.

(22) Williams, A.; Douglas, K. TJ. Chem. Soc., Perkin Trank975 2,
1010-1016.

(23) Zhang, Y. L.; Hollfelder, F.; Gorden, S. J.; Chen, L.; Keng, Y. F.;
Wau, L.; Herschlag, D.; Zhang, Z. Biochemistryl999 38, 12111-12123.

(24) Ketelaar, J. A. A.; Gresmann, H. R.; KoopmansRe&c. Tra. Chim.
Pays-Basl952 71, 1253-1258.

(25) Neimysheva, A. A.; Savchikl, V. |.; Ermolaeva, W. V.; Knunyants,
I. L. Bull. Acad. Sci. USSR., BiChem. Sci. (Engl. Transl)968 2104
2108.

(26) Chlebowski, J. F.; Coleman, J. E.Biol. Chem1974 249 7192~
7202.

(27) Holtz, K. M.; Catrina, I. E.; Hengge, A. C.; Kantrowitz, E. R.
Biochemistry200Q 39, 9451-9458.

(28) (a) Breslow, R.; Katz, J. Am. Chem. S0d.968 90, 7376-7377.
(b) Han, R.; Coleman, J. BiochemistryL995 34, 4238-4245. (c) Mushak,
P.; Coleman, J. BBiochemistryl972 11, 201-205.
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TABLE 3. Summary of Kinetics Results for Reactions of 2,4-Dinitrophenyl Diphenylphosphinate (1a) and Diphenylphosphinothioate (2a) with
Piperidine in 80 mol % H»0/20 mol % DMSO at 15.0, 20.0, 25.0, 35.0, and 458 0.1°C

kny (M~1s7D)
15.0°C 20.0°C 25.0°C 35.0°C 45.0°C AH# (kcal mol) AS (eu)
1la 3.09 3.85 4.19 7.71 12.0 7.730.56) —29.3 ¢1.8)
2a 0.489 0.584 0.747 1.16 1.79 7.34Q.02) —34.3 (-0.6)

a concerted mechanism from a stepwise associative mechanism Hammett plots have been constructed for the reactions of

(i.e.,An + Dy) since thekP=9/kP=Sratio has also been reported
to be ca. 16-25 for reactions that have been suggested to
proceed through a stepwigg + Dy mechanism (e.g., alkaline
hydrolysis of the alkyl dialkylphosphinate/phosphino-
thioate systed? and ethanolysis of the 4-nitrophenyl diethyl
phosphate/phosphorothioate systéii)hus, thekP=O/kP=S ratio

of 5—13 observed in the current system cannot provide
conclusive information on the reaction mechanism. Clearly,
further analysis of the kinetic data is required to elucidate the
reaction mechanism.

Effect of Leaving Group on Reactivity. Table 1 shows that
the second-order rate constdqtincreases as the basicity of
the leaving group decreases for the reactionkaefi and2a—i
with piperidine. The effect of basicity of the leaving group on
reactivity is illustrated in Figure 1. The Brgnsted-type plot for
the reactions oRa—i is linear with many scattered points. A

2b—i with piperidine with the use of the™ and ¢® constants
obtained from the literatur&.As illustrated in Figure 2, the™
constants exhibit a poor correlation with rate constaRfs=
0.956). However, as shown in the inset of Figure 2, ¢he
constants result in a better correlatid®? & 0.987). The fact
that the ¢° constants give a better correlation than e
constants implies that direct resonance interactions between the
substituent in the leaving group and the reaction center are not
occurring in the TS® Thus, one might conclude that the current
reactions proceed through a pentacoordinate intermediate in
which the departure of the leaving group is not advanced in the
RDS. A similar conclusion has been drawn for nucleophilic
substitution reactions of various phosphinates and phosphi-
nothioates on the basis of the result th&tconstants result in

a better correlation than™ constants (e.g., reactions of aryl
dimethylphosphinates with ethoxifalkaline hydrolysis of aryl

similar Brgnsted-type plot can be seen for the corresponding diphenylphosphinothioaté&&sand diphenylphosphinaté%,and

reactions ofla—i.

The linear Brgnsted-type plots for the current system contrast

imidazole catalyzed hydrolysis of aryl diphenylphosphinatgs).
We have recently reported that the determination of a reaction

to the curved Brgnsted-type plot reported for the corresponding mechanism based just on Hammett correlations wittor o°
reactions of aryl benzoates. We have reported that the Brgnstectonstants as the only mechanistic evidence can be misle¥ding.

slope f3ig) changes from-1.50 to—0.36 as the basicity of the
leaving aryloxide decreasésSuch a curved Brgnsted-type plot

is typical for reactions that proceed through a stepwise mech-

anism with a change in the RDS (i.e., from breakdown of the
intermediate to its formation as the basicity of the leaving group
decreases 8 On the other hand, a linear Brensted-type plot
with a moderatgy value has often been reported for reactions
that proceed through a concerted mechari&#.32 Although

the Brgnsted-type plot for the reactions2s—i is linear with

a moderatefy value, it exhibits many scattered points. Thus,

It has been shown that the dual-parameter YukaWsuno
equation (eq 1) is highly effective to elucidate ambiguities in
reaction mechanisms of phosphinyl transfer reactiénic-
cordingly, Yukawa-Tsuno plots have been constructed for the
current reactions. As shown in Figure 3, the Yukawauno
plot for the reactions oRb—i with piperidine results in a
significantly improved correlatiorRé = 0.998) withpyx = 1.91
andr = 0.28. A similar result is shown for the reactions of
1b—i (i.e.,px = 1.91 andr = 0.30). It is noted that thex and

r values are practically identical for the reactionslbf-i and

one cannot obtain reliable information on the reaction mecha- 2b—i.

nism from the current Brgnsted plot.
Reaction Mechanism Determined from Hammett and
Yukawa—Tsuno Plots. Hammett correlations have most fre-

The magnitude of the value in the YukawaTsuno plot
represents the resonance demand of the reaction center or the
extent of resonance contributid®!4 The fact thar = 0.28 for

quently been used to investigate reaction mechanisms of arylthe aminolysis oRb—i (or r = 0.30 for the reactions dfb—i)

phosphinate$>8323|t is generally accepted that~ constants
result in a good correlation with rate constants for reactions in

indicates that a partial negative charge develops on the O atom
of the leaving aryloxides in the TS. Thus, one can conclude

which de.parture of the leaving group occurs at the RDS whether that the departure of the leaving group occurs at the RDS,
the reaction proceeds through a concerted mechanism or throughalthough the degree of bond fission would not be significant

a stepwise manner. On the other hasfidconstants give a good

on the basis of the smallvalue. However, the current result

correlation with rate constants for reactions that proceed throughalone cannot discern whether the reactions proceed through a
a stepwise mechanism with departure of the leaving group concerted mechanism or through a stepwise manner with

occurring after the RDS.
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a series of alicylic secondary amines have been performed.
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FIGURE 1. Brgnsted-type plots for reactions of X-substituted phenyl
diphenylphosphinatedé—i, O) and diphenylphosphinothioate2a—

i, @) with piperidine in 80 mol % HO/20 mol % DMSO at 25.& 0.1

°C. The identity of points is given in Table 1.

FIGURE 3. Yukawa—Tsuno plots for reactions of X-substituted phenyl
diphenylphosphinatedb—i, O) and diphenylphosphinothioate&—

i, ®) with piperidine in 80 mol % KHO/20 mol % DMSO at 25.@- 0.1
°C. The identity of the points is given in Table 1.
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FIGURE 2. Plots of logky vs o= (or ¢°, inset) for reactions of
X-substituted phenyl diphenyl phosphinothioat@si) with piperidine

in 80 mol % HO/20 mol % DMSO at 25.6: 0.1 °C. The identity of

the points is given in Table 1.

FIGURE 4. Brgnsted-type plots for reactions of 2,4-dinitrophenyl
diphenylphosphinatel§, O) and diphenylphosphinothioat2s, ®) with
alicyclic secondary amines in 80 mol %®/20 mol % DMSO at 25.0
+ 0.1°C. The identity of points is given in Table 2.

Effect of Amine Basicity on Reactivity. Table 2 shows that  the reactions ofla and 2a. These linear Brgnsted-type plots
kn decreases as the basicity of amines decreases. It is also notedlso contrast to the curved Brgnsted-type plots reported for the
that2ais less reactive thaharegardless of the amine basicity. corresponding reactions of 2,4-dinitrophenyl benzoate and
The effect of amine basicity on reactivity is illustrated in Figure related compounds that have been suggested to proceed through
4. The Bransted-type plots exhibit good linear correlations for a stepwise mechanism with a change in the RBS
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The fSnucvalues are 0.38 and 0.52 for the reactiond@tnd
2a, respectively. Th@,,c value of 0.38 or 0.52 is too small for

Um et al.

odithioic acid (2.5 g, 10 mmol)\,N'-dicyclohexylcarbodiimide (1.5
equiv), and 4-(dimethylamino) pyridine (0.2 equiv) were dissolved

reactions that proceed through a stepwise mechanism within methylene chloride (30 mL) and stirred for 3 h. X-Substituted

breakdown of the intermediate being the RDS but is typical for
reactions that proceed through a concerted mechatfisih.
Thus, one can suggest that the aminolysisaénd2a proceeds

through a concerted mechanism. It is noted that the reactions

of 2a exhibit a largerfsn, value than those ofa, indicating

phenol (10 mmol) dissolved in methylene chloride (20 mL) was
added to the acid solution dropwise. The reaction mixture was
stirred under nitrogen at room temperature. The progress of the
reaction was monitored by TLC. When the reaction was completed,
the reaction mixture was worked up as follows;N'-dicyclohexy-
Ithiourea was filtered off, and then the methylene chloride solution

that the degree of bond formation between the amine and thewas concentrated under a reduced pressure. The crude product was

electrophilic center at the RDS is slightly more advanced for
the reactions o2a. On the other hand, the degree of the leaving
group departure would be the same for the reactionkasfi
and2a—i on the basis of the fact that theix andr values are
practically the same (Figure 3). Accordingly, one can propose
that the aminolysis oRa—i proceeds through a tighter TS than
the corresponding reactions dé&—i (i.e., the degree of bond
formation is more advanced for the reactions2afthan for
those ofla, while the leaving group departure is nearly identical
in the TS of the RDS).

TS Structures and Activation Parameters.The reactions
of laand2awith piperidine have been performed at 15.0, 20.0,
25.0, 35.0, and 45.0C to determine the activation para-
meters AH* and AS"). As shown in Table 3, the enthal-
pies of activation AH*) are 7.73 and 7.34 kcal/mol for the
reactions ofla and 2a, respectively, indicating that thaH*
term is ca. 0.4 kcal/mol more favorable for the reactiorRaf
than for that ofla On the contrary, the reaction &fa is
accompanied by a more negative entropy of activation
(ASY) than that ofla(i.e., —29.3 and—34.3 eu for the reactions
of 1a and 2a, respectively). This result implies thAAS" at
25.0°C is ca. 1.5 kcal/mol more unfavorable for the reaction
of 2a than for that ofla. Thus, one can suggest that the
difference inTAS' between the two systems is a possible origin
of the thio effect found in the current study. Furthermore, the
fact that2a exhibits a more negativASf value thanla indi-
cates that the TS is more ordered for the reactiokadhan for
that of 1a. This argument clearly supports the preceding pro-
posal that the reactions @& proceed through a tighter TS than
those ofla

Conclusion

The present study has allowed us to conclude the follow-
ing: (1) the phosphinothioateBa—i are less reactive than
their oxygen analogueka—i, regardless of the basicity of the
leaving group or attacking amine. (2) The Yukawgsuno
plots exhibit good linear correlations with a smalalue for
the reactions oflb—i and 2b—i, implying that departure
of the leaving group occurs at the RDS but that the de-
gree of bond fission is insignificant. (3) The Brgnsted-type
plots are linear for the reactions bé& and2a with oy values
of 0.38 and 0.52,

purified by column chromatography (silica gel, methylene chloride/
n-hexane 50:50). The purity was checked by their melting points
for the known compounds, and the identity of unreported com-
pounds2a, 2b, 2d, 2g, and2h was checked by elemental analysis
and 'H NMR spectra (Supporting Information). All unreported
compounds gave good elemental analyses ex2apivhich was
shown to contain a small amount of 2,4-dinitrophenol. However,
the phenol impurity was shown to have no effect on kinetic
determination.

2,4-Dinitrophenyl Diphenylphosphinothioate (2a).mp 105-
108°C; *H NMR (250 MHz, CDC}) 6 7.49-7.57 (m, 6H), 7.73
7.77 (dd,J, = 1.3 Hz,J, = 10 Hz, 1H), 7.96-8.05 (m, 4H), 8.28
8.33 (ddJ; = 2.8 Hz,J, = 10 Hz, 1H), 8.76-8.77 (d,J = 2.3 Hz,
1H), Anal. Calcd for GgH13aN,OsPS: C, 54.00; H, 3.27. Found:
C, 53.80; H, 3.37.

3,4-Dinitrophenyl Diphenylphosphinothioate (2b).mp 91—
93°C; 'H NMR (250 MHz, CDC}) 6 7.52-7.53 (d,J = 2.5 Hz,
1H), 7.54-7.58 (m, 7H), 7.96-:8.00 (m, 5H), Anal. Calcd for
CigH13N,OsPS: C, 54.00; H, 3.27. Found: C, 54.02; H, 3.29.

4-Formylphenyl Diphenylphosphinothioate (2d).mp 91-93
°C; IH NMR (250 MHz, CDC}) 6 6.92-7.25 (dd,J; = 2.5 Hz,J,
=10 Hz, 2H), 7.56-7.55 (m, 6H), 7.787.82 (d,J = 10 Hz, 2H),
7.94-8.03 (m, 4H), 10.27 (s, 1H), Anal. Calcd for¢El;50,PS:

C, 67.44; H, 4.47. Found: C, 67.53; H, 4.39.

3-Chlorophenyl Diphenylphosphinothioate (2g).mp 85-87
°C; 'H NMR (250 MHz, CDC}) 6 7.08-7.12 (d, 10 Hz, 1H),
7.48-7.50 (m, 3H), 7.5+7.54 (m, 6H), 7.9%8.00 (m, 4H), Anal.
Calcd for GgH14CIOPS: C, 62.70; H, 4.09. Found: C, 62.71; H,
4.10.

3-Acetylphenyl Diphenylphosphinothioate (2h)mp 61-62°C;

IH NMR (250 MHz, CDC}) 6 2.50 (s, 3H), 7.257.49 (m, 2H),
7.50-7.53 (m, 7H), 7.547.57 (d,J = 7.5 Hz, 1H), 7.94-8.03
(m, 4H), Anal. Calcd for GoH,70,PS: C, 68.17; H, 4.86. Found:
C, 68.20; H, 4.84.

Amines and other chemicals were of the highest quality available.
Doubly glass distilled water was further boiled and cooled under
nitrogen just before use. Because of a low solubility2af-i in
pure water, aqueous DMSO (80 mol %®20 mol % DMSO)
was used as the reaction medium.

Kinetics. The kinetic study was performed with a UWis
spectrophotometer equipped with a constant temperature circulating
bath. The reactions were followed by monitoring the appear-
ance of the leaving aryloxide. All the reactions were carried out
under pseudo-first-order conditions in which amine concen-
trations were at least 100 times greater than the substrate concentra-

respectively, suggesting that these tion. The amine stock solution of ca. 0.2 M was prepared by

reactions proceed through a concerted mechanism. (4) Thedissolving 2 equiv of free amine and 1 equiv of standardized HCI

aminolysis of 2a exhibits ca. 0.4 kcal/mol more favorable
AH¥ but ca. 1.5 kcal/mol more unfavorabléS than that of
la, indicating that theTAS' term is a possible origin of
the thio effect found in this study. (5) The fact thaa
exhibits a largerf,.. and more negativeTAS’ suggests
that the reaction oRa proceeds through a tighter TS than
that of la.

Experimental Section

Materials. Aryl diphenylphosphinothioateza—i were prepared
by modification of literature procedurd%?? Diphenylphosphin-
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solution to make a self-buffered solution in a 25.0 mL volumetric
flask.

Typically, the reaction was initiated by addinguk of a 0.02
M solution of 2,4-dinitrophenyl diphenylphosphinothioate
(2a) in acetonitrile to a 10 mm quartz UV cell containing 2.50 mL
of the thermostated reaction mixture made up of solvent and an
aliquot of the amine stock solution. All the solutions were
transferred by gastight syringes. Generally, the amine concen-
tration was varied over the range<200) x 10-2 M, while the
substrate concentration was 2 105 M. Pseudo-first-order
rate constantskf,sy were calculated from the equation, Ag( —
A) = —kopsd + C. The plots of InA, — A) versus time were
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constantsKy) from the slope of linear plots dé,sqversus amine
concentrations.

Product Analysis. X-Substituted phenoxide was liberated
quantitatively and identified as one of the products in the reaction
of 2a—i with piperidine by comparison of the UWis spectra
after completion of the reaction with the authentic sample under
the same reaction conditions. The other product from the reac-
tions of 2a—i with piperidine (i.e., diphenylpiperidinophos-
phine sulfide) was analyzed quantitatively by HPLR; € 10.4
min, a reversed phase 250 mm4.6 mm i.d. column, CECN/

H,O = 70:30 as a mobile phase, flow ratel.0 mL/min, detection
at 229 nm). JO070171N

Supporting Information Available: *H NMR spectra for
compounda, 2b, 2d, 2g, and2h; Tables SS9 of the kinetic
conditions and data for the reaction2af—i with piperidine; Tables
S10-S16 of the reactions o2a with seven different alicyclic
secondary amines; and Tables SB20 of the reactions dfa and
2a with piperidine at 15.0, 20.0, 35.0, and 430. Figure S1 of
Arrhenius plots for the reactions dfa and 2a with piperidine at
five different temperatures. This material is available free of
charge via the Internet at http://pubs.acs.org.
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