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The reaction of [Pd;(OAc)e] with (E)-acetophenone oxime and pyridine in CHCI; under reflux affords the
metallacycle [Pd(OAc){C,N-(CsH,C(CH3;)=NOH)-2}(py)] (1) as a yellow air-stable complex. The same reaction
carried out at room temperature in the absence of pyridine affords the trinuclear oximato complex [Pd(u-(E)-
ON=C(CH3)Ph)(u-OAc)]; (2), which can be converted into 1 upon heating in the presence of pyridine. As
indicated by 'H and 3'P NMR spectroscopy, complex 1 reacts with methylparathion in acetone-ds—D,O solutions
to afford [Pd(SP(=0)(OCH,),){ C,N-(CsH,C(CH;)=NOH)-2}(py)] (3) and [Pd(u-SP(=0)(OCH;),){ C,N-
(C¢H4,C(CH;)=NOH)-2}], (4) as well as free p-nitrophenol. Compounds 1-4 have been characterized by single-
crystal X-ray analysis, NMR and EA. Compounds 1 and 3 are mononuclear complexes with the acetate and
dimethylthiophosphate ligand, respectively, trans from the phenyl group. Compound 2 is a trinuclear complex
whose structure can be derived from that of [Pd;(OAc)s] by replacing three of the acetate ligands on one side of Pd,
plane by three N,O-coordinated oximate ligands. Complex 4 is a dinuclear complex in which the two square-planar
palladium moieties are linked by the sulfur atoms of the bridging dimethylthiophosphate ligands.

Introduction

Organophosphorus esters that act as acetylcholine esterase
inhibitors are used as pesticides and chemical warfare agents.!
Owing to the obvious adverse natures of these chemicals,?? a
great deal of effort has been devoted to the development of
methods that allow for their neutralization.* In this regard,
hydrolysis reactions that produce non-toxic phosphate or
phosphonate anions have received an increasing amount of
attention. In the case of parathion (O, O-diethyl O-p-nitrophenyl
thiophosphate), a pesticide whose environmental presence is
generating growing concerns,’ the hydrolysis reaction results in
the release of p-nitrophenol and formation of the correspond-
ing thiophosphate diester which is non-toxic. This hydrolysis is
remarkably slow and takes up to several months at neutral pH.¢
In the presence of Lewis-acidic transition metal catalysts, the
rate of this reaction increases. While coordination complexes
typically display a marginal activity,”!° recent reports suggest
that organometallic catalysts can be remarkably active.!'!> In
particular, the group of Ryabov has investigated several cyclo-
metallated palladium and platinum aryl oxime complexes
(IMCI{C,N-(C4H,C(CH;)=NOH)-2}(L)], M=Pd or Pt, L =
DMSO or pyridine) that greatly accelerate the hydrolysis of
parathion.!> Although no reaction intermediates have been
isolated, it has been proposed that the activity of such catalysts
results from the coordination of parathion at the metal cen-
ter followed by an intramolecular nucleophilic attack by the
neighboring oximate (Scheme 1). Regeneration of the cata-
lysts is proposed to occur by hydrolysis of the phosphorylated
oximate. As part of our general interest in the metal-mediated
hydrolysis of organophosphorus esters, we have decided to visit
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the stoichiometric reactions that occur between cyclometal-
lated palladium aryl oxime complexes and methylparathion
(0,0-dimethyl O-p-nitrophenyl thiophosphate). In this paper,
we report the synthesis of the palladium aryl oxime derivative
[Pd(OAc){C,N-(CsH,C(CH;3)=NOH)-2}(py)] (1) and the prod-
ucts of its stoichiometric reaction with methylparathion.

Results and discussion

The palladium aryl oxime metallacycle [Pd(OAc){C,N-
(CsH4,C(CH;)=NOH)-2}(py)] (1) is obtained in one step by
reaction of [Pd;(OAc)s] with (E)-acetophenone oxime and
pyridine in CHCI; under reflux for 3 h (Scheme 2). Compound
1is a yellow air-stable complex which can be recrystallized from
benzene. It has been characterized by NMR, elemental analysis
and X-ray analysis (Fig. 1). As expected for a cyclopalladated
complex, the 'H NMR spectrum of 1 shows an upfield shift of the
proton resonance of the ortho-palladated ring.'>'* Compound 1
crystallizes in the monoclinic P2,/¢ space group. The palladium
atom displays the expected square planar coordination with
the pyridine and oxime nitrogen atoms positioned trans to one
another. The five-membered palladacycle ring of 1 is slightly
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Fig. 1 Structure of complex 1 in the crystal. Selected bond lengths (A)
and angles (°). Pd(1)-C(1) 1.974(6), Pd(1)-N(1) 2.018(5), Pd(1)-N(2)
2.048(5), Pd(1)-0(3) 2.145(4); C(1)-Pd(1)-N(1) 80.3(2), C(1)-Pd(1)-
N(2) 94.4(2), N(1)-Pd(1)-N(2) 174.7(2), C(1)-Pd(1)-O(3) 175.9(2),
N(1)-Pd(1)-0(3) 103.79(19), N(2)-Pd(1)-O(3) 81.48(18).

Fig. 2 Structure of complex 2 in the crystal. Selected bond lengths (A)
and angles (°). Pd(1)-O(4) 1.996(8), Pd(1)-N(1) 2.002(10), Pd(1)-O(3)
2.004(8), Pd(1)-O(9) 2.021(8), Pd(1)-Pd(3) 3.0146(15), Pd(1)-Pd(2)
3.0327(15), Pd(2)-Pd(3) 3.0712(17); O(4)-Pd(1)-N(1) 89.3(4), O(4)-
Pd(1)-0(3) 172.0(3), N(1)-Pd(1)-0O(3) 90.7(4), O(4)-Pd(1)-0(9) 90.0(3),
N(1)-Pd(1)-0O(9) 175.7(4), O(3)-Pd(1)-0O(9) 89.4(3), Pd(3)-Pd(1)-Pd(2)
61.04(4), Pd(1)-Pd(2)-Pd(3) 59.19(3), Pd(1)-Pd(3)-Pd(2) 59.77(3).

strained (bond angle of C(1)-Pd-N(1) is 80.3°). The Pd-C(1)
bond length of 1.974(6) A is typical of Pd—C(sp?) bonds of
compounds featuring a square-planar palladium bound to a co-
planar aryl ring."> Altogether, this structure is similar to that of
[PACI{C,N-(CsH,C(CH3;)=NOH)-2}(py)].'* The acetate ligand
is terminally ligated through one of its oxygen atoms. As indi-
cated by the O(1)-O(2) distance of 2.512 A, the non-coordinated
carbonyl oxygen atom of the acetate ligand (O(2)) is hydrogen
bonded to the protonated oxime functionality.

In the course of these investigations, we were able to isolate
the trinuclear oximato complex [Pd(u-(E)-ON=C(CH;)Ph)(u-

OAc)]; (2) which is formed in the reaction of [Pd;(OAc)]
with (E)-acetophenone oxime in CHCI; at room temperature
(Scheme 2). This compound can be converted into 1 upon
reflux in CHCI; in the presence of pyridine. Compound 2 has
been characterized by NMR, elemental analysis and X-ray
analysis (Fig. 2). This derivative crystallizes with two molecule
of interstitial benzene in the asymmetric unit. It features a
trinuclear structure similar to that observed for [Pd;(OAc)]'
and the related oximate complex [Pd(u-(Z)-ON=CPrPh),];.”
The structure of 2 can be derived from that of [Pd;(OAc)s] by
replacement of three of the acetate ligands on one side of Pd;
plane by three N,O-coordinated oximate ligands. The resulting
Pd-N (av. 1.99 A) and Pd-O (av. 2.00 A) are similar to those
observed in the structure of [Pd(u-(Z)-ON=CPrPh),];."”

Complex 1 promptly reacts with methylparathion in acetone-
d¢—D,0 solution. While methylparathion is stable for several
weeks in these aqueous solvent mixtures, addition of 1 results
in the rapid production of p-nitrophenol as shown by 'H NMR
spectroscopy (Scheme 3). This reaction is also accompanied by
the appearance of two phosphorus containing products, namely,
[PA(SP(=0)(OCH;),){ C,N-(CsH.C(CH3)=NOH)-2}(py)] (3)
and  [Pd(u-SP(=0)(OCH;),){ C,N-(CH,C(CH3;)=NOH)-2}],
(4) which give rise to 3P NMR signals at 53 and 29 ppm,
respectively. Both of these signals are upfield from the 3'P reso-
nance of methylparathion which appears at 66 ppm!® and do
not correspond to the thiosphosphoric acid HSP(=0)(OMe),
derivative whose 3'P resonance appears at 65 ppm."” Upon
longer reaction time, the signal corresponding to methyl-
parathion at 67 ppm ultimately disappears to afford 3 and 4
in a 9:1 ratio. Compounds 3 and 4 simultaneously crystallize
from the reaction mixture which complicated their isolation
in a pure form. Single crystals could however be separated on
the basis of their colors and were characterized by NMR and
X-ray analysis. Complex 3 (Fig. 3) is a mononuclear yellow
complex which crystallizes in the monoclinic space group C2/c.
Its structure can be derived from that of 1 by substitution of
the acetate ligand with a sulfur-bound dimethylthiophosphate
ligand which originates from the hydrolyzed methylparathion.
The resulting Pd-S bond of 2.461(1) A is similar to that of
the cyclometallated palladium dithiolate complex [Pd{C,N-
N(Me),CH,C¢H,-2} {S,S-S,P(OPr7),}] (2.458(2) A).2 The P-S
bond length of 1.982(1) A is intermediate between double bond
(1.94 A) and single bond (2.09 A) values. All other structural
parameters are almost identical to those found in 1. As in 1,
the oxime functionality is protonated and hydrogen bonded
to the phosphoryl oxygen atom O(2) (O(1)---O(2) = 2.615 A).
Complex 4 (Fig. 4) is a dinuclear orange complex which crys-
tallizes in the monoclinic space group P2,/c. The two square-
planar palladium moieties are linked by the sulfur atoms of the
bridging dimethylthiophosphate ligands. The Pd-S distances
of 2.327(1) and 2.473 (1) A are comparable to those observed
in related complexes such as [Pd,((z-BuNH),P(=0)S),] (av.
Pd-S =2.34 A) which also features bridging thiophosphate
groups.”! The Pd-S distance of 2.473(1) A trans to the carbon
atom of the cyclometallated ligand is slightly longer than that
of 2.327(1) A trans to the Pd-N bond due to the frans influence
originating from the orthometallated phenyl ligand.'*?*> As in 3,
the O(1A)---O(2) distance of 2.662 A indicate that presence of a
hydrogen bond between the protonated oxime functionality and
the phosphoryl oxygen atom. All other structural parameters
are almost identical to those found in 1.
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Fig. 3 Structure of complex 3 in the crystal. Selected bond lengths (A)
and angles (°). Pd(1)-C(1) 1.995(3), Pd(1)-N(1) 2.017(3), Pd(1)-N(2)
2.038(3), Pd(1)-S(1) 2.4609(10), S(1)-P(1) 1.982(1); C(1)-Pd(1)-N(1)
79.88(12), C(1)-Pd(1)-N(2) 93.62(12), N(1)-Pd(1)-N(2) 170.58(11),
C(1)-Pd(1)-S(1) 172.81(9), N(1)-Pd(1)-S(1) 99.54(8), N(2)-Pd(1)-S(1)
87.76(8), P(1)-S(1)-Pd(1) 96.46(5).

Fig. 4 Structure of complex 4 in the crystal. Selected bond lengths (A)
and angles (°). Pd(1)-C(1) 2.003(4), Pd(1)-N(1) 2.029(3), Pd(1)-S(1)
2.3268(10), Pd(1)-S(1A) 2.4727(10), S(1)-P(1) 2.061(1); C(1)-Pd(1)~
N(1) 79.57(14) C(1)-Pd(1)-S(1) 97.44(11), N(1)-Pd(1)-S(1) 176.53(9),
C(1)-Pd(1)-S(1A) 177.96(11), S(1)-Pd(1)-S(1A) 84.47(4).

Conclusion

The reaction of the palladium aryl oxime complex 1 with
methylparathion leads to the formation of isolable palladium
thiophosphate compounds. The formation of these com-
pounds reflects the thiophilic character of palladium and
possibly accounts for the ability of such complexes to promote
the hydrolysis of methylparathion. These findings suggest that
thiophosphate complexes such as 3 are possible intermediates in
the catalyzed hydrolysis of methylparathion by cyclometallated
palladium aryl oxime complexes.

Experimental

General considerations

CAUTION: Methylparathion is highly toxic and should be
handled in a well-ventilated fume hood. Solvents were dried by

standard method. All NMR studies were carried out on Inova
300 or 500 MHz NMR spectrometer (300 or 500 MHz for 'H,

75.4 or 125.7 MHz for *C, 121.4 MHz for ¥P NMR). 85%
H,PO, was used as an external standard for the solution 3'P
NMR spectra. The proton and carbon signals of the deuterated
solvent were used as internal standard for the '"H and *C NMR
spectra, respectively. Elemental analyses were performed by
Atlantic Microlab Inc. at Norcross, GA 30091. Melting points
were measured on a Laboratory Devices Mel-Temp apparatus
and were not corrected. The methylparathion solution was pro-
vided by A/S CHEMINOVA, LEMVIG, DK-7620, Denmark
as a gift. (F)-Acetophenone oxime was synthesized by the
reaction of acetophenone with hydroxylamine hydrochloride in
EtOH-pyridine as described in the literature.

[Pd(OAC){C,N-(CsH,C(CH3)=NOH)-2}(py)] (1)

Method 1. Acetophenone oxime (0.14 ml, Il mmol) and pyridine
(0.16 ml, 2 mmol) were added to a solution of palladium acetate
(224 mg, 1 mmol) in CHCI; (15 ml). The resulting orange—red
solution was refluxed for 3 h. Following addition of water
(10 ml), the product was extracted with chloroform (3 X 15 ml).
Evaporation of the solvents yielded a yellow oil which was dis-
solved in benzene. Slow evaporation of the solvent led to the
formation of bright yellow crystals of 1 (360 mg, 95%); mp
163 °C. Anal. C;sH(N,0O;Pd requires C 47.57, H 4.26. Found:
C47.47, H 4.34%. '"H NMR (500 MHz, CDCl;): 6 8.79 [2H, d,
J(HH) 7.5 Hz, NCsH3], 7.94 [1H, t, J(HH) 7.5 Hz, NCsHjs], 7.47
[2H, t, J(HH) 7.5 Hz, NC;Hs], 7.05 [1H, d, J(HH) 7.0 Hz], 7.01
[1H, t, J(HH) 7.0 Hz] and 6.77 [1H, t, J(HH) 7.0 Hz] (H-arom,
H;-H; of Pd-C4H,C(CH3;)=NOH), 6.15[1H, d, J(HH) 7.0 Hz,
H¢ of Pd-C4H,C(CH;)=NOH], 2.24 [3H, s, CO,CHj3], 1.89[3H,
s, NCH;]. ’C NMR (75.4 MHz, CDCl;): ¢ 180.7 [CO,CHj3],
164.7 [Pd-C¢H,C(CH;)=NOH], 152.9, 151.3, 145.3, 138.8,
132.5, 127.7, 125.7, 125.0, and 124.8 [Pd-C¢H,C(CH;)=NOH
and NC5H5], 24.6 [COQCHg], 11.4 [C6H4C(CH3):NOH]

Method 2. Pyridine (0.08 ml, 1.0 mmol) was added to a
solution of 2 (270 mg, 0.3 mmol) in CHCI; (15 ml). The
resulting orange-red solution was refluxed for 3 h. Follow-
ing addition of water (10 ml), the product was extracted with
chloroform (3 X 15 ml). Evaporation of the solvents yielded a
yellow oil which was dissolved in benzene. Slow evaporation of
the solvent led to the formation of bright yellow crystals of 1
(327 mg, 96%).

[Pd(n-(E)-ON=C(CH3)Ph)(u-OAc)]; (2)

A suspension of palladium acetate (224 mg, 1 mmol) in acetic
acid (6 ml) was added to a solution of acetophenone oxime
(0.14 ml, 1 mmol). Stirring the resulting solution overnight at
room temperature resulted in precipitation of orange micro-
crystals of 2 (270 mg, 90%) which were collected by filtration
and washed with H,O and n-hexane. Anal. C;H;3;N;04Pd;
requires C 40.09, H 3.70. Found: C 40.15, H 3.73%. '"H NMR
(300 MHz, CDCl5): 6 8.09 [2H, d, J(HH) 7.0 Hz, N(CH;)C4Hj3],
7.60 [2H, t, 2H, J(HH) 7.0 Hz, N(CH;)C¢Hs], 7.50 [1H, t,
J(HH) 7.0 Hz, N(CH3)C4Hs], 2.04 [3H, s, CO,CH3], 2.02 [3H,
s, N=C(CH;)C¢Hj3]. C NMR (75.4 MHz, CDCl;): 6 184.0
[CO,CH;], 158.6 [N=C(CH;)C¢Hs], 137.5, 129.7, 128.6 and
127.3 [N=C(CH;)CsHs], 23.2 [CO,CHj;], 18.1 [N(CH;)C4Hs].

Reaction of 1 with methylparathion: formation of [Pd(SP(=0)-
(OCH3)){C,N-(C:H,C(CH3)=NOH)-2}(py)] (3) and [Pd(p-
SP(=0)(OCH;),){C,N-(CsH,C(CH;)=NOH)-2}], (4)

A 80 wt% solution of methylparathion in xylenes (362 mg,
1.1 mmol) was added to a solution of complex 1 (380 mg,
1 mmol) in acetone (10 ml) and water (0.5 mL). After 24 h,
the integrated 3'P NMR spectrum of the mixture indicated
complete consumption of methyl parathion and formation of
3and 4 in a 9:1 ratio. Evaporation of the volatiles afforded an
oily residue which was dissolved in CHCI; (40 mL), washed with
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Table 1 Crystal data, data collection, and structure refinement for complexes 1-4

Crystal data 1 2-2C4H; 3 4

Formula C,5HsN,O5Pd C4,HysN;O9Pd; C,sH;yN,O,PPdS CoH;4NO,PPdS

M, 378.70 1055.01 460.75 381.65

Crystal size/mm 0.45 x 0.20 x 0.20 0.18 x 0.06 x 0.06 0.86 x 0.27 x 0.06 0.25x0.17x0.14

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic

Space group P2/c P2/c C2le P2/c

alA 11.848(3) 10.207(3) 13.240(4) 7.6851(12)

blA 17.343(4) 16.621(5) 15.252(5) 18.574(3)

c/A 7.1257(16) 24.231(7) 17.807(6) 9.4072(16)

pl° 99.488(4) 94.142(5) 94.532(8) 101.870(3)

VIA3 1444.2(6) 4100(2) 3585(2) 1314.1(4)

Z 4 4 8 4

DJ/gcm™ 1.742 1.709 1.707 1.929

w#(Mo-Ka)/mm-™' 1.296 1.360 1.262 1.697

F(000)/e 760 2112 1856 760

Data collection

TIK 110(2) 110(2) 110(2) 110(2)

Scan mode w w w w

hkl range —13to 13, =19 to 19, —11to 11, -18to 18, —-14t0 8, —15t0 16, -4 to 8, =20 to 10,
—8to8 -17t0 26 -19to 10 -9to 10

Measured refl. 9772 20737 3150 3696

Unique refl. [Riy] 2271[0.0367] 5903 [0.0957] 2133[0.0247] 1709 [0.0340]

Refl. used for refinement 2271 5903 2133 1709

Absorption correction Empirical Empirical None None

Trind Tnax 0.8344/0.6768 0.7931/0.6922

Refinement

Refined parameters 190 478 217 167

R1,»wR2b [I > 20(1)] 0.0468, 0.1032 0.0645, 0.1288 0.0237, 0.0657 0.0248, 0.0629

Prasimin/€ A3 2.147/-0.884 1.781/-0.636 0.362/-0.319 0.545 and —0.648

aR1 = (F, = F)IF,. wR2 = {[w(F,2 = FAwF2L 2 w = V[oX(F,2) + (ap)? + bpl; p = (F,2 + 2F2/3; a = 0.055 (1), 0.03 (2), 0.04 (3), 0.0361 (4); b =

15(1), 0 (2), 4 (3), 0.9441 (4).

H,O and concentrated to 5 mL. Small yellow crystals of 3 and
orange crystals of 4 coated by a dark oily residue formed upon
standing. Compounds 3 and 4 were obtained as a mixture such
that a satisfactory elemental analysis could not be obtained.

3. 'H NMR (300 MHz, acetone-d): ¢ 8.89 [2H, d, J(HH)
7.2 Hz, NCsHs], 7.70 [2H, t, J(HH) 7.2 Hz, NCsHy], 7.24 [IH,
d, J(HH) 7.2 Hz, NCsH;s], 6.7-7.1 [3H, m, H-arom, H;-H;
of Pd-C¢H,C(CH;)=NOH], 5.93 [2H, d, J(HH) 7.2 Hz, H,
of Pd-C¢H,C(CH;)=NOH], 3.61 [6H, d, J(HP) 12.6 Hz,
CH,;0P], 2.29 [3H, s, Pd-C¢H,C(CH;)=NOH]. “C NMR
(75.4 MHz, CDCl): ¢ 162.5 [Pd-C¢H,C(CH;)=NOH], 153.0,
152.5, 143.7, 138.1, 130.5, 128.5, 125.2, 124.3 and 123.6 [Pd-
CsH,C(CH;)=NOH and NC;sHj], 54.4 [d, J(HP) 2.6, P-OCH};)
10.6 [s, Pd-C,H,C(CH;)=NOH)]. 3P NMR (121.4 MHz,
acetone-dg): 0 53.6 [s].

4. '"H NMR (500 MHz, CDCl;): 6 7.0-7.4 [8H, m, H-arom
Pd-C¢H,C(CH;)=NOH], 4.00 (12H, d, J(HP) 12.5 Hz, CH;OP),
2.30 [s, 3H, Pd—-C4H,C(CH;)=NOH]. *'P NMR (121.4 MHz,
acetone-ds): 0 29.3 [s]. A satisfactory 3C spectrum could not be
obtained because of insufficient sample.

Crystallography

Crystal data, data collection, and structure refinement for
complexes 1-4 are provided in Table 1.

CCDC reference numbers 245836-245839.

See http://www.rsc.org/suppdata/dt/b4/b411313f/ for crystal-
lographic data in CIF or other electronic format.
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