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Stoichiometric reactions of alkali metal thio- and dithiocarboxylates with Ph,PCl, PhPCl,, and PBr; gave the
corresponding acylthio- and thioacylthiophosphines [(RCES),PPhs_,, E = O, S; n = [—3] 3—8 in moderate to good
yields. The structures of (4-CH3;CsHsCOS),PPhs_,, (3d: n = 1,4d: n = 2,5d: n = 3) and (4-CH;C¢H4CS>),PPh (7b)
were analyzed by X-rays. In the thiocarboxylate derivatives 3d, 4d, and 5d, the intramolecular interactions between
the carbonyl oxygen and the central phosphorus atoms are weak and the thiocarboxylato ligands act as monodentates
through the sulfur atoms. Similarly, in the dithiocarboxylate derivative 7b, the intramolecular interactions between the
thiocarbonyl sulfur and the central phosphorus atoms are weak and the dithiocarboxylato ligands act as monodentates. The
covalent phosphorus—sulfur and/or phosphorus—phenyl ipso-carbon bonds are nearly at right angles to one another, forming
a distorted tetrahedron with the unshared electron pair orbital at the apex. The *'P NMR spectra of the thiocarboxylic acid
derivatives 3—5 show downfield shifts with an increase in the number of thiocarboxylato ligands, whereas those of the

dithiocarboxylic acid derivatives 6—S8 show upfield shifts.

In contrast to the dithiocarbamato-,'*"® dithiophosphin-
ato-,'"' and dithiocarbonatophosphorus derivatives,' lit-
tle is known about the chemistry of the thio- and dithio-
carboxylic acid derivatives, most likely due to the diffi-
culty of purification. Surprisingly, no structural analyses
of thio- and dithiocarboxylatophosphorus compounds ex-
cept for (PhCOS);P,'* have been reported so far. Previ-
ously, we reported the preparation of diphenyl(thioacylthio)-
phosphines RCS,PPh; and diphenyl(thicacylthio)phosphine
sulfides RCS;P(S)Ph, by reacting piperidinium dithiocar-
boxylates with Ph,PCl and Ph,P(S)CI, respectively.? As a
part of our studies concerning main group element deriva-
tives of new chalcogenocarboxylic acids, we have focused
on the systematic synthesis of group 15 element derivatives
of chalcogenocarboxylates. In this paper, we report the full
details of the synthesis and structure of the acylthio- and thio-
acylthiophosphines [(RCES),PPh;_,, E = O, S; n = 1—3]
3—8.

Results and Discussion

Synthesis:  The thiocarboxylatophosphorus derivatives
were synthesized first (Eq. 1). Sodium and potassium thio-
carboxylates 1 readily reacted with chlorodiphenylphosphine
in ether to give the corresponding acylthiodiphenylphos-
phines RCOSPPh; 3a—g in good yields (Table 1). In
dichloromethane, the reaction of dichlorophenylphosphine
with two molar amounts of 1 gave the bis(acylthio)phenyl-
phosphines 4 in 70—90% yields. Similarly, the stoichiomet-
ric reaction of tribromophosphine with 1 in dichloromethane

gave tris(acylthio)phosphines § in 70—90% yields.

E E
20°C,1h
P n _———

Pha-n Xn + R)J\S. M* <RJJ\S>nPPh3 .
1(E=0Q) 3(E=0,n=1)
2(E=S) 4 (E=0,n=2)

5(E=0,n=3)
6 (E=8,n=1)
M= Na, K, or NH, 7(E=S, n=2)
: > 8(E=S, n=3)
35 R 68 R
a CHs, a CgHg
b -C4Hg b 4-CHaCgH4
C CsHs C 2'CH3008H4
d 4-CH3CgH, d 4-CH30CgH,
e 2-CH30CgH, e 4-CiCgHy
f 4-CH3OCgH, f 2,4,6-(CHj)3CgH,
g 4-CICgH,4

(H

Next, dithiocarboxylatophosphorus derivatives were syn-
thesized. Under the conditions used for the synthesis of the
thiocarboxylic acid derivatives 3—35, the reactions of piperi-
dinium or sodium dithiocarboxylates with the corresponding
halophosphines were examined. As expected, diphenyl(thio-
acylthio)phosphines 6, phenylbis(thioacylthio)phosphines 7,
and tris(thioacylthio)phosphines 8 were isolated in yields of
20—90%, 10—70%, and 30—70%, respectively (Table 2).
Such low yields are due to the difficulty of purification (loss
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Table 1.  Yields and Melting Points of Mono-, Bis-, and
Tris(acylthio)phosphines 3—5
No. (RCOS),PPh3_, Yield Mp
R n % °C

3a CH; 1 74 Oil
3b t-C4Ho 1 75 Qil
3c CeHs 1 95 0il
3d 4-CH;CeHy 1 93 96—97
3e 2-CH30CqH4 1 80 111—114
3f 4-CH;0CcH4 1 93 Oil
3g 4-CIC¢Hy 1 90 91—92
4a CH;, 2 74 Oil
4b t+-C4Hy 2 75 Oil
4d 4-CH;Ce¢Hy 2 88 133—134
4e 2-CH;0C¢H4 2 97 108—110
4f 4-CH30CsH4 2 99 104—106
4g 4-CICe¢Hy 2 87 146—147
5a CH; 3 82 Oil
5b t-C4Hg 3 82 Oil
Sc CeHs 3 91 98—101
5d 4-CH3CsHy 3 77 95—98
Se 2-CH;0C¢H4 3 90 100—103
5f 4-CH;0C¢H4 3 66 97—100
5g 4-CIC¢Hy 3 75 154—156

Table 2.  Yields and Melting Points of Mono-, Bis-, and
Tris(thioacylthio)phosphines 6—8

No. (RCS3)nPPh;_,, Yield Mp

R n % °C
6a CeHs 1 35 74—76
6b 4-CH3CsHa | 94 98—99
6¢ 2-CH;0CsHs | 93 0il
6d 4-CH30CeH4 1 61 95—97
6e 4-CIC¢H4 1 25 75—17
6f 2,4,6-(CH3)3:CsHa 1 54 112—117
7a CsHs 2 71 0Oil
b 4-CH3CsHa 2 36 127—131
Tc 2-CH30CsHa 2 19 56—60
7d 4-CH;0CsH4 2 11 109—114
7t 2,4,6-(CH3)3CsH, 2 44 126—129
8b 4-CH3C¢Ha 3 38 150—153
Se 4-CIC¢H4 3 53 87—90
8f 2,4,6-(CH3)3CsH, 3 71 169—173

during purification).

Thiocarboxylic acid derivatives 3—S5 are fairly stable ther-
mally and toward oxygen and moisture, and show no appre-
ciable change for 1 week upon exposure to air. In contrast, the
dithiocarboxylic acid derivatives 6—8 are unstable thermally
and are moisture-sensitive. For example, upon exposure to
air, the 4-methyl-substituted derivatives were gradually hy-
drolyzed to the dithiocarboxylic acid. In particular, bis (4
and 7) and tris derivatives (5 and 8) are readily hydrolyzed
even in ether.

Molecular Structures: The ORTEP drawing of (4-meth-
ylbenzoylthio)diphenylphosphine 3d is shown in Fig. 1. The
crystal data are collected in Table 3. Selected bond distances

Acylthio- and Thioacylthiophosphines

Fig. 1. An ORTEP drawing of 4-CH3;CsHsCOSPPh; 3d.

and angles are shown in Table 4. The compound 3d crystal-
lizes in a monoclinic system with space group P2i/c (#14).
The dihedral angles suggest that the thiocarboxylato ligand
is in approximately same plane as the benzene ring contain-
ing C21 atom and is roughly perpendicular to that contain-
ing C31 atom. The C-O and C-S bond lengths of 3d are
1.207(4) and 1.802(4) A, which reflect C=0 double and C-S
single bonds, respectively. The P-S bond length [2.136(1)
A] is close to the sum of the single covalent bond radii of
both atoms (2.14 A),’ and is comparable to the distance ob-
served for Et;NCS,PPh, (2.123 A).™ The distance between
the carbonyl oxygen and the phosphorus atom [2.917(3) Al
is considerably longer than the sum of the covalent bond
radii of both atoms (1.74 A),? but less than the sum of the
van der Waals radii of both atoms (3.28 A),* indicating a
weak interaction. The bond angles around the phosphorus
atom [S11-P1-C21 = 98.4(1)°, S11-P1-C31 = 102.3(1)°,
C21-P1-C31=100.7(2)°] are close to right angles, and the
phosphorus atom can be considered to exhibit a p-type bond,
thus forming a distorted tetrahedral structure with the un-
shared electron pair orbital at the apex.

In bis(4-methylbenzoylthio)phenylphosphine 4d, the two
thiocarboxylato ligands exist in the same plane with the same
orientation, where each oxygen atom is located in the same
direction (Fig. 2). The phenyl ring is nearly perpendicular to
the plane. The C-O and C-S bond lengths of the two thiocar-
boxylato ligands are av 1.213(5) A and av 1.787(4) A, respec-
tively, indicating C=0 double and C-S single bonds (Table 5).
The two P-S bond lengths [P1-S11 =2.146(2) A, P1-S21 =
2.144(2) A] are close to the sum of the single covalent bond
radii of both atoms (2.14 A),’ indicating a single bond. The
distances between the two carbonyl oxygen and the phospho-
rus atoms [P1-011 =2.784(3) A, P1-021 =2.747(3) A] are

Fig. 2. An ORTEP drawing of (4-CH3CsH4COS),PPh 4d.
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Table 3. Crystal Data, Data Collection, and Refinement Parameters for 3d, 4d, 5d, and 7b

3d 4d 5d 7b

Empirical formula C20H17OPS C22H1902P52 C24H2103PS3 C22H19P54
Formula weight 336.39 410.48 484.58 442.61
Color Colorless Colorless Colorless Red
Crystal system Monoclinic Monoclinic Trigonal Orthorhonbic
alA 34.855(2) 5.906(2) 13.479(3) 16.296(2)
blIA 8.318(1) 16.073(2) 27.597(3) 21.708(2)
c/A 5.941(1) 21.489(2) 6.029(1)
[ldeg 89.59(1) 96.07(2)
Volume of unit cell/A’ 1722.4(4) 2028.4(6) 4341(1) 2132.6(5)
Space group P2i/c (#14) P2\/c (#14) R3c (#161) P2,2,2, (#19)
Z value 4 4 8 4
Deaclgem ™ 1.297 1.344 1.482 1.344
Crystal size /mm 0.23x0.23x0.43 0.23x0.17x0.23 0.06x0.23 x0.31 0.09x0.14x0.29
#(Mo Ka)lem™' 2.82 3.56 4.41 5.26
Transmission factor

for absorption correction 0.6834—1.0000 0.6548—1.0000
Temp/°C 23.0 23.0 23.0 23.0
2 Bnax/deg. 55.0 55.0 55.0 55.0
No. of measured reflections 4018 5101 2390 3221
No. of unique reflections 3955 4659 1119 2819
Rint 0.033 0.063 0.132 0.043
No. of observations 2216/1>2.30(]) 2310/1>1.50(D) 393/1>2.00(D) 1865/1>2.00()
No. of variables 209 245 94 246
Reflection/parameter ratio 10.12 9.43 4.18 7.58
Residuals: R,Y R,Y 0.049, 0.050 0.055, 0.056 0.087, 0.2879 0.043, 0.046
p value” 0.0230 0.0350 0.0350
Max. and min. of residual
Electron density/eA73 041, —-0.25 0.28, —0.31 0.92, —0.62 0.24, —0.24
Goodness of fit indicator 1.67 1.35 1.26 1.21

a) R=Y(Fol — |F:D/IFo|. b)Y Ry = [ (|Fo| = [Fe)/SowlFo P12, w = [02(Fy) +p*(Fo)? /41~ L

¢) R= ZOF0|‘1FC()/Z|F0‘-

Rw = |SwW(F2 — F? /S w(F2?1/2, w = [02(F2)+(0.1000P)> +0.0000P] !, where P = (F2+2F2)/3.

Table 4. Selected Bond Lengths (A), Angles (deg), Torsion
Angles (deg), and Dihedral Angles (deg) of (4-Methyl-
benzoylthio)diphenylphosphine 3d

Table 5.  Selected Bond Lengths (A), Angles (deg), and
Torsion Angles (deg) of Bis(4-methylbenzoylthio)phen-
ylphosphine 4d

Bond lengths

P1-S11 2.136(1) P1-C21 1.838(4)

P1-O11 2917(3) P1-C31 1.828(4)

C11-S11 1.802(4)

C11-011 1.207(4)

Angles

S11-P1-Ol11 60.48(6) S11-P1-C21 98.4(1)
S11-C11-011 120.8(3) S11-P1-C31 102.3(1)
P1-S11-Cl11 97.1(1) C21-P1-C31 100.7(2)
P1-0O11-Cl11 80.1(2)

Torsion angles
6.0(5) C11-S11-P1-C21 171.8(2)
C11-S11-P1-C31 85.2(2)

S11-C11-C12-C17

Dihedral angles
Plane (S11-C11-011)-Plane (C21 benzene ring)
Plane (S11-C11-O11)-Plane (C31 benzene ring)
Plane (C21 benzene ring)-Plane (C31 benzene ring)

164.21
108.59
75.39

different, and shorter than that in the monothiocarboxylate
3d [2.917(3) A], indicating a strong intramolecular interac-

Bond lengths
P1-S11 2.146(2) P1-521 2.144(2)
P1-0O11 2.784(3) P1-021 2.747(3)
Cl11-S11 1.785(5) C21-821 1.788(4)
Cl11-011 1.211(5) C21-021 1.214(5)
P1-C31 1.825(4)
Angles
S11-P1-521 91.42(6) 011-P1-021 142.1(1)
S11-P1-011 62.65(8) S21-P1-021 63.25(8)
St1-C11-011  120.8(4) S$21-C21-021  120.0(4)
P1-S11-C11 93.7(2) P1-821-C21 92.9(2)
P1-011-C11 82.1(3) P1-021-C21 82.8(3)
S11-P1-C31 101.4(1) S21-P1-C31 102.3(2)
Torsion angles
S11-P1-S21-C21 172.8(1)
S11-C11-C12-C17  8.8(6) S21-C21-C22-C27 4.4(6)
C11-S11-P1-C31 87.3(2) C21-S21-P1-C31 85.2(2)

tion (nonbonding interaction). The bond angles around the
phosphorus atom [S11-P1-821 =91.42(6)°, S11-P1-C31 =
101.4(1)°, S21-P1-C31 = 102.3(2)°] are nearly right angles,
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where the two sulfur and the ipso-carbon atoms of the phenyl
ring are bound to the 3p orbitals of the central phosphorus
atom. The compound 4d also exists in a distorted tetrahedral
structure with unshared pairs of electrons, in analogy with
that of 3d.

The ORTEP drawing of tris(4-methylbenzoylthio)phos-
phine 5d is shown in Fig. 3. The principal bond distances
and angles and torsion angles are presented in Table 6. The
structure of 5d is essentially comparable to that of tris(benzo-
ylthio)phosphine reported by Russian chemists,'® in that the
three thiocarboxylato ligands display C; symmetry [Fig. 3a].
The C-0O, C-S, and P-S bond lengths are 1.22(2), 1.79(2),
and 2.142(5) A, respectively, which indicate C=0 double
and C-S and P-S single bonds. The distance between the
carbonyl oxygen and the phosphorus atom [2.82(1) A] is
between those of mono- 3d [2.917(3) A] and bis derivatives
4d [av 2.766(3) A], indicating a weak interaction. The three
covalent phosphorus~sulfur bonds are nearly at right angles
[95.4(2)°] to one another, again indicative of a distorted
tetrahedron similar to those of 3d and 4d [Fig. 3b].

On the other hand, the crystallization of dithiocarboxyl-
atophosphorus derivatives is very difficult. After several at-
tempts, single crystals of bis(4-methylthiobenzoylthio)phen-

(@)

Fig. 3. An ORTEP drawing of (4-CH3CsH4COS)3P 5d. (%)
~Y,X-Y,Z. ) -X+Y, X, Z.

Table 6. Selected Bond Lengths (A), Angles (deg), and
Torsion Angles (deg) of Tis(4-methylbenzoylthio)phos-
phine 5d

Bond lengths
P1-S1 2.142(5) C1-S1 1.79(2)
P1-0O1 2.82(1) C1-01 1.22(2)
Angles
S1-P1-01 61.6(3) P1-S1-C1 96.0(5)
S1-C1-01 119.3(10) P1-01-C1 82.8(8)
S1-P1-S1* 95.4(2)
Torsion angles
Si-Ci1-C2-C7 2(2) S1-P1-S1*-C1*  89.2(7)

*x) =Y, XY, Z.

Acylthio- and Thioacylthiophosphines

ylphosphine 7b were obtained. The ORTEP drawing and
selected bond lengths and angles are shown in Fig. 4 and
Table 7, respectively. As in 4d, the two dithiocarboxylato
ligands exist in the same plane, where each thiocarbonyl sul-
fur atom is located in the same direction. The C-S bond
lengths of the dithiocarboxylato ligands are different, and
can be divided into shorter C-S bond lengths [av 1.632(6) A]
and longer C—S bond lengths [av 1.751(6) A]. The former is
close to the general C=S double bond value (1.61 A),? while
the latter is roughly intermediate between C=S double and
C-S single bonds.® A similar difference in the C—S bonds is
found in (E;;NCS,),PPh (av 1.678 A and av 1.777 A)." The
P-S bond lengths [P1-S12 =2.170(3) A, P1-822 = 2.158(2)
A] are close to the sum of the single covalent bond radii
of both atoms (2.14 A),? indicating a single bond. The dis-
tances between the two thiocarbonyl sulfur and the phospho-
rus atoms [P1-S11 =2.965(3) A, P1-S21 =2.975(3) A] are
longer than the sum of their covalent bond radii,® but shorter
than the sum of their van der Waals radii (3.66 A),“ indicating
a weak interaction. The S—P1-C31 angles [av 101.3(2)°] are
similar to those in thiocarboxylate derivative 4d, while the
S12-P1-522 angle [86.20(9)°] is slightly smaller than that of
the corresponding thiocarboxylate derivative 4d [91.42(6)°].
The two phosphorus—sulfur and one phosphorus—benzene

Fig. 4. An ORTEP drawing of (4-CH3CsH4CS,)-PPh 7b.

Table 7.  Selected Bond Lengths (A), Angles (deg), and
Torsion Angles (deg) of Bis(4-methylthiobenzoylthio)-

phenylphosphine 7b
Bond lengths
P1-S11 2.965(3) P1-S21 2.975(3)
P1-S12 2.170(3) P1-822 2.158(2)
Cl11-S11 1.630(6) C21-821 1.634(6)
C11-S12 1.761(6) C21-822 1.740(6)
P1-C31 1.836(7)
Angles
S11-P1-S21 138.11(8) S12-P1-522 86.20(9)
S11-P1-S12 67.73(7) S21-P1-822 67.45(7)
S11-C11-S12  120.0(4) S21-C21-822  120.5(3)
P1-S11-Cl1 73.6(2) P1-S21-C21 73.5(2)
P1-S12-C11 96.8(2) P1-822-C21 98.3(2)
S12-P1-C31 101.6(2) $22-P1-C31 101.0(2)
Torsion angles
S12-P1-822-C21 173.7(2)
S12-C11-C12-C17  2.5(8) S22-C21-C22-C27 3.5(8)
C11-S12-P1-C31 100.6(3) C21-S22-P1-C31 85.2(3)
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ipso-carbon bonds are nearly at right angles to one another,
and the structure of 7b is similar to those of 3d, 4d, and 5d.

Structural Comparison of Mono-, Bis-, and Tris(arene-
carbonylthio)phosphine:  Selected bond lengths and tor-
sion angles of 3d, 4d, and 5d are shown in Tables 8 and
9, respectively. The C-0O, C-S, and P-S bond lengths are
nearly the same. On the other hand, the distance between the
carbonyl oxygen and the phosphorus atoms decrease in the
order mono 3d, tris 5d, and bis 4d. Presumably, the greater
distance in 3d may be due to weak interaction, i.e. the inter-
action of the P-C o™ orbital with the lone-pair electron on
the carbonyl oxygen is longer than that of the P-S ¢™ orbital.
The interaction between the carbonyl oxygen and the phos-
phorus atoms would take an important role in the planarity
of the thiocarboxylate moieties with the phosphorus atoms.

Spectra:  The spectroscopic data of (RCOS),,PPh;_, (3:
n=1,4. n=2,5: n=3) are shown in Table 10. The vc—¢
bands of 3—5 appear at about 1690 cm~! for aliphatic deriva-
tives (R = CHs, +-C4Hy) and at 1630—1670 cm™' for aro-
matic derivatives, which is comparable to the corresponding
S-alkyl esters. The '3C=0 chemical shifts of 3—5 appear at
& = 188.6+1.3 for aromatic derivatives and ¢ = 198.3£5.8
for aliphatic derivatives, and the coupling constants [2/(CP)]
are about 14 Hz. The *'PNMR spectra are observed at
0 = 10—14 for 3, 6 =25—35 for 4, and about 6 =50 for
5, which indicates a downfield shift with an increase in the
number of thiocarboxylato ligands bonded to the phosphorus
atom.

The spectroscopic data of (RCS;),PPh;_, (6: n=1, 7:
n=2,8: n=23) are tabulated in Table 11. The thiocarbonyl
stretching frequencies of 6 appear at 1200—1250 cm™~!, and
that for 2,4,6-trimethylphenyl derivative 6f is about 30 cm™!
lower than those of other aromatic derivatives 6a—e. Those
of bis 7 and tris derivatives 8 appear at 1230—1260 cm™—'.

Table 8. Selected Bond Distances of Mono-, Bis-, and Tris-
(acylthio)phosphines 3—5

O..

<n )'\S‘% PPha.n Bond/A

No. R n C-0 CS PO P

3d  4.CHiCoH, 1 1.207(d) 1.802@) 2917(3) 2.136(1)

4d  4CHiGHy 2 1211(5) 1.785(5) 2.784(3) 2.146(2)
1.214(5) 1.788(4) 2.747(3) 2.144(2)

5d 4-CHiGoHs 3 1222) 1.792) 2.82(1) 2.142(5)
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Table 9. Selected Torsion Angles of Mono-, Bis-, and Tris-
(acylthio)phosphines 3—5

0.,
~PPh;,,
<R)\S% 3-n
R

No. n Torsion angles/deg

3d 4-CH;CHy4 1 O11-C11-S11-Pl 14.6(3)

4d 4-CH;C¢Hs 2 Ol1-C11-S11-P1 9.2(4)
021-C21-S21-P1 11.2(4)

5d 4-CH:C¢Hy 3 OI11-Cl11-S11-P1 6(1)

Table 10.  Spectroscopic Data of Mono-, Bis-, and Tris-
(acylthio)phosphines 3—5
No. (RCOS),PPhi_, IR/em™' NMR/é*
R no ve=o "C=0 YPY 2 c—yp/Hz

3a CH; 1 1694 1939 14.2 15
3b 1-C4Hy 1 1682 198.7 10.3 15
3¢ CeHs 1 16529 189.8 13.0 13
3d 4-CH:CeH,4 11652 189.8 123 12
3e 2-CH:OCqH, 11630  189.2 11.1 12
3t  4-CH3OCqH, 1 1652 1883 12.3 13
3g  4-CICeH, 1 1657 1893 14.0 12
4a CH; 21703 193.1 34.8 14
4b  +C4Hy 2 1694%  204.1 28.0 12
4¢  CeHs 2 1655™  189.8 245 14
4d 4-CH:CeH, 2 1643”  189.3 293 14
de 2-CHiOCeH, 2 1629 188.8 24.6 13
4f 4-CH:OCeH: 2 1654 188.1 292 14
4g  4-CIC¢H,4 2 1658™  188.6 32.0 14
5a CH; 31694 1925 55.1 17
5b  +C4H, 316807  203.6 3523 14
S5c¢  CeHs 3 1648”1892 516 16
5d 4-CH:CoH, 3 1647 1888 514 16
S¢ 2-CH;0CqH:, 3 1620” 188.6 44.7 14
5f 4-CH;0CeH, 3 1659 1873 518 16
5g  4-CIC¢H, 3016777 188.0 522 17

a) Neat. b) KBr. c¢)
d) Standard in H;PO;.

NMR spectra recorded in CDCls.

The '*C=S chemical shifts appear in the narrow region o =
223227, excluding the 2,4,6-trimethylphenyl! derivatives
of, 7f, and 8f (about 6 =237). Steric hindrance of the mesityl
group would reduce m conjugation between the aromatic
ring and C=S moiety, resulting in downfield shift of '*C=S
chemical shifts. On the other hand, the 3'P NMR spectra
are observed at about 0 =20 for 6, & =9—I15 for 7, and
about 6 = —4 for 8, which indicate upfield shifts with an
increase in the number of dithiocarboxylato ligands bonded
to the phosphorus atom. The spectroscopic data of the (4-
methylbenzoylthio)phosphines 3d, 4d, and 5d are shown in
Table 12. The ve—¢ bands show high wavenumber shifts
in the order 4d, 5d, and 3d. In X-ray structural analyses,
the C=0 double bond lengths are nearly the same, while the
distances between the carbonyl oxygen and the phosphorus
atoms follow this same order. Therefore, a high wavenumber
shift of the - may be related to interaction between the
carbonyl oxygen and the phosphorus atoms. The '*C=0
chemical shifts show upfield shifts in the order 3d, 4d, and
5d. On the other hand, the *'P NMR chemical shifts show
downfield shifts in the order 3d, 4d, and 5d, which may be
due to the electron-withdrawing effect of the thiocarboxyl-
ato ligands. In the dithiocarboxylate derivatives, the ve=s
bands show high wavenumber shifts in the order 6b, 7b, and
8b. However, the '*C=S chemical shifts show downfield
shifts and the *'PNMR chemical shifts show upfield shifts
in the order 6b, 7b, and 8b, which are opposite to the trends
seen with the corresponding thiocarboxylic acid derivatives.
Presumably, the electron on the dithiocarboxylate groups
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Acylthio- and Thioacylthiophosphines

Table 11. Spectroscopic Data of Mono-, Bis-, and Tris(thioacylthio)phosphines 6—8

No. (RCS»),PPh;_p, IR/cm™"® NMR/8°
R n Vo=s Be=s Mpd 2]13c—3|p/HZ
6a CeHs 1 1222 225.7 21.3 21
6b 4-CH3CqHa4 1 1231 225.5 20.2 20
6¢ 2-CH30CsH4 1 12529 222.7 22.1 17
6d 4-CH30C¢H4 1 1241 223.5 194 19
6e 4-CIC¢Hy 1 1242 2242 22.8 21
of 2,4,6-(CH3);CH> 1 1195 236.3 22.0 19
Ta C¢Hs 2 1239% 226.9 12.5 23
Tb 4-CH3CsHy 2 1244 226.3 11.0 22
Tc 2-CH30OCgH4 2 1250 2279 149 24
7d 4-CH30CgH,y 2 1249 224.2 8.73 24
7f 2,4,6-(CH3)3CsH> 2 1261 236.5 12.7 22
8b 4-CH3CgHa4 3 1251 227.6 —3.99 25
8e 4-CIC¢Ha4 3 1231 227.0 —3.46 26
8f 2,4,6-(CH3)3CsHa 3 1243 238.9 -3.96 25
a) KBr. b) Neat. ¢) NMR spectra recorded in CDCl3. d) Standard in H3POj4.

Table 12. Selected Feature in Spectra of 4-Methylbenzoylthio- and 4-Methyl(thiobenzoylthio)phosphine Derivatives

No.  (RCES),PPh;_, IR/cm™" ¥ NMR/6"
R E n Ve=g BC=E 3spo 2J1ac—31p/Hz
3d 4-CH3CsHy O 1 1652 189.8 12.3 12
4d O 2 1643 189.3 29.3 14
5d O 3 1647 188.8 514 16
6b S 1 1231 225.5 20.2 20
7b S 2 1244 226.3 11.0 22
8b S 3 1251 227.6 -3.99 25
a) KBr. b) NMR spectra recorded in CDCl3. c¢) Standard in H3POg.

may be backdonated through the thiocarbonyl sulfur atoms.

Conclusion

A series of thio- and dithiocarboxylatophosphorus deriva-
tives were synthesized and their X-ray structural analyses
were obtained. The crystal structures of these compounds
show intramolecular-nonbonding interactions between the
carbony! oxygen or thiocarbonyl sulfur and the central phos-
phorus atoms. However, these intramolecular interactions
are weak, and the covalent phosphorus—sulfur and/or phos-
phorus—benzene ipso-carbon bonds are nearly at right an-
gles to one another, forming essentially distorted tetrahedral
structures with the unshared electron pair orbital at the apex.
In the bis-derivatives [(RCES),PPh, E = O, S], the two thio-
and dithiocarboxylato ligands exist in the same plane with
the same orientation, where each carbonyl oxygen or thio-
carbonyl sulfur atom is located in the same direction.

Experimental

Melting points were determined by a Yanagimoto micromelting
point apparatus and are uncorrected. The IR spectra were measured
on a Perkin—Elmer FT-IR 1640 spectrophotometer. The '"HNMR
spectra were recorded on a JEOL INM-a400 (400 MHz); the fol-
lowing abbreviations were used; s: singlet, d: doublet, t: triplet,
m: multiplet. The '*C NMR were recorded on a JEOL JNM-a400
(100 MHz). The *'PNMR were recorded on a JEOL JNM-a400

(162 MHz) with phosphoric acid as an external standard. Elemen-
tal analyses were performed by the Elemental Analysis Center of
Kyoto University.

Materials. The following solvents were purified under argon
and dried as indicated: Diethyl ether and hexane were refluxed with
sodium metal using benzophenone as an indicator and distilled be-
fore use: Dichloromethane was distilled over diphosphorus penta-
oxide, after refluxing for 4 h. Chlorodiphenylphosphine, dichloro-
phenylphosphine, and tribromophosphine/dichloromethane (1.0 M
solution, 1 M = 1 mol dm™?) were obtained from Aldrich.

X-Ray Structure Analysis. Measurements were carried
out on a Rigaku AFC7R four-circle diffractometer with graphite-
monochromated MoKe radiation (A = 0.71069 A). All the struc-
tures were solved and refined using the teXsan® crystallographic
software package on an IRIS Indigo computer. Crystal samples
were cut from grown crystals and mounted on a glass fiber. Since
(4-methylbenzoylthio)diphenylphosphine (3d), bis(4-methylbenzo-
ylthio)phenylphosphine (4d), tris(4-methylbenzoylthio)phosphine
(5d), and bis(4-methylthiobenzoylthio)phenylphosphine (7b) were
unstable in air, the crystals of 3d, 4d, 5d, and 7b were coated
with an epoxy resin. The cell dimensions were determined from
a least-squares refinement of the setting diffractometer angles for
25 automatically centered reflections. Three standard reflections
were measured every 150 reflections and showed no significant
intensity variations during data collection. Lorentz and polar-
ization corrections were applied to the data, and empirical ab-
sorption corrections [DIFABS5 (4d and 7b) and ¥_scans® (3d
and 5d)] were also applied. The structures were solved by a di-
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rect method using SHELXS86’ for 3d, 4d, 7b, and 5d and ex-
panded using DIRDIF94.® Scattering factors for neutral atoms were
obtained from Cromer and Waber’ and anomalous dispersion'?
was used. The function minimized was > w(|Fops| — |Fca1c|)2,
and the weighting scheme used was w = [07(Fo)+p*(Fo)* /4]
for 3d, 4d, and 7b, while [3ow(|Fobs| — |Feac|)*/(No=Ny)1"/? and
[G2(Fo)+(0.1000PY2+0.0000P) ™!, P = (F2+2F2)/3 were used for
5d. A full-matrix least-squares refinement was executed, with non-
hydrogen atoms being anisotropic for 3d, 4d, and 7b, and using
SHELXL93 for 5d."' The final least-square cycle included fixed
hydrogen atoms at calculated positions, for which each isotropic
thermal parameter was set to 1.2 times that of the connecting atom.
Crystal data and a description of the measurement are summarized
in Table 3.

Preparation of Single Crystals. (4-Methylbenzoylthio)di-
phenylphosphine (3d) (0.090 g) was single-crystallized from di-
chloromethane (1.0 mL) and hexane (1.0 mL) at 25 °C for 5 d. Bis-
(4-methylbenzoylthio)phenylphosphine (4d) (0.150 g) was single-
crystallized from dichloromethane (1.2 mL) and hexane (1.0 mL)
at 25 °C for 1 week. Tris(4-methylbenzoylthio)phosphine (5d)
(0.109 g) was single-crystallized from dichloromethane (3.0 mL)
and hexane (4.0 mL) at 25 °C for 1 week. Bis(4-methylthiobenzo-
ylthio)phenylphosphine (7b) (0.065 g) was single-crystallized from
dichloromethane (0.5 mL) and hexane (0.6 mL) at 25 °C for 4 d.

Acetylthiodiphenylphosphine (3a).  To a solution of chloro-
diphenylphosphine (0.225 g, 1.02 mmol) in ether (10 mL), sodium
thioacetate (0.114 g, 1.16 mmol) was added. The mixture was
stirred at 20 °C for 1 h. The insoluble parts (NaCl) were filtered off
by glass filter (G4) in vacuo. The solvents were removed under re-
duced pressure (23 °C/53 Pa) to give acetylthiodiphenylphosphine
(3a) as colorless oil (0.199 g, 74%). '"HNMR (CDCh) 6 =2.42
(s, 3H, CH3), 7.30—7.32 (m, 6H), 7.47—7.50 (m, 4H). "CNMR
(CDCl3) 6 =32.1 (CHs), 128.4 (*Jiac—a1p = 6.8 Hz), 129.4, 132.8
(*Jisc-31p =21 Hz), 135.5 ("Ji3c—31p = 24 Hz), 193.9 (Jisc-31p = 14
Hz, C=0).

(2,2-Dimethylpropionylthio)diphenylphosphine (3b). As
with 3a, the reaction of chlorodiphenylphosphine (0.220 g, 1.00
mmol) with sodium 2,2-dimethylthiopropionate (0.150 g, 1.07
mmol) gave (2,2-dimethylpropionylthio)diphenylphosphine (3b)
as colorless oil (0.226 g, 75%). THNMR (CDCl) 6 = 1.16 (s,
9H, CH3), 7.19—7.21 (m, 6H), 7.37—7.41 (m, 4H). "CNMR
(CDCly) 8 =26.4 (CH3), 47.4 [C(CH3)], 128.3 (*Jisc—3p = 6.8
Hz), 129.3, 132.7 (*Jisc—atp = 21 Hz), 135.8 (" Ji3c—31p = 24 Hz),
198.7 (*J13c—31p = 15 Hz, C=0).

Benzoylthiodiphenylphosphine (3c). As with 3d, the reaction
of chlorodiphenylphosphine (0.226 g, 1.02 mmol) with potassium
thiobenzoate (0.185 g, 1.06 mmol) gave benzoylthiodiphenylphos-
phine (3¢) as yellow oil (0.312 g, 95%). '"HNMR (CDCh) 6 =
7.28—7.39 (m, 9H), 7.55—7.59 (m, 4H), 7.97—7.99 (m, 2H).
BCNMR (CDCly) 6 = 127.9, 128.1, 128.4 CJizc—31p = 5.9 Hz),
129.4, 132.8 (2.]]3(*—3]17 =22 HZ), 1354 (]JI3C—31P =24 HZ), 134.2,
136.7, 189.8 (*Jisc—a1p = 13 Hz, C=0).

(4-Methylbenzoylthio)diphenylphosphine (3d). To asolution
of chlorodiphenylphosphine (0.221 g, 1.00 mmol) in ether (10 mL)
was added potassium 4-methylthiobenzoate (0.198 g, 1.04 mmol),
and the mixture was stirred at 20 °C for 1 h. The insoluble parts
(KCI) were filtered off by glass filter (G4) in vacuo. The solvents
were removed under reduced pressure (23 °C/53 Pa). Dichlo-
romethane (0.5 mL), ether (1.0 mL), and then hexane (1.3 mL)
were added and this mixture was allowed to stand at —20 °C for
24 h. Filtration of the resulting crystals gave (4-methylbenzoyl-
thio)diphenylphosphine (3d) as colorless crystals (0.312 g, 93%).
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"HNMR (CDCl;) 6 =2.31 (s, 3H, CH3), 7.15 (d, J = 8.2 Hz, 2H),
7.27—7.29 (m, 6H), 7.48—7.52 (m, 4H), 7.86 (d, J =8.2 Hz,
2H). *CNMR (CDCl;) 8 =21.7 (CHs), 128.3, 128.6 CJisc—3ip =
6.8 Hz), 129.3, 129.6, 130.8, 133.1 (*Ji3c—31p = 21 Hz), 135.8
("ac-31p = 24 Hz), 144.7, 189.8 (*J13c-31p = 12 Hz, C=0). Found:
C, 71.46; H, 5.11%. Calcd for C,0H,7OPS: C, 71.41; H, 5.09%.

(2-Methoxybenzoylthio)diphenylphosphine (3e).  As with
3d, the reaction of chlorodiphenylphosphine (0.223 g, 1.01 mmol)
with potassium 2-methoxythiobenzoate (0.210 g, 1.02 mmol), fol-
lowed by recrystallization from a mixed solvent of dichloromethane
(1.0 mL), ether (0.5 mL), and then hexane (2.0 mL) gave (2-meth-
oxybenzoylthio)diphenylphosphine (3e) as colorless crystals (0.282
g, 80%). 'HNMR (CDCl3) S =3.88 (s, 3H, CH30), 6.87—6.91
(m, 2H), 7.26—7.28 (m, 6H), 7.48—7.52 (m, 4H), 7.62—7.67 (m,
1H), 7.73—7.75 (m, 1H). *CNMR (CDCl3) 6 = 55.8 (CH;0),
112.1,120.4,126.9, 128.5 CJisc—sip = 6.8 Hz), 129.4, 130.4, 133.2
(*Jy3c=np = 21 Hz), 134.1, 136.0 (\J 3c—31p = 24 Hz), 158.2, 189.2
(*J13c-31p = 12 Hz, C=0). Found: C, 68.20; H, 4.92%. Calcd for
C20H170,PS: C, 68.17; H, 4.86%.

(4-Methoxybenzoylthio)diphenylphosphine (3f). As with 3d,
the reaction of chlorodiphenylphosphine (0.228 g, 1.03 mmol) with
potassium 4-methoxythiobenzoate (0.218 g, 1.06 mmol) gave (4-
methoxybenzoylthio)diphenylphosphine (3f) as yellow oil (0.337
g, 93%). 'HNMR (CDCly) & = 3.80 (s, 3H, CH;0), 6.90 (d,
J = 8.8 Hz, 2H), 7.35—7.37 (m, 6H), 7.60—7.64 (m, 4H), 8.04 (d,
J=8.8 Hz, 2H). "CNMR (CDCls) 8 = 55.4 (CH;0), 113.6, 128.4
(Jisc—3ip = 6.8 Hz), 129.4, 130.3, 131.5, 132.9 (\J13c—31p = 22 Hz),
135.7 (\Ji3c—31p = 24 Hz), 163.9, 188.3 (X 13c—31p = 13 Hz, C=0).

(4-Chlorobenzoylthio)diphenylphosphine (3g).  As with 3d,
the reaction of chlorodiphenylphosphine (0.224 g, 1.02 mmol) with
potassium 4-chlorothiobenzoate (0.244 g, 1.06 mmol), followed by
recrystallization from a mixed solvent of dichloromethane (1.0 mL),
ether (1.0 mL), and then hexane (2.0 mL) gave (4-chlorobenzoyl-
thio)diphenylphosphine (3g) as colorless crystals (0.329 g, 90%).
'"HNMR (CDCl3) 6 =7.29—7.36 (m, 8H), 7.48—7.52 (m, 4H),
7.97—7.99 (m, 2H); *C NMR (CDCl3) 6 = 128.7 CJisc—31p = 6.8
Hz), 129.0, 129.6, 129.8, 132.7, 133.1 (*Jisc—a31p = 21 Hz), 135.4
(" J1sc—31p = 24 Hz), 140.2, 189.3 (*Ji3c-31p = 12 Hz, C=0). Found:
C, 64.01; H, 4.02%. Caled for CjoH;4CIOPS: C, 63.96; H, 3.95%.

Bis(acetylthio)phenylphosphine (4a). To a solution of dichlo-
rophenylphosphine (0.180 g, 1.01 mmol) in dichloromethane (10
mL) was added sodium thioacetate (0.201 g, 2.05 mmol), and the
mixture was stirred at 20 °C for | h. The insoluble parts (NaCl) were
filtered off by glass filter (G4) in vacuo. The solvents were removed
under reduced pressure (23 °C/53 Pa) to give bis(acetylthio)phen-
ylphosphine (4a) as pale yellow oil (0.203 g, 74%). 'HNMR
(CDCl3) & =2.29 (s, 6H, CH3), 7.20—7.77 (m, 5H). *CNMR
(CDCls) 6 =31.9 (CHj), 128.2, 128.6, 130.5, 132.1 ("13c—31p = 24
Hz), 193.1 (Jisc—31p = 14 Hz, C=0).

Bis(2,2-dimethylpropionylthio)phenylphosphine (4b).  As
with 4a, the reaction of dichlorophenylphosphine (0.185 g, 1.03
mmol) with sodium 2,2-dimethylthiopropionate (0.295 g, 2.10
mmol) gave bis(2,2-dimethylpropionylthio)phenylphosphine (4b)
as colorless oil (0.251 g, 75%). 'HNMR (CDCl3) 6 =1.13 (s,
18H, CH3), 7.24—7.90 (m, SH). *C NMR (CDCl3) 6 =27.2 (CHs),
47.6[C(CH3)), 128.1, 128.4, 130.3,132.2 (' J13c—31p = 25 Hz), 204.1
(2J13c—31p =12 Hz, C=0).

Bis(benzoylthio)phenylpheosphine (4c). As with 4d, the
reaction of dichlorophenylphosphine (0.200 g, 1.12 mmol) with
potassium thiobenzoate (0.403 g, 2.30 mmol), followed by re-
crystallization from a mixed solvent of dichloromethane (1.0 mL)
and then hexane (2.0 mL), gave bis(benzoylthio)phenylphosphine
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(4¢) as colorless crystals (0.423 g, 99%). '"HNMR (CDCh)
6 =7.41—7.48 (m, 6H), 7.56—7.62 (m, 3H), 7.89—7.93 (m,
2H), 7.98—8.01 (m, 4H). P*CNMR (CDCl;) & = 127.9, 128.3,
128.7, 128.8, 130.8, 132.7 (\Jyac—31p = 25 Hz), 134.0, 136.6, 189.8
(*Jisc—p = 14 Hz, C=0). Found: C, 62.93; H, 4.06%. Calcd for
C20H1502P522 C, 62.81 5 H, 3.95%.

Bis(4-methylbenzoylthio)phenylphosphine (4d). To a solu-
tion of dichlorophenylphosphine (0.187 g, 1.04 mmol) in dichlo-
romethane (10 mL) was added potassium 4-methylthiobenzoate
(0.409 g, 2.15 mmol), and the mixture was stirred at 20 °C for 1
h. The insoluble parts (KCl) were filtered off by glass filter (G4)
in vacuo. The solvents were removed under reduced pressure (23
°C/53 Pa). Dichloromethane (1.0 mL) and then hexane (2.0 mL)
were added and this mixture was allowed to stand at —20 °C for
24 h. Filtration of the resulting crystals gave bis(4-methylbenzo-
ylthio)phenylphosphine (4d) as colorless crystals (0.376 g, 88%).
'"HNMR (CDCl3) 6 =2.39 (s, 6H, CH3), 7.23 (d, J =8.2 Hz,
4H), 7.40—7.42 (m, 3H), 7.87—7.89 (m, 2H), 7.89 (d, J/ = 8.2 Hz,
4H). *CNMR (CDCl;) 6 =21.7 (CH3), 128.4, 128.6, 128.7,129.4,
130.6, 132.7 ("J13c—31p = 24 Hz), 134.1, 145.1,189.3 (Ji3c-31p = 14
Hz, C=0). Found: C, 64.09; H, 5.14%. Calcd for C;2H90,PS,: C,
64.37; H, 4.67%.

Bis(2-methoxybenzoylthio)phenylphosphine (4e).  As with
4d, the reaction of dichlorophenylphosphine (0.180 g, 1.01 mmol)
with potassium 2-methoxythiobenzoate (0.426 g, 2.06 mmol), fol-
lowed by recrystallization from a mixed solvent of dichlorometh-
ane (1.5 mL) and then hexane (3.0 mL), gave bis(2-methoxy-
benzoylthio)phenylphosphine (4e) as colorless crystals (0.434 g,
97%). "HNMR (CDCl3) 8 =3.90 (s, 6H, CH;0), 6.95—7.03 (m,
8H), 7.36—7.38 (m, 3H), 7.85—7.90 (m, 2H). *C NMR (CDCls)
6 =55.8 (CH;0), 112.1, 120.4, 128.5, 128.6, 130.0, 130.2, 130.5,
132.7 ("Jiac—31p = 24 Hz), 134.5, 158.6, 188.8 (*Jisc—arp = 13 Hz,
C=0). Found: C, 59.58; H, 4.82%. Calcd for C22Hj904PS,: C,
59.72; H,4.33%.

Bis(4-methoxybenzoylthio)phenylphosphine (4f).  As with
4d, the reaction of dichlorophenylphosphine (0.356 g, 1.99 mmol)
with potassium 4-methoxythiobenzoate (0.826 g, 4.00 mmol), fol-
lowed by recrystallization from a mixed solvent of dichloromethane
(1.0 mL) and then hexane (1.0 mL), gave bis(4-methoxybenzoyl-
thio)phenylphosphine (4f) as pale yellow crystals (0.871 g, 99%).
"HNMR (CDCl3) § =3.84 (s, 6H, CH30), 6.90 (d, J = 8.7 Hz, 4H),
7.39—7.41 (m, 3H), 7.85—7.90 (m, 2H), 7.97 (d, J = 8.7 Hz, 4H).
BCNMR (CDCl;) 8 =55.6 (CH;0), 113.9, 128.6, 128.7, 130.2,
130.5, 130.6, 132.6 ("J13c—31p = 25 Hz), 164.3, 188.1 (Ji3c—31p = 14
HZ, C:O). Found: C, 59.62; H, 4.83%. Calcd for C22H|904P521 C,
59.72; H, 4.33%.

Bis(4-chlorobenzoylthio)phenylphosphine (4g). As with 4d,
the reaction of dichlorophenylphosphine (0.173 g, 0.97 mmol) with
potassium 4-chlorothiobenzoate (0.410 g, 1.95 mmol), followed
by recrystallization from a mixed solvent of dichloromethane (2.0
mL) and then hexane (2.0 mL), gave bis(4-chlorobenzoylthio)phen-
ylphosphine (4g) as colorless crystals (0.381 g, 87%). 'HNMR
(CDCl;) 6 =7.42 (d, J = 8.8 Hz, 4H), 7.42—7.44 (m, 3H), 7.88—
7.92 (m, 2H), 7.94 (d, J = 8.8 Hz, 4H). *CNMR (CDCl3) 6 = 128.8,
128.9,129.1, 129.6, 131.0, 132.8 (" J13c—31p = 25 Hz), 134.9, 140.7,
188.6 (3J13c—31p = 14 Hz, C=0). Found: C, 53.02; H, 3.36%. Calcd
for C,oH3CLO,PSs: C, 53.22; H, 2.90%.

Tris(acetylthio)phosphine (5a).  To a suspension of sodium
thioacetate (0.272 g, 2.77 mmol) in dichloromethane (10 mL) was
added tribromophosphine/dichloromethane 1.0 M solution (0.8 mL,
0.80 mmol), and the mixture was stirred at 20 °C for 1 h. The
insoluble parts (NaBr) were filtered off by glass filter (G4) in vacuo.

Acylthio- and Thioacylthiophosphines

The solvents were removed under reduced pressure (23 °C/53 Pa)
to give tris(acetylthio)phosphine (5a) as yellow oil (0.168 g, 82%).
'"HNMR (CDCl3) 8 =2.29 (s, 9H, CH3). “CNMR (CDCl3) 6 =
32.0 (CH»), 192.5 (*J13c—s1p = 17 Hz, C=0).

Tris(2,2-dimethylpropionylthio)phosphine (5b). As with
5a, the reaction of tribromophosphine/dichloromethane 1.0 M solu-
tion (0.8 mL, 0.80 mmol) with sodium 2,2-dimethylthiopropionate
(0.420 g, 3.00 mmol) gave tris(2,2-dimethylpropionylthio)phos-
phine (5b) as yellow oil (0.250 g, 82%). '"HNMR (CDCl3) 6 =1.19
(s, 27H, CH3). *CNMR (CDCl3) § =27.2 (CHs), 47.9 [C(CH3)],
203.6 (Ji3c—3ip = 14 Hz, C=0).

Tris(benzoylthio)phosphine (5c). As with 5d, the reaction
of tribromophosphine/dichloromethane 1.0 M solution (0.8 mL,
0.80 mmol) with potassium thiobenzoate (0.530 g, 3.02 mmol),
followed by recrystallization from a mixed solvent of dichloro-
methane (2.0 mL) and then hexane (2.0 mL), gave tris(benzoyl-
thio)phosphine (5¢) as colorless crystals (0.320 g, 91%). '"HNMR
(CDCl3) 6 =7.46 (t, J = 7.4 Hz, 6H), 7.60 (t, J = 7.4 Hz, 3H), 8.00
(d, J = 7.4 Hz, 6H). "CNMR (CDCl3) § = 128.4, 128.8, 134.3,
136.2, 189.2 (*J13c—s1p = 16 Hz, C=0). Found: C, 57.08; H, 3.57%.
Calcd for C21H1503PS32 C, 57.00; H, 3.42%.

Tris(4-methylbenzoylthio)phosphine (Sd).  To a suspension
of potassium 4-methylthiobenzoate (0.574 g, 3.02 mmol) in dichlo-
romethane (10 mL) was added tribromophosphine/dichloromethane
1.0 M solution (0.8 mL, 0.80 mmol), and the mixture was stirred at
20 °C for 1 h. The insoluble parts (KBr) were filtered off by glass
filter (G4) in vacuo. The solvents were removed under reduced
pressure (23 °C/53 Pa). Dichloromethane (6.0 mL) and then hex-
ane (4.0 mL) were added and this mixture was allowed to stand at
—20 °C for 24 h. Filtration of the resulting crystals gave tris(4-
methylbenzoylthio)phosphine (5d) as colorless crystals (0.299 g,
77%). 'HNMR (CDCl3) & =2.39 (s, 9H, CH3), 7.22 (d, J = 8.2
Hz, 6H), 7.87 (d, J = 8.2 Hz, 6H). *CNMR (CDCl3) 6 =21.8
(CH3), 128.4, 129.4, 133.7, 145.4, 188.8 (*J13c—31p = 16 Hz, C=0).
Found: C, 59.52; H, 4.40%. Calcd for C24H;,0sPSs: C, 59.49; H,
4.37%.

Tris(2-methoxybenzoylthio)phosphine (5¢).  As with 5d, the
reaction of tribromophosphine/dichloromethane 1.0 M solution (0.8
mL, 0.80 mmol) with potassium 2-methoxythiobenzoate (0.609 g,
2.95 mmol), followed by recrystallization from a mixed solvent of
dichloromethane (2.0 mL) and then hexane (4.0 mL), gave tris(2-
methoxybenzoylthio)phosphine (Se) as colorless crystals (0.382 g,
90%). '"HNMR (CDCl3) & =3.90 (s, 9H, CH;0), 6.95 (d, J=7.9
Hz, 3H), 6.97 (t, J = 7.9 Hz, 3H), 7.47 (t, J = 7.9 Hz, 3H), 7.86 (d,
J =7.9Hz, 3H). "CNMR (CDCl3) 6 =55.8 (CH30), 112.0, 120.5,
125.6, 130.6, 134.8, 158.9, 188.6 (*J13c—31p = 14 Hz, C=0). Found:
C, 54.29; H, 4.09%. Calcd for C24H»106PS;: C, 54.13; H, 3.97%.

Tris(4-methoxybenzoylthio)phosphine (5f).  As with 5d, the
reaction of tribromophosphine/dichloromethane 1.0 M solution (0.8
mL, 0.80 mmol) with potassium 4-methoxythiobenzoate (0.630 g,
3.05 mmol), followed by recrystallization from a mixed solvent of
dichloromethane (2.0 mL) and then hexane (4.0 mL.), gave tris(4-
methoxybenzoylthio)phosphine (5f) as colorless crystals (0.280 g,
66%). 'HNMR (CDCl3) 8 = 3.78 (s, 9H, CH;0), 6.84 (d, J = 8.9
Hz, 6H), 7.89 (d, J = 8.9 Hz, 6H). "CNMR (CDCl;) & =55.5
(CH30),113.8, 128.7, 130.5, 164.3, 187.3 (J130—31p = 16 Hz, C=0).
Found: C, 54.25; H, 3.98%. Calcd for Co4H,106PS3: C, 54.13; H,
3.97%.

Tris(4-chlorobenzoylthio)phosphine (5g).  As with 5d, the
reaction of tribromophosphine/dichloromethane 1.0 M solution (0.8
mL, 0.80 mmol) with potassium 4-chlorothiobenzoate (0.617 g,
2.93 mmol), followed by recrystallization from a mixed solvent of
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dichloromethane (3.0 mL) and then hexane (3.0 mL), gave tris(4-
chlorobenzoylthio)phosphine (5g) as colorless crystals (0.328 g,
75%). 'HNMR (CDCl3) 6 = 7.42 (d, J = 8.5 Hz, 6H), 7.91 (d,
J=8.5Hz, 6H). *CNMR (CDCl3) 6 = 129.2, 129.7, 134 4, 141.1,
188.0 (*J13c—31p = 17 Hz, C=0). Found: C, 46.38; H, 2.45%. Calcd
for C)H2C1305PS3: C, 46.21; H, 2.22%.

Diphenyl(thiobenzoylthio)phosphine (6a).  As with 6b, the
reaction of chlorodiphenylphosphine (0.218 g, 0.99 mmol) with
piperidinium dithiobenzoate (0.241 g, 1.01 mmol), followed by
recrystallization from a solvent of ether (3.0 mL), gave diphenyl-
(thiobenzoylthio)phosphine (6a) as purple crystals (0.117 g, 35%).
'HNMR (CDCl3) 8 =7.32—8.14 (m, 15H). "C NMR (CDCl3) 6 =
127.3,128.6 (CJisc—31p = 6.8 Hz), 128.8,129.5,129.7, 130.8, 133.2
CJisc—sip =21 Hz), 134.8 (V130310 = 24 Hz), 225.7 (130310 = 21
Hz, C=S). Found: C, 67.47; H, 4.50%. Calcd for CioH,sPS;: C,
67.43, H, 4.47%.

(4-Methylthiobenzoylthio)diphenylphosphine (6b). To a
solution of chlorodiphenylphosphine (0.212 g, 0.96 mmol) in ether
(10 mL) was added piperidinium 4-methyldithiobenzoate (0.247 g,
0.98 mmol), and the mixture was stirred at 20 °C for 1 h. The
insoluble parts were filtered off by glass filter (G4) in vacuo. The
solvents were removed under reduced pressure (23 °C/53 Pa). Ether
(1.6 mL) was added and this mixture was allowed to stand at —20
°C for 24 h. Filtration of the resulting crystals gave (4-methylthio-
benzoylthio)diphenylphosphine (6b) as red crystals (0.318 g, 94%).
"HNMR (CDClz) 6 =2.35 (s, 3H, CH3), 7.15 (d, J = 8.4 Hz, 2H),
7.33—7.39 (m, 6H), 7.54—7.58 (m, 4H), 8.06 (d, J = 8.4 Hz, 2H).
BCNMR (CDCl3) 8 =21.6 (CH3), 127.3, 128.6 (Jisc—sip = 6.8
Hz), 128.9, 129.7, 133.2 (Jisc—31p = 21 Hz), 134.8 ('Ji3c—31p = 24
Hz), 142.1, 143.9, 225.5 (*J130-31p = 20 Hz, C=S). Found: C, 68.20;
H, 4.88%. Calcd for C20H7PS;: C, 68.16; H, 4.86%.

(2-Methoxythiobenzoylthio)diphenylphosphine (6¢). As
with 6b, the reaction of chlorodiphenylphosphine (0.244 g, 1.11
mmol) with piperidinium 2-methoxydithiobenzoate (0.305 g, 1.13
mmol) gave (2-methoxythiobenzoylthio)diphenylphosphine (6¢) as
red oil (0.377 g, 93%). "HNMR (CDCl3) 6 = 3.83 (s, 3H, CH;0),
6.89—6.95 (m, 2H), 7.36—7.94 (m, 12H). "*CNMR (CDCls)
8 =56.0 (CH;0), 111.8, 120.4, 128.4, 128.6 (*Ji3c—31p = 6.8 Hz),
129.4,129.6, 131.8, 133.1 (Jisc—s1p =21 Hz), 134.8 (V13ca1p =25
Hz), 155.0,222.7 (*Jyac-31p = 17 Hz, C=S).

(4-Methoxythiobenzoylthio)diphenylphosphine (6d). As
with 6b, the reaction of chlorodiphenylphosphine (0.106 g, 0.45
mmol) with sodium 4-methoxydithiobenzoate (0.108 g, 0.52 mmol),
followed by recrystallization from a solvent of ether (3.0 mL), gave
(4-methoxythiobenzoylthio)diphenylphosphine (6d) as vermilion
crystals (0.098 g, 61%). '"HNMR (CDCl3) = 3.84 (s, 3H, CH;0),
6.83 (d, J = 8.8 Hz, 2H), 7.36-—7.38 (m, 6H), 7.50—7.56 (m, 4H),
8.20(d, J =8.8 Hz, 2H). "C NMR (CDCl3) 6 =55.6 (CH;0), 113.4,
128.6 (Jiac—31p = 6.4 Hz), 129.6, 129.7, 1319, 133.2 CJysc—21p =
21 Hz), 134.9, 164.0, 223.5 (Jisc—sip = 19 Hz, C=S). Found: C,
65.44; H, 4.74%. Calcd for C2oH70PS,: C, 65.20; H, 4.65%.

(4-Chlorothiobenzoylthio)diphenylphosphine (6e).  As with
6b, the reaction of chlorodiphenylphosphine (0.213 g, 0.97 mmol)
with piperidinium 4-chlorodithiobenzoate (0.268 g, 0.98 mmol),
followed by recrystallization from a solvent of ether (2.0 mL),
gave (4-chlorothiobenzoylthio)diphenylphosphine (6e) as red crys-
tals (0.090 g, 25%). 'HNMR (CDCl3) & =7.32—7.55 (m, 12H).
BCNMR (CDCly) 6 =128.1, 128.5, 128.6 (\Jizc—31p = 6.8 Hz),
129.7, 133.2 (*Ji3c—31p = 21 Hz), 134.8 ('J13c=31p = 25 Hz), 139.0,
141.6,224.2 (J13c—a1p = 21 Hz, C=S). Found: C, 61.24; H, 3.81%.
Caled for CoH4CIPS;: C, 61.21; H, 3.78%.

(2, 4, 6- Trimethylthiobenzoylthio)diphenylphosphine (6f).
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As with 6b, the reaction of chlorodiphenylphosphine (0.123 g,
0.56 mmol) with sodium 2,4,6-trimethyldithiobenzoate (0.131 g,
0.60 mmol), followed by recrystallization from a solvent of ether
(2.0 mL), gave (2,4,6-trimethylthiobenzoylthio)diphenylphosphine
(6f) as pink crystals (0.114 g, 54%). 'HNMR (CDCl) 6 = 2.24
(s, 3H, CHas), 2.25 (s, 6H, CH3), 6.82 (s, 2H), 7.34—7.39 (m,
6H), 7.66—7.73 (m, 4H). *CNMR (CDCl;) & = 19.3 (CH3), 21.1
(CH3), 128.5, 128.7 CJisc—31p = 6.4 Hz), 129.9, 130.8, 132.2,133.2
(Jiac-3ip = 21 Hz), 138.0, 144.9, 236.3 (*Ji3c—1p = 19 Hz, C=5).
Found: C, 69.72; H, 5.58%. Calcd for C;2H2(PS»: C, 69.45; H,
5.56%.

Phenylbis(thiobenzoylthio)phosphine (7a). As with 7b,
the reaction of dichlorophenylphosphine (0.065 mL, 0.48 mmol)
with sodium dithiobenzoate (0.180 g, 1.02 mmol) gave phenyl-
bis(thiobenzoylthio)phosphine (7a) as reddish purple oil (0.142 g,
71%). '"HNMR (CDCl3) & = 7.40—7.43 (m, 6H), 7.55—7.64 (m,
3H), 7.92-—7.97 (m, 2H), 8.15—8.17 (m, 4H). *C NMR (CDCl;)
6 =127.0, 1284 (*J1ac—31p = 6.8 Hz), 128.8, 129.1, 130.5, 133.3
(Jisc-np = 21 Hz), 1337, 143.7, 226.9 (3J)3c—31p = 23 Hz, C=S).

Bis(4-methylthiobenzoylthio)phenylphosphine (7b).  To a
solution of dichlorophenylphosphine (0.070 mL, 0.52 mmol) in di-
chloromethane (10 mL) was added sodium 4-methyldithiobenzoate
(0.247 g, 1.31 mmol), and the mixture was stirred at 20 °C for
1 h. The insoluble parts (NaCl) were filtered off by glass filter
(G4) in vacuo. The solvents were removed under reduced pressure
(23 °C/53 Pa). Dichloromethane (6.0 mL) and then hexane (5.0
mL) were added and this mixture was allowed to stand at —20
°C for 24 h. Filtration of the resulting crystals gave bis(4-meth-
ylthiobenzoylthio)phenylphosphine (7b) as red crystals (0.079 g,
36%). '"HNMR (CDCl;) 6 =2.36 (s, 6H, CH3), 7.16 (d, J = 8.2
Hz, 4H), 7.36—7.38 (m, 3H), 7.86—7.90 (m, 2H), 8.04 (d, /= 8.2
Hz, 4H). "CNMR (CDCl3) 6 =21.6 (CHs), 127.1, 127.2, 128.4
(3.]13c—31p = 68 HZ), 129.1, 130.4, 133.7 (1113c—3|p =20 HZ), 141 .4,
144.5,226.3 (Jisc—31p = 22 Hz, C=S). Found: C, 59.92; H, 4.47%.
Calcd for C2H19PS4: C, 59.70; H, 4.33%.

Bis(2-methoxythiobenzoylthio)phenylphosphine (7¢). As
with 7b, the reaction of dichlorophenylphosphine (0.070 mL, 0.52
mmol) with sodium 2-methoxydithiobenzoate (0.213 g, 1.04 mmol),
followed by recrystallization from a mixed solvent of dichloro-
methane (3.0 mL) and then hexane (2.0 mL), gave bis(2-meth-
oxythiobenzoylthio)phenylphosphine (7¢) as red crystals (0.046 g,
19%). '"HNMR (CDCl5) & =3.86 (s, 6H, CH;0), 6.90—6.94 (m,
8H), 7.37—7.42 (m, 3H), 7.78—7.85 (m, 2H). "CNMR (CDCl3)
& =55.9 (CH;0), 112.0, 120.6, 128.6, 128.8 (\Ji3c—31p = 6.8 Hz),
130.1, 130.5, 132.7, 133.3 ("J13c—31p = 22 Hz), 135.6, 155.7, 227.9
(Jysc-3ip = 24 Hz, C=S). Found: C, 55.69; H, 4.09%. Calcd for
C2H190,PS4: C, 55.68; H, 4.03%.

Bis(4-methoxythiobenzoylthio)phenylphosphine (7d).  As
with 7b, the reaction of dichlorophenylphosphine (0.100 mL, 0.74
mmol) with sodium 4-methoxydithiobenzoate (0.331 g, 1.60 mmol),
followed by recrystallization from a mixed solvent of dichlorometh-
ane (3.0 mL) and then hexane (1.0 mL), gave bis(4-methoxythio-
benzoylthio)phenylphosphine (7d) as red crystals (0.038 g, 11%).
"HNMR (CDCl3) & = 3.84 (s, 6H, CH30), 6.83 (d, J = 7.6 Hz, 4H),
7.35—7.36 (m, 3H), 7.87—7.90 (m, 2H), 8.17 (d, J/ = 7.6 Hz, 4H).
BCNMR (CDCL) 6 = 55.6 (CH;0), 113.5, 128.3 (Jisc-31p =6.3
Hz), 129.4, 129.5, 130.3, 133.7 ("Ji3c—31p = 21 Hz), 137.2, 164.4,
224.2 Jiac—31p = 24 Hz, C=S). Found: C, 55.74; H. 4.06%. Calcd
for C22H1902P542 C, 55.68’, H, 4.03%.

Bis(2, 4, 6- trimethylthiobenzoylthio)phenylphosphine (7f).
As with 7b, the reaction of dichlorophenylphosphine (0.060 mL,
0.44 mmol) with sodium 2,4,6-trimethyldithiobenzoate (0.216 g,
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0.99 mmol), followed by recrystallization from a mixed solvent
of dichloromethane (2.0 mL) and then hexane (1.0 mL), gave bis-
(2,4,6-trimethylthiobenzoylthio)phenylphosphine (7f) as vermilion
crystals (0.192 g, 44%). '"HNMR (CDCls) & =2.23 (s, 6H, CHs),
2.27 (s, 12H, CHz), 6.85 (s, 4H), 7.38—7.41 (m, 3H), 7.78—7.85
(m, 2H). "CNMR (CDCl3) 8 = 19.2 (CHs), 21.1 (CH3), 128.5,
128.6, 130.9, 132.0, 132.5, 133.7 ({Jjac-31p = 21 Hz), 138.4, 144.1,
236.5 (J13c—31p = 22 Hz, C=S). Found: C, 62.79; H, 5.51%. Calcd
for C26H27PS4Z C, 62.62; H, 5.46%.

Tris(4-methylthiobenzoylthio)phosphine (8b). To a suspen-
sion of sodium 4-methyldithiobenzoate (0.202 g, 1.06 mmol) in
dichloromethane (10 mL) was added tribromophosphine/dichloro-
methane 1.0 M solution (0.3 mL, 0.30 mmol), and the mixture was
stirred at 20 °C for 1 h. The insoluble parts (NaBr) were filtered
off by glass filter (G4) in vacuo. The solvents were removed under
reduced pressure (23 °C/53 Pa). Dichloromethane (2.0 mL) and
then hexane (3.0 mL) were added and this mixture was allowed to
stand at —20 °C for 24 h. Filtration of the resulting crystals gave
tris(4-methylthiobenzoylthio)phosphine (8b) as red crystals (0.061
g, 38%). "HNMR (CDCl3) 6 =2.38 (s, 9H, CH3), 7.19 (d, J = 7.3
Hz, 6H), 8.02 (d, J =7.3 Hz, 6H). "CNMR (CDCl3) 8 =21.8
(CHj), 127.1, 129.3, 134.8, 145.8, 227.6 (*J13c—31p = 25 Hz, C=S).
Found: C, 54.27; H, 3.99%. Calcd for C,4H,PSs: C, 54.11; H,
3.97%.

Tris(4-chlorothiobenzoylthio)phosphine (8e).  As with 8b,
the reaction of tribromophosphine/dichloromethane 1.0 M solution
(0.4 mL, 0.40 mmol) with sodium 4-chlorodithiobenzoate (0.320
g, 1.52 mmol), followed by recrystallization from a mixed solvent
of dichloromethane (2.0 mL) and then hexane (2.0 mL), gave tris-
(4-chlorothiobenzoylthio)phosphine (8e) as red crystals (0.125 g,
53%). '"HNMR (CDCl;) & =7.41 (d, J = 8.8 Hz, 6H), 8.06 (d,
J=8.8 Hz, 6H). "CNMR (CDCl;) & = 128.3, 128.8, 140.6, 141.3,
227.0 (Jysc—aip = 26 Hz, C=S). Found: C, 42.52; H, 2.08%. Calcd
for C21H12C13PS63 C, 42.46; H, 2.04%.

Tris(2,4,6-trimethylthiobenzoylthio)phosphine (8f). As
with 8b, the reaction of tribromophosphine/dichloromethane 1.0
M solution (0.4 mL, 0.40 mmol) with sodium 2,4,6-trimethyldi-
thiobenzoate (0.325 g, 1.40 mmol), followed by recrystallization
from a mixed solvent of dichloromethane (2.0 mL) and then hexane
(3.0 mL), gave tris(2,4,6-trimethylthiobenzoylthio)phosphine (8f)
as vermilion crystals (0.176 g, 71%). "HNMR (CDCl3) 6 =2.29
(s, 9H, CHs), 2.31 (s, 18H, CH3), 6.88 (s, 6H). *C NMR (CDCl3)
0 =19.4 (CHs), 21.1 (CHs), 128.6, 132.6, 138.8, 143.8, 238.9
(2.]13C—31p =25 Hz, C=S). Found: C, 58.51; H, 5.44%. Calcd for
C3()H33PS6I C, 5841, H, 5.39%.

Acylthio- and Thioacylthiophosphines
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