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General Introduction

Chalcogenocarboxylic acids are the series of compounds in which one or two oxygen
atoms of the carboxyl group are replaced by sulfur, selenium or tellurium atoms. These are 15
kinds of chalcogen isologues as shown in Chart 1. Amang these, the chemistry of thio- and
dithiocarboxylic acid and its derivatives, especially thio- and dithioesters, has been extensively

investigated.! These have been found to be useful as pharmaceuticals,? bactericides and fungi-

cides.3 In contrast, selenium and tellurium de-
Se Te

R/ﬁ\OH A

R OH R OH

o

rivatives have little been known to date ex-
R” “OH

cept for their alkyl and aryl esters due to their
0] Se Te
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tellurocarboxylate esters have been found to
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be effective as liquid crystals,* nerve impulses L L
R” "TeH | R

TeH R TeH R TeH

blocking agents> and high grade photosensi-

tizers.6 Chart 1. Chalcogenocarboxylic acids

Monochalcogenocarboxylate derivatives

Recently, the synthetic methods of tellurocarboxylic acid salts have been developed in
the author's laboratory.” Monochalcogenocarboxylate groups, RCOE (E = S, Se, Te), are an
interesting class of compounds in the coordination chemistry because of the ligand with a soft
chalcogen and a hard oxygen site. The reaction of tellurocarboxylic acid salts with Me3SiCl
gave tellurocarboxylic acid O-silyl esters owing of the strong affinity between the Si and O
(Scheme 1).8

Scheme 1

0] Te

I +  MesSiCl

R Te™ *Na R™ ~OSiMeg

The first synthesis for Group 14 element derivatives of thiocarboxylic acid was reported in 1949
by Heap and Saunders.? The general method for the synthesis of trimethyl-Group 14 element
(Ge, Sn, Pb) derivatives of thiocarboxylic acid has also been reported (Scheme 2).10
Scheme 2
O

O
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M = Ge, Sn, Pb



In addition, three molecular structures of tin thiocarboxylates were reported.!1
Furthermore, the synthesis of Group 14 element derivatives of selenocarboxylic acid has
been disclosed (Scheme 3).12

Scheme 3
0 O
+ R'sMCI
FI/U\ Se” *Na 3 Fl)'L SeMR';

. . . M = Ge, Sn, Pb
Diselenocarboxylic acid salts

Chalcogenocarboxylic acid salts are one of the most important starting compounds for
the synthesis of chalcogenocarboxylic acid derivatives. Facile syntheses of these salts are re-
quired for the developments of chalcogenocarboxylic acid and their derivatives. Further, the
chalcogenocarboxylate anions are of great insert from the fundamental point of view since they
are considered as heavy isologues of allylic anions.

Thiocarboxylic acid salts were synthesized from the reaction of benzoyl chloride with
potassium hydrogen sulfide in 1868 by Engelhardt and Latschinoff.13 After then, the first ex-
ample of alkali metal dithiocarboxylates was reported in 1907 by Houben and Phol who synthe-
sized sodium dithiocarboxylates by dithiocarboxylic acid with sodium hydride, although their
isolation failed.!4 The first seleno- and tellurocarboxylic acid salts were reported in 1976 and
1987, respectively by Hirabayashi et al.15 and Kato et al.!16 Moreover, several X-ray structural
analyses of salts were reported.!”7 Very recently, the synthesis of the ammonium salts!8 and
alkali metal 18-crown-6 ether complexes!? of selenothiocarboxylic acid and esters has been

developed.

In this thesis, firstly, the author shows the results on the synthesis and structure of Group
14 (Ge, Sn, Pb) and 15 element derivatives (P, As) of chalcogenocarboxylic acid and the magni-
tude of the interaction between the carbonyl oxygen or thiocarbonyl sulfur and Group 14 and 15
elements. Secondly, the author describes the synthesis and structure of diselenocarboxylic acid

salts.

Chapters 1 and 2 refer to the synthesis and structure of Group 14 (Ge, Sn, Pb) derivatives
of thio-, seleno- and tellurocarboxylic acid and the magnitude of the interaction between the
carbonyl oxygen and Group 14 elements.

Chapter 3 shows the synthesis and structure of Group 14 (Ge, Sn, Pb) derivatives of
dithiocarboxylic acid.

Chapters 4 and 5 deal with the synthesis and structure of Group 15 (P, As) derivatives of
thio- and dithio-carboxylic acid. Furthermore, the reaction of arsenic thio- and dithio-carboxy-

late derivatives with piperidine is outlined.



Chapter 6 describes the synthesis and structure of ammonium diselenoates. This is the
first example of the isolation of the diselenoate salts.
Chapter 7 shows the synthesis and structure of carbamic selenocarboxylic mixed acid

anhydrides.
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Chapter 1

Unusually Short Distances between the Carbonyl Oxygen and the
Tin Atom in RCOSMR’3 (M = Ge, Sn, Pb): The Importance of
Intramolecular ng — o*pjs Orbital Interactions

1.1. Introduction

The effects of nonbonded intramolecular as well as intermolecular interactions on the
structures of molecules are a growing field of study.! Inter- and intramolecular interactions may
reflect the affinity between elements. The strong affinity of silicon to an oxygen atom is well
documented.Z However, little is known about the magnitude of the interactions (affinity) be-
tween other Group 14 metals and oxygen or chalcogen atoms such as sulfur and selenium. The
Author report here the unusually short distances between the carbonyl oxygen and tin atoms in
Group 14 metal derivatives of thiocarboxylic acids (RCOSMR’3, M = Ge, Sn, Pb) and the
nature of this nonbonded interaction between the carbonyl oxygen and Group 14 metals: the
interactions between the nonbonding orbitals on the carbonyl oxygen (ng) and the o*ps orbit-
als are very important.

1.2. Results and Discussion

Triphenylgermanium (1), -tin (2), and -lead (3) 4-methylbenzenecarbothioates were syn-
thesized by reacting the corresponding potassium carbothioate with Ph3GeCl, Ph3SnCl, and
Ph3PbCl, respectively.2b The structures of 1-3 determined by X-ray analysis were isomor-
phous, a distorted tetrahedron in which the lengths of the C(11)-O(11), C(11)-S(11), and M(1)-
S(11) bonds in RCOSMPh3 (M = Ge, Sn, Pb)  Table 1. X-ray Data for 4-CH3CgH4COSMPh; and
are comparable to C=0 double and C-S and M— _©H3SMPh; (M = Ge. Sn, Pb)

- S single bonds, respectively (Table 1).3-4 Ge Sn Pb
The distances between the carbonyl oxygen and 4-CH3CgH4COSMPh;
s C=0--M 3.0032)  2907(2)  2.990(4)
‘T M(1)-S(11) 2.2547(8) 2.4453(9) 2.539(2)
o 0= C(11)-0(11) 12093)  1208(2) 1.222(7)
‘A ey C(11)-8(11) 1.7903)  17753)  1.770(6)
Y= M) w7 M(1)-C(21) 1.944(3)  2.131(3)  2.205(5)
o(11) - '-~__;-——"-,_ < M(1)-C(31) 1.942(3) 2.141(3) 2.213(5)
Bipreias, NS M(1)-C(41) 1.934(3)  2.123(3)  2.202(5)
pjh z’.‘\c(“),;l /-\ - C(2) M(I=S(11)-C(i1) 98:25(10) 93.5(1)  94.1(2)
¥ i 7 N LeEy . CH3SMPh;
gy , 1 SHhW M-S 2224(1)  2391(2)  2.489(6)
/ Y S(11) e M—Cipeo 1931(1)  2.135(7)  2.201(13)
o ’ M—Cipso 1.930(2)  2.139%(7)  2.185(18)
. ‘ ‘ M-C.o 1.932(1)  2.115(7)  2.186(16)
Figure 1. Molecular structures of 4- M_SCH, 10143)  102.6(8)  100.5(12)
CH3CgH4COSMPh; (1, M =Ge; 2, M = Sn;
3 M= Pb). “ Reference 6.




the central Group 14 metals are all within the sum of the van der Waals radii of both atoms,5
respectively, indicating intramolecular attraction between the two atoms (Figure 1). Interest-
ingly, despite the large atomic radius of tin compared with that of germanium, the C=0---Sn
distance [2.907(2) A]in 2 is about 0.1 A shorter than C=0--Ge distance [3.003(2) A] in 1. The
C=0--Pb distance [2.990(4) A] in 3 is longer than that in 2. The M(1)-S(11)-C(11) angles and
the M(1)-S(11) distances in 1, 2, and 3 are 3-9° narrow and 0.03-0.05 A longer, respectively,
compared with those in CH3SMPh3 (M = Ge, Sn, Pb)¢ having no carbonyl group (Table 1).

To elucidate the nature of this unusual nonbonded attraction, ab initio geometry optimi-
zations at the BBLYP/LANL2DZ+p level” with the Gaussian 98 program® were performed on
the model compounds trimethylgermanium (1'), -tin (2'), and -lead (3') ethanecarbothioates.
The calculations for 1°, 2°, and 3’ indicated that the Table 2. Calculated Geometrical Parameter for
C=0---Sn distance (3.058 A) in 2’ is 0.1 A shorter CH;COSM(CHs); (M = Ge, Sn, Pb) at BALYP/

than that in 1°, while the M-S distances increase in “AN-2DZ+p Level

the order 1’ > 2’ > 3’ (Table 2). The bond angle Sn— M

S—C (95.2°) in 2’ also is narrow compared with that Ge(1) Sn(2)  Pb@3)
in 1’ (99.8°). These results are consistent with the ;‘28;_(;((;)) 3.147 A 3058A  3.113A
results obtained by X-ray structural analyses of 1-3. 4, o) ?;}3 2 ?:‘2‘332 fggg 2
To obtain further information regarding the electronic M(1)-5(2-C(4)  gg go 95.2° 95.3°

structures of 1-3, NBO (natural bond orbital) analy- yapie 3. NBO Analysis of CH3COSM(CH3); at
ses were carried out. The NBO analysis showed that B3LYP/LANL2DZ+p Level

the orbital interactions between the n orbital (ng) on

the carbonyl oxygen and the o*)c orbitals (Figure
2a) are present, but their values are close to each
other (Table 3). On the other hand, the interactions

between the np and and o*\s orbitals (Figure 2b)

CH3COSM(CH3)3

are also appreciable, and interestingly the stabiliza-

tion energies of the no —» o*yms in 2' and 3' are ca. AE (kcal mol™!y*
3.5 times that in 1'. The contour maps of the ng and M No—0%Mc(7) no—0*ums
o*Ms orbitals in the molecular plane M(1)-S(2)- g‘: ;:ié gg‘;
C(4) for the model compounds were depicted by Pb 244 2.05

¢ AE = Stabilization energies associated with

using the MOLDEN 3.6 program.? As shown in Fig-
ure 3, the overlaps (overlap integral, 0.0271) between

delocalization.

R
CH,

o n
the np and the part on M in the 6%)\s orbitals in the oy ? 3 o I
.«CHg M CHy
CH, CHj

tin 2' are larger than that (overlap integral, 0.0253) s pd “CH;3
. . o* 3

in the germanium compound 1'. Thus, the magni- MC O*Mms

tude of such interactions agrees with the order of the () b)

shortness of the C=0---M distances. This may sub-
Figure 2. Nonbonded attraction due to

i ibute to the structure of such organo
stantially contribute to the s g (8) the n — 0%y and (b) o — C*y.

6



Group 14 metal derivatives of chalcogenocarboxylic ()

acids and may also result in shortening the distance in
C=0---Sn, as has been observed by X-ray molecular
structural analysis. The atomic charge (1.06) of the
tin in 2' is clearly larger than that in 1' (0.76), while
those of the carbonyl oxygens show similar values (—
0.21 to -0.23), suggesting that the electrostatic inter-
actions may also contribute to the short C=0---Sn dis-
tances. The longer C=0---Pb distance compared with
the C=0---Sn distance may arise from the correspond-
ing M-S bond lengths, although the magnitude of the
overlaps between the ng and 6%y orbitals in 3' is
close to that in 2'.

1.3. Conclusion

In summary, the crystal structure in 2 showed
unusual intramolecular C=0---Sn attractions compared
with those in 1 and 3. The short distance results from
the interactions between the ng and o*)\g orbitals
rather than those between ng and o* )¢ orbitals.
These findings may help us to understand not only
organic synthesis using organotin compounds but also

the biological activities of various organotin com-

pounds.

Figure 3. The overlaping between ng (p-

1.4. Experimental Section ) \ '
IR t ded Perkin-El type lone pair) and o*g orbitals in the
spectra were recorded on a Perkin-Elmer molecular plane M(1)-S(2)-C(4) of (a)

FT-IR 1640 spectrophotometer. 'H, 13C, and 119Sn 1°, (b) 2°, and (c) 3’ calculated at the
NMR were recorded on a JEOL JNM-a400 instru- B3LYP/L ANL2DZ+p level.
ment at 400, 100, and 149 MHz, respectively. CDCl3
was employed as a solvent with tetramethylsilane as internal standard for 'H NMR. CDCl3 was
used as an internal standard for 13C NMR. Me4Sn was used as an external standard for 119Sn
NMR. Elemental analyses were performed by the Elemental Analysis Center of Kyoto Univer-
sity. All solvents were dried and distilled prior to use. Ph3GeCl, Ph3SnCl, and Ph3PbCl are of
commercial grade were obtained from Aldrich.

S-Triphenylgermanium 4-methylbenzenecarbothioate (1). To a solution of Ph3GeCl
(0.340 g, 1.00 mmol) in ether (15 mL), potassium 4-methylthiobenzoate (0.191 g, 1.00 mmol)
was added and the mixture was stirred at 20 °C for 1 h. After addition of CH,Cl, (100 mL), the
mixture was washed with water (3 x 90 mL), followed by drying over MgSO4. The solvents
were removed under reduced pressure (30 °C/2.7 kPa). The resulting residue was dissolved into

7



a mixed solvent of CH2Cl; (4 mL) and hexane (3 mL) and allowed to stand in a refrigerator (-20
°C) for 24 h to give 1¢ as colorless crystals (0.367 g, 85%); mp 110-112 °C; IR (KBr) 1651
(C=0) cm!l; H NMR (400 MHz, CDCl3) & 2.24 (s, 3H, CH3), 7.06 (d, J = 8.1 Hz, 2H), 7.25-
7.30 (m, 9H), 7.57-7.60 (m, 6H), 7.84 (d, J = 8.1 Hz, 2H); 13C NMR (100 MHz, CDCl3) § 21.6
(CH3), 128.5, 128.6, 129.0, 129.8, 134.8, 134.9, 135.7, 144.2, 191.7 (C=0); Anal. Calcd for
Cr6H22GeOS: C, 68.62; H, 4.87. Found: C, 68.59; H, 4.87.

S-Triphenyltin 4-methylbenzenecarbothioate (2). Colorless crystals (83%): mp 234—
235°C; IR (KBr) 1621 (C=0) cm'!; 'H NMR (400 MHz, CDCl3) § 2.37 (s, 3H, CH3), 7.11 (d,
J=7.9 Hz, 2H), 7.35-7.37 (m, 9H), 7.64-7.73 (m, 6H), 7.95 (d, J = 7.9 Hz, 2H); !13C NMR (100
MHz, CDCl3) § 21.6 (CH3), 128.8, 129.0, 129.1, 130.0, 135.1, 136.8, 138.1, 144.3, 196.0 (C=0);
119Sn NMR (149 MHz, CDCl3) 8 -97.7 (1J c_sn = 594 Hz); Anal. Calcd for Co¢Hp20SSn: C,
62.31; H, 4.42. Found: C, 62.21; H, 4.39.

S-Triphenyllead 4-methylbenzenecarbothioate (3). Colorless crystals (91%): mp 106—
107 °C; IR (KBr) 1618 (C=0) cm'!; 'H NMR (400 MHz, CDCl3) & 2.30 (s, 3H, CH3), 7.12 (d,
J=79Hz, 2H),7.31 (t,J=7.5Hz, 3H), 7.44 (t, J = 7.5 Hz, 6H), 7.76 (d, J = 7.5 Hz, 6H), 7.99
(d, J =7.9 Hz, 2H); 13C NMR (100 MHz, CDCl3) & 21.5 (CH3), 128.8, 129.0, 129.3, 130.0,
136.0, 137.0, 143.6, 154.0 (\J c_pp = 545 Hz), 196.4 (C=0); Anal. Calcd for Co¢H,>OPbS: C,
52.96; H, 3.76. Found: C, 53.00; H, 3.80.

X-Ray Structural Analysis. The measurements were carried out on a Rigaku AFC7R
four-circle diffractometer with graphite-monochromated Mo Ko radiation (A= 0.71069 A). A
Rigaku XR-TCS-2-050 temperature controller was used for low temperature measurement. All
of the structures were solved and refined using the teXsan® crystallo-graphic software package
on an IRIS Indigo computer. The crystals were cut from the grown crystals. The crystals were
mounted on a glass fiber. 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 the data collection. Lorentz and polarization corrections were applied to the data, and
empirical absorption corrections [DIFABS (2) and ¥-scans (1 and 3)] were also applied. The
structures were solved by direct methods using SHELXS86 and expanded using DIRDIF94.
Scattering factors for neutral atoms were from Cromer and Waber, and anomalous dispersion
was used. The function minimized was Zw(lFopsl-1Fca1cl)2, and the weighting scheme em-
ployed was w = [02(F,,) + p2(F)2/4]-1. A full- matrix least-squares refinement was executed
with non-hydrogen atoms being anisotropic. The final least square cycle included fixed hydro-
gen atoms at calculated positions of which each isotropic thermal parameter was set to 1.2 times
of that of the connecting atom. Positional parameters, anisotropic displacement parameters and
bond lengths and angles of 1, 2, and 3 are summarized in Tables S1 to S12.

Preparation of single crystals. S-Triphenylgermanium 4-methylbenzenecarbothioate 1
(0.100 g) was single-crystallized from dichloromethane (0.6 mL), ether (0.2 mL) and hexane
(0.8 mL) at 25 °C for 1 day. S-Triphenyltin 4-methylbenzenecarbothioate 2 (0.071 g) was single-
crystallized from dichloromethane (0.5 mL), ether (0.2 mL) and hexane (0.5 mL) at 25 °C for 1
day. S-Triphenyltlead 4-methylbenzenecarbothioate 3 (0.166 g) was single-crystallized from
dichloromethane (1.2 mL) and hexane (2.0 mL) at 25 °C for 1 day.



Crystal data for 1 at 193 K: C¢H22GeOS, M = 455.11, triclinic, space group P—1 (#2),
a=9372(5) A, b=16.0242) A, c =7.873(2) A, 2=91.27(2)°, B=112.32(3)°, y=94.08(3)°, V
=1089.4(7) A3, Z=2, Do = 1.387 g cm3, y(Mo-Key) = 15.15 cm-1, 5327 reflections measured,
5016 unique (Rjn; = 0.029), 3746 reflections observed [I > 26(0)], R = 0.034, Rw = 0.038.

Crystal data for 2 at 296 K: Cp¢H220SSn, M = 501.21, triclinic, space group P—1I (#2),
a=9.6152(4) A, b= 16.3582(6) A, c = 7.7772(4) A, ¢ = 92.171(4)°, B = 110.186(3)°, 7=
92.483(3)°, V=1145.22(9) A3, Z=2, D¢ = 1.453 g cm3, y(Mo-Koy) = 12.20 cm!, 5562 reflec-
tions measured, 5247 unique (R;,; = 0.012), 4520 reflections observed [I > 20(/)], R =0.031, Rw
=0.037.

Crystal data for 3 at 193 K: CpH220PbS, M = 589.72, triclinic, space group P—1 (#2),
a=9.6581(9) A, b=16.102(1) A, ¢ = 7.7097(5) A, a = 92.521(7)°, B = 109.511(6)°, Y=
91.951(8)°, V=1127.5(2) A3, Z=2, D = 1.737 g cm™3, u(Mo-Ker) = 76.01 cm!, 5469 reflec-
tions measured, 5157 unique (R;,, = 0.013), 4319 reflections observed [I > 2c(])], R = 0.034, Rw
= 0.035.

Calculation Method. Gaussian 98 was used as source program for ab initio MO calcu-
lations and NBO deletion analysis. Geometries of model compounds CH3COSM(CH3)3 (1'; M
= Ge, 2'; M = 8n, 3'; M = Pb) were optimized at the BALYP/LANL2DZ+p. The d-polarization
function for ECP basis set of all atoms except for H are taken from Huzinaga, S.; Andzelm, J.;
Klobukowski, M.; Raszio-Andzelm, Y.; Sakai, Y.; Tatewaki, H. Gaussian basis sets for molecu;ar
calculations; Elsevier: Amsterdam, 1984. NBO analyses were performed on the optimized con-
formations using the same basis sets. Calculated coordinates for all conformers are listed.




Z-matrix orientation for CH3COSGe(CH3)3 1'
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.079643 -1.665788 -1.682206
.306830 -1.866650 -1.640268
Z-matrix orientation for CH3COSSn(CH3)3 2'
.885674 -0.047421 -0.000024
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Z-matrix orientation for CH3COSPb(CH3)3 3'
.718624 -0.042995 -0.000106
.469393 1.300978 0.000421
.134024 -1.290333 0.000662
.553264 -0.141920 0.000564
.039751 0.191264 0.000123
.760835 -1.220360 ~-1.852118
.214315 1.578701 -0.000295
.761646 -1.220655 1.851692
.621490 -0.736980 0.003974
.290772 0.786975 -0.887385
.290260 0.794439 0.882672
.068128 -1.934118 -1.822143
.715429 -1.756089 -1.929905
.646176 -0.553103 -2.713719
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.224715 1.149794 -0.000536
.646970 -0.553574 2.713428
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.067109 -1.934655 1.821784
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Chapter 2

Synthesis and Structure of Group 14 Element Derivatives of
Carbotelluroates

2.1. Introduction

Organometallic compounds with bonds between the heavier Group 14 elements, such as
Ge, Sn, and Pb, and tellurium have attracted considerable interest due to their potential as single-
source precursors in electronic-related applications.!-2 Several organometallic compounds con-
taining Ge-Te,3* Sn—Te,24-9 and Pb-Te bond(s)*7-9 have been reported, and in all cases alkyl
and aryl groups are attached to the tellurium atom. In contrast, no derivatives bearing acyl
groups have been synthesized. This is in part because of the lower stability of organotellurium
compounds. For example, black tellurium readily deposits from 7e-alkyl and aryl carbotelluroates
RCOTeR' unless they are handled under an atmosphere of inert gas. Moreover, the appropriate
starting materials that lead to Group 14 element derivatives of carbotelluroates have not been
developed.10 Recently, we successfully synthesized and characterized solvent- and metal ha-
lide-free sodium carbotelluroates.!! We also obtained Group 14 element derivatives of
carboselenoate as stable compounds.!2 We report here the first synthesis and the molecular and
electronic structures of Group 14 element derivatives of carbotelluroates. In addition, we com-

pared their properties with those of carbothio- and carboselenoates.

2.2. Results and Discussion
Synthesis. Group 14 element derivatives of carbotelluroates RCOTeMPh3 (M = Ge, Sn,
Pb) were obtained by reacting sodium carbotelluroates 1 with PhsMCl (eq 1, Table 1).

0 o)
_ + PhgMCI J\T 1
R)J\Te Na* 3MC 0°C,1-3h R~ “TeMPhg M
1

Et-O
2: M=Ge
3: M=8Sn
4: M=Pb

For example, to a degassed Et;O suspension of the sodium salts 1 was added Ph3GeCl (0.94—
1.00 equiv) at 0 °C. The mixture changed from yellow to pale yellow together with the precipi-
tation of a small amount of black tellurium. After stirring at the same temperature for 1-3 h, the
resulting insoluble parts (black tellurium and NaCl) were filtered in vacuo. The solution was
concentrated to one-half, and filtration of the resulting precipitates gave the corresponding Te-
germyl carbotelluroates 2 as pale yellow microfine crystals in isolated yields of 15-62%. Under
similar conditions, the reaction of 1 with Ph3SnCl and Ph3PbCl gave the corresponding Te-
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stannyl 3 and Te-plumbyl carbotelluroates 4 as colorless or pale yellow microfine crystals in
isolated yields of 25-55% and 39-61%, respectively. Compounds 2—4 are more stable than Te-
alkyl carbotelluroates. No liberation of black tellurium was observed even when 2—4 were

exposed to the air for at least 1 day. On the other hand, when compounds 24 were dissolved in

a solvent such as CH,Cl; or CHCl3, black tellurium was liberated even at —20 °C, leading to a
complex mixture containing (Ph3M)>Te (M = Ge,” Sn,8 Pb8) within 6 h. This instability of 2—4

in solution is in marked contrast to the stability of Group 14 element derivatives of

carboselenoates.12

Spectroscopic data for Group
14 element derivatives of
carbotelluroates 2—4 are shown in
Table 2. The v C=0 bands in Ge de-
rivatives 2 are nearly the same as those
of the corresponding Te-methyl
carbotelluroates (RCOTeMe) 5,11
whereas those in Sn and Pb derivatives
3, 4 show wavenumbers that are lower
by 1040 cm!. In I3C NMR spectra,
the signals due to the carbonyl carbon
atom were observed at higher fields
(by 5 ppm) compared to those of Te-
methyl carbotelluroates (RCOTeMe)
5. The Te signals in the 125Te NMR
spectra of carbotelluroates 2-4 are at
higher fields (by 200 ppm) than those
of Te-methyl carbotelluroates
(RCOTeMe) 5 and at lower fields than
those of PhsMTePh and (PhzM),Te.!13
The coupling constants between the Sn
or Pb and Te atoms are 500 Hz and
700 Hz, which are smaller than those
for the M(IV)-Te single bonds in
PhzMTePh and (Ph3M),Te (M = Sn:
ca. 3200 Hz; M = Pb: ca. 4000 Hz).7-8
These results imply that the Sn—Te and
Pb-Te bonds in 3 and 4 are weaker
than those in PhsMTePh and
(PhsM), Te.

Table 1. Synthesis of Group 14 Element Derivatives of

Carbotelluroates 2—4
R M No. % yield?
1-Adamantyl Ge 2a 15
4-CH3C6H4 Ge 2b 62
4-CICgHy Ge 2c 39
1-Adamantyl Sn 3a 25
4-CH3C6H4 Sn 3b 41
4-CICgHy Sn 3c 55
1-Adamantyl Pb 4a 39
4-CH3CgHy4 Pb 4b 61
4-CICcH4 Pb 4c 40

4 Isolated yields.

Table 2. Spectroscopic Data for Group 14 Element Derivatives of

Carbotelluroates 2—4
IR [cm™] 3¢ NMR? 125Te NMR?

No. v C:Oa 8 C=0 8

2a 1701 207.4 276.7
2b 1676 190.0 350.2
2¢ 1670 189.4 370.4
3a 1693 207.4 204.5
3b 1654 189.8 288.2
3c 1652 189.2 304.8
da 1692 207.1 338.2
4b 1655 189.8 409.4
4c 1654 189.3 420.6

“ As KBr disc. ? In CDCl;.
Table 3. Spectroscopic Data for 4-CH3;CgH4COEMPh;

IR [em™] 13C NMR?
M No. E vC=0¢ §C=0
Ge S¢ 1651 191.7
6 Sed 1654 192.2
2b Te 1676 190.0
Sn 4 1621 196.0
7 Se¢ 1644 194.9
3b Te 1654 189.8
Pb S¢ 1618 196.4
8 Sef 1641 195.4
4b Te 1655 189.8

“ As KBr disc.  In CDCl. © ref. 14. 9ref. 12¢. ©ref. 12a. f ref. 12b.
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Some of the IR and 13C NMR spectroscopic data of Group 14 element derivatives of
carbochalcogenoates are given in Table 3. The C=O stretching absorption shifted to a higher
frequency upon going from S to Se and Te. The signals due to the carbonyl carbon atoms in the
13C NMR spectra also shifted to higher fields in the same order, except for Ge derivatives.
These results suggest that the C=0 bonds in Te derivatives may be stronger than those in S and
Se derivatives. This tendency may depend on the degree of intramolecular coordination of the
oxygen atom with the Group 14 elements.

X-ray crystallography. Suitable crystals for X-ray analysis were obtained by the re-
crystallization of 2b, 3b, and 4b from mixed solvents of EtyO/CH;Cly/hexane, EtyO/hexane,
and Et7O/AcOEthexane at —20 °C, respectively. Although the crystals of these compounds are
not isomorphous, their forms are quite similar and resemble that of the corresponding sulfur
homologue 4-CH3C¢H4COSPbPh3.14 The structure of 4b is shown in Figure 1, and some im-
portant structural data are listed in Table 4. This is the first X-ray molecular structure analysis of
compounds bearing a Pb(IV)-Te bond.!5 The lengths of the C(11)~O(11) and C(11)-Te(1 1)
bonds in RCOTeMPh3 (M = Ge, Sn, Pb) are comparable to those in Te-methyl carbotelluroate, ! !
diacy! telluride, 162 carbotelluroato platinum complex!6b and diacyl ditelluride, 16¢ indicating
the existence of C=0 double and C-Te single bonds, respectively. The average sums of the bond
angles around Group 14 elements are all 328°, which is similar to the ideal tetrahedral value.
The Ge(1)-Te(11) and Sn(1)-Te(11) bond distances are also close to those of cyclic and non-
cyclic compounds with Ge-Te3 and
Sn-Te single bonds.5 The Pb(1)-
Te(11) bond distance [2.815(1) A] is
in good agreement with the sum of the
tellurium covalent radius (1.32 A)!7
and the Pb(IV) metallic radius (1.50
A),18 which suggests a single bond be- @
tween Pb(IV) and Te.

In 2b, 3b, and 4b, the M---O (M
= Ge, Sn, Pb) distances are shorter than

T(11)

Figure 1. The ORTEP drawing of 4b. Hydrogen atoms have

been omitted for purpose of clarity.

the sum of the van der Waals radii of Table 4. X-ray Data of Group 14 Element Derivatives
. 2b, 3b, and 4b
both atoms,!7 which suggests that
nonbonding intramolecular interaction 2 3b 4b
is present between the nonbonding or-  M(D--O0(1) 33322) 30936 3.15909)
' M(1)-Te(11) 2.5742(3) 2.745(1)  2.815(1)
bital on the carbonyl oxygen atom (np)  Te(11)-c(11) 2.181(3) 2.189(9) 2.18(1)
* - O(11)-C(11) 1.204(3) 1.19(1) 1.22(1)
and the c*mc3i orbital [£ M(1)-C(21) 1.944(2) 2.147(9) 2.22(1)
O(11)--M(1)-C(31) = 160°] and/or the  M(1)-C(31) 1.951(3) 2.131(8) 2.20(1)
% : i _ M(1)-C(41) 1.945(3) 2.140(8) 2.24(1)
O*MTe orbital, similar to the corre M(1)-Te(11)-C(1 1) 93.76(7) 86.5(2) 87.50)
sponding carbothioate derivatives.14  0(11)--M(1)-C31) 158.28(8) 166.5(3) 166.5(4)
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Interestingly, even though the atomic radius of Sn is greater than that of Ge, the C=0---Sn dis-
tance in 3b is shorter than the C=0---Ge distance in 2b by about 0.1 A.

For comparison, an X-ray structural analysis of the selenium homologues, i.e., 4-
CH3CgH4COSeMPh3 (6: M = Ge; 7: M = Sn; 8: M = Pb), was carried out. An ORTEP drawing

of 8 is shown in Figure 2. Selected Table5. X-ray Data of 4-CH3C¢H4COSeMPh; (M = Ge, Sn, Pb)

bond distances and angles are listed 6 7 8
in Table 5. The molecular forms are ~ M(1)--O(11) 3.131(2) 3.068(4) 3.130(4)
M(1)-Se(11) 2.3760(4) 2.5515(7)  2.6365(5)
comparable to those of the o /) 1.953(3) 1.934(5)  1.941(4)
carbotelluroate derivatives and O(11)-C(11) 1.210(3) 1.199(6) 1.205(6)
) .. M(1)-C(21) 1.944(3) 2.121(5) 2.198(4)
carbothioate derivatives.14 The C-O, M(1)-C31) 1.944(3) 2.145(5)  2.209(4)
C-Se, and Se-M (M = Ge, Sn, Pb)  M(1)-C(41) 1.942(2) 2.128(5) 2.202(4)
M(1)-Se(11)-C(11) 96.33(8) 92.4(2) 92.6(1)
bond lengths of the carboselenoate  1y...m(1)-c31) 157.04(8) 1565(2)  154.5(1)

derivatives show C=0 double and C-
Se and Se-M single bonds, respec-
tively.18.19 As expected, the distances
between the carbonyl oxygen and the
central Group 14 elements are signifi-
cantly shorter than the sum of the van
der Waals radii of both atoms,!”7 and
the C=0---Sn distance in 7 is about 0.1
A shorter than the C=0---Ge distance

) o Figure 2. The ORTEP drawing of 8. Hydrogen atoms have been
in 6, similar to the case of

carbotelluroates 2b and 3b.

omitted for purpose of clarity.

Calculation. To explain the unusual shortening of the C=0---Sn distance, which is prob-
ably caused by nonbonding intramolecular interaction, ab initio MO calculations at the B3LYP/
LANL2DZ+p level?0 were performed with the Gaussian 98 program?2! on the model compounds
trimethylgermyl, stannyl, and plumby! ethanechalcogenoate, CH3COEM(CH3)3 (E = Se: M =
Ge 9,Sn10,Pb 11; E = Te: M = Ge 12, Sn 13, Pb 14). Selected bond distances and angles are
listed in Table 6. The M---O distances in the optimized structures for carboseleno- and telluroates
were similar to those obtained by X-ray analysis, i.e., the Ge---O distances are longer than those
with Sn and Pb.

To obtain further information regarding the electronic structures, NBO (natural bond
orbital) analyses were carried out.2! The results regarding orbital energies and the magnitude of
the contribution of atomic orbitals to 6*Mg and 0*)\ 7 are listed in Table 7 and the stabilization
energies are listed in Table 8. The orbital energy of 6*GeE (E = Se, Te) is higher than that of
6*ME (M = Sn, Pb; E = Se, Te). The 6*gec and 6*Geg orbitals extend to the carbon and
chalcogen atoms more deeply than those in the corresponding Sn and Pb derivatives. These

tendencies were also observed for carbothioate derivatives. However, these orbital energies and
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atomic orbital contributions are not
directly related to the unusual short-
ening of the C=0---Sn distances. In
fact, NBO analysis suggested that two
types of nonbonding orbital interac-
tions (n0—0*Mg and ng—6*Mc7)
contribute to the shortening, as shown
in Table 8. In carboselenoates, both
interactions are equally important,
whereas no—6*pc7 plays a dominant
role in carbotelluroates. This is in
sharp contrast to the case of
carbothioates, in which ng—0*ps is
more important.

2.3. Conclusion

We have described the synthe-
sis and molecular and electronic struc-
tures of the first Group 14 element
derivatives of carbotelluroates. They
were synthesized as stable compounds
in low to good yields. X-ray molecu-
lar analysis and theoretical calcula-
tions revealed an unusual shortening
of the C=0---Sn distances and
nonbonding intramolecular interac-
tions between the oxygen and Sn at-
oms. NBO analysis indicated that this
is predominantly due to ng—>6*Mc7.

Table 6. Calculated Geometrical Parameter for CH3;COEM(CHj)3
(E = Se, Te; M = Ge, Sn, Pb) at BALYP/LANL2DZ+p Level

Ge Sn Pb
CH3COSeM(CH3)3 9 10 11
M(1)---0(3) 3.245 3.203 3.235
M(1)-Se(2) 2.442 2.616 2.681
Se(2)-C(4) 1.214 1.216 1.217
0(3)-C(4) 1.967 1.963 1.959
M(1)-C(6) 1.967 2.142 2.198
M(1)-C(7) 1.973 2.149 2.208
M(1)-C(8) 1.967 2.142 2.198
M(1)-Se(2)-C(4) 96.89 93.65 93.45
CH3COTeM(CHj3); 12 13 14
M(1)---0(3) 3.409 3332 3.348
M(1)-Te(2) 2.638 2.808 2.863
Te(2)-C(4) 1.212 1.214 1.214
0(3)-C4) 2.185 2.183 2.181
M(1)~-C(6) 1.970 2.145 2.203
M(1)-C(7) 1.976 2.151 2211
M(1)-C(8) 1.970 2.145 2.203
M(1)-Te(2)-C(4) 93.56 89.86 89.49

Table 7. Orbital Energy and Contribution of Atomic Orbital
for CH;COEM(CH3)3 (E = Se, Te; M = Ge, Sn, Pb) at B3LYP/

LANL2DZ+p Level

Ge Sn Pb

CH3COSeM(CH3), 9 10 11
Orbital energy [a.u.]  ng(1)* -0.67480 -0.67742 -0.67336
o) -0.27414 -0.27631 -0.27205
O*mse  0.10997 0.07814 0.05593
o*mc7 0.26792 0.19951 0.14229
Percentage of 6*pge (%] M 70.36 74.88 74.96
Se 29.64 25.12 25.06
Percentage of 6*y\c7 [%] M 72.49 75.70 73.31
Cc7 27.51 24.30 26.69

CH;3COTeM(CHj3)3 12 13 14
Orbital energy [a.u.] no(1)* -0.67637 -0.67909 -0.67650
no(2)”  -0.28023 -0.28221 -0.27957
O*mre  0.08469 0.06247 0.04650
o*mc7 0.25843 0.19099 0.13618
Percentage of 6*1e [%] M 64.52 69.88 70.05
Te 35.48 30.12 29.95
Percentage of 6*\c7 (%] M 72.23 75.52 73.19
Cc7 27.77 24.48 26.81

“The p-type lone pair of the carbonyl oxygen.

pair of the carbonyl oxygen.
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Table 8. NBO Analysis of CH3;COEM(CHj)3 (E = Se, Te; M =
Ge, Sn, Pb) at B3ALYP/LANL2DZ+p Level

AE (kcal mol™H?

Ge Sn Pb
CH3COSeM(CH3)3 9 10 11
no—0*mse — 1.33 1.23
no—0*Mc() 1.55 1.88 1.98
CH3;COTeM(CH3)3 12 13 14
no—0*MTe — _ _
no—0*mc(7) 1.08 1.54 1.71

¢ AE = Stabilization energies associated with delocalization.

2.4. Experimental section

Reactions were carried out under argon using standard Schlenk techniques. Sodium
carbotelluroates!! were prepared as described in the literature. Ph3GeCl, Ph3SnCl, and Ph3PbCl
were used as purchased from Aldrich Chemical Co. All solvents were purified under argon and
dried as indicated: Et;O and hexane were refluxed with sodium benzophenone ketyl and dis-
tilled before use. CH,Cl, and AcOEt were distilled over diphosphorus pentaoxide after reflux-
ing for 5 h. All solvents were degassed before use. 'H (399.7 MHz) and 13C NMR (100.4 MHz)
were recorded using CDCl3 as a solvent with Me4Si as an internal standard for 'H NMR and
CDCl; for 13C NMR with a JEOL JNM-a400 spectrometer. In 119Sn NMR spectra (126.0
MHz), Me4Sn was used as an external standard. In 125Te NMR spectra (149.0MHz), Me,Te
was used as an external standard. IR spectra were measured on a Perkin-Elmer FT-IR 1640
spectrophotometer. Elemental analyses were performed at the Elemental Analysis Center of
Kyoto University.

X-ray crystallography. Crystal samples were cut from grown crystals and mounted on
a glass fiber. The crystals were coated with an epoxy resin because they were sensitive to air.
Measurements were carried out on a Rigaku AFC7R four-circle diffractometer using a graphite-
monochromator with Mo Kot radiation (A = 0.71069 A). The data were collected at 193 or 296
K. The cell dimensions were determined from a least-squares refinement of the setting
diffractometer angles for 25 automatically centered reflections. The intensities of three repre-
sentative reflections were measured after every 150 reflections. The structure was solved by a
direct method using SHELXS8622 and expanded using DIRDIF94.23 An empirical absorption
correction (¥-scan) was also applied. Neutral atom scattering factors for neutral atoms were

from Cromer and Waber,24 and anomalous dispersion effects?> were used. The function mini-
mized was Iw(F,2—F.2)2, and the weighting scheme was w= 1/[0%(F,2)]. A full-matrix least-
squares refinement was executed with non-hydrogen atoms being anisotropic. The final least-

square cycle included fixed hydrogen atoms at calculated positions for which each isotropic
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thermal parameter was set to 1.2 times that of the connecting atoms. All calculations were
performed using the teXsan crystallographic software package of Molecular Structure Corpora-
tion. Crystallographic data of 2b, 3b, 4b, 6, 7, and 8 are summarized in Table 9.

Synthesis of Te-triphenyl Group 14 element derivatives of carbotelluroates
The synthesis of Te-triphenylgermyl 1-adamantanecarbotelluroate 2a is described in detail as a
typical procedure for compounds 2—4.

Te-Triphenylgermyl 1-adamantanecarbotelluroate (2a). Ph3GeCl (0.385 g, 1.13
mmol) was added to a suspension of sodium 1-adamantanecarbotelluroate (0.356 g, 1.13 mmol)
in EtzO (10 mL) at 0 °C under an argon atmosphere. The mixture rapidly changed from yellow
to pale yellow together with the precipitation of a small amount of black tellurium. After stirring
at the same temperature for 1.5 h, the insoluble parts (black tellurium and NaCl) were filtered off
by a glass filter (G4) in vacuo. Hexane (7 mL) was added to the filtrate and the solution was
concentrated to ca. 15 mL under reduced pressure (0 °C, 26.7 Pa). Filtration of the resulting
precipitates gave 0.104 g (15%) of 2a as colorless microfine crystals. mp 99-104 °C (dec).
Anal. Caled for Co9H300GeTe: C, 58.57; H, 5.08. Found: C, 58.28; H, 5.00. IR (KBr, cm1):
1701 v(C=0). TH NMR (CDCl3): § 1.56 (m, 6 H, Ad), 1.68 (d, 6 H,J=2.7Hz, Ad), 1.94 (s, 3
H, Ad), 7.17-7.29 (m, 9 H, Ar), 7.51-7.54 (m, 6 H, Ar). 13C NMR (CDCl3): 628.2,36.5, 39.2,
56.1,128.3,129.4, 135.0, 136.2, 207.4 (C=0). 125Te NMR (CDCl3): 6 276.7.

Te-Triphenylgermyl 4-methylbenzenecarbotelluroate (2b). Pale yellow microfine
crystals (62%). 117-118 °C (dec). Anal. Calcd for CogH2>OGeTe: C, 56.71; H, 4.03. Found:
C,56.69; H, 4.02. IR (KBr, cm~!): 1676 w(C=0). 'H NMR (CDCl3): §2.22 (s, 3 H, CHj3), 7.05
(d,2H, J =85 Hz, Ar), 7.26-7.29 (m, 9 H, Ar), 7.54-7.59 (m, 8 H, Ar). 13C NMR (CDCI3): 6
21.6 (CH3), 128.4,129.3, 129.6, 134.1, 135.0, 135.8, 140.7, 144.8, 190.0 (C=0). 125Te NMR
(CDCl3): 6 350.2.

Te-Triphenylgermyl 4-chlorobenzenecarbotelluroate (2¢c). Pale yellow microfine crys-
tals (39%). mp 105-107 °C (dec). Anal. Calcd for Co5H190ClGeTe: C, 52.58; H, 3.35. Found:
C,52.28; H, 3.54. IR (KBr, cm~!): 1670 WC=0). 'H NMR (CDCls): §7.18 (d,2H, J=8.8 Hz,
Ar), 7.25-7.27 (m, 9 H, Ar), 7.54-7.57 (m, 6 H, Ar), 7.57 (d, 2 H, J = 8.8 Hz, Ar). 13C NMR
(CDCl3): 6 128.5, 128.8, 129.4, 129.7, 134.7, 135.5, 140.2, 141.5, 189.4 (C=0). 125Te NMR
(CDCl3): 6 370.4.

Te-Triphenylstannyl 1-adamantanecarbotelluroate (3a). Colorless microfine crys-
tals (25%). mp 99-104 °C (dec). Anal. Calcd for CogH30OSnTe: C, 54.35: H, 4.72. Found: C,
54.47;H,4.84. IR (KBr, cm™!): 1693 (C=0). 'H NMR (CDCL3): 6 1.55 (m, 6 H, Ad), 1.67 (d,
6 H, J =27 Hz, Ad), 1.93 (s, 3 H, Ad), 7.24-7.29 (m, 9 H, Ar), 7.48-7.61 (m, 6 H, Ar). 13C
NMR (CDCI3): 6 28.2, 36.4, 39.5, 56.4, 128.6, 129.3, 136.8, 137.9 (M13c-1178n = 494 Hz,
J13c-119sn = 518 Hz), 207.4 (C=0). !19Sn NMR (CDC13): 6-136.3 (1J119sn-13C = 518 Hz,
U1198n-125Te = 2793 Hz). 125Te NMR (CDClI3): 6204.5 (1J125Te—11758n = 2670 Hz, 1125 e
119sn = 2792 Hz).
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Table 9. Crystallographic Data

2b 3b 4b
formula C26H220GCTC C26H2205nTe C26H220PbTe
fw 550.65 596.75 685.26
color yellow pale yellow pale yellow
crystal size (mm) 0.14 x 0.23 x 0.34 043x040x029 026x0.14%x0.11
T(K) 193 193 193
crystal system triclinic monoclinic monoclinic
space group P1 P2,/c P2/c
a(A) 9.376(1) 13.680(4) 13.703(2)
b(A) 16.058(3) 9.625(2) 9.671(1)
c(A) 8.061(1) 18.774(2) 18.865(1)
a(deg) 93.04(2)
B (deg) 110.39(1) 110.72(1) 110.972(7)
Y (deg) 92.10(1)
V(A3) 1134.1(3) 2312.0(9) 2334.5(5)
V4 2 4 4
Deaicq (g cm™) 1.612 1.714 1.950
i (mm™h) 2.625 2.356 8.478
F(000) 540.00 1152.00 1280.00
no. of reflns measured/unique 5527/5210 5874/5323 5929/5375
no. of observations, (/ > 2o(])) 4326 3565 2561
R1; wR2 0.024; 0.077 0.032; 0.179 0.045; 0.136
goodness-of-fit 1.00 1.88 0.98
final max., min., (4p, e A7) 0.59; -0.36 1.07,-0.97 2.80.-5.78

6 7 8
formula C26H220GeSe C26HZZOSeSn C26H220PbSe
fw 502.21 550.65 550.65
color colorless colorless yellow
crystal size (mm) 0.23x043x043  023x0.23x0.29 0.23x0.31x0.34
T (K) 193 296 193
crystal system triclinic triclinic triclinic
space group P1 P1 P1
a(A) 9.3795(9) 9.592(1) 9.618(1)
b(A) 16.058(1) 16.309(2) 16.052(3)
c(A) 7.9443(7) 7.8722(6) 7.811(1)
o (deg) 91.582(7) 92.497(8) 92.83(2)
B (deg) 111.759(7) 109.783(6) 109.32(1)
Y (deg) 93.821(7) 91.956(10) 91.36(1)
V(A3 1107.1(2) 1156.1(2) 1135.6(3)
z 2 2 2
Deateq (g cm™) 1.506 1.574 1.862
i (mm™) 3.041 2.693 9.057
F(000) 504.00 540.00 604.00
no. of reflns measured/unique 5406/5092 5619/5302 5406/5217
no. of observations, (I > 20(/)) 3867 3692 4449
R1; wR2 0.027; 0.085 0.048; 0.120 0.025; 0.073
goodness-of-fit 1.00 1.17 0.96
final max., min., (4p, e A’3) 0.52; -0.54 1.18;-1.30 0.83; -1.16
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Te-Triphenylstannyl 4-methylbenzenecarbotelluroate (3b). Pale yellow microfine
crystals (41%). mp 117-118 °C (dec). Anal. Calcd for Co6Hp20SnTe: C, 52.33; H, 3.72. Found:
C, 52.41; H, 3.79. IR (KBr, cm~1): 1654 v(C=0). H NMR (CDCl3): §2.14 (s, 3 H, CH3),
6.96-7.26 (m, 12 H, Ar), 7.50-7.67 (m, 6 H, Ar). 13C NMR (CDCl3): §21.6 (CH3), 128.5,
128.9, 129.4, 136.7, 137.7 ({J13c-1175n = 500 Hz, 1J13¢c-119sn = 523 Hz), 138.0, 139.3, 140.8,
189.8 (C=0). 119Sn NMR (CDCl3): §-131.8 (1J1195n-13¢ = 523 Hz, 1/} 19sn-125Te= 2678 Hz).
125Te NMR (CDCl3): §288.2 (1J125Te—1178n = 2560 Hz, 1J125Te—1195n = 2683 Hz).

Te-Triphenylstannyl 4-chlorobenzenecarbotelluroate (3c). Pale yellow microfine
crystals (55%). mp 105-107 °C (dec). Anal. Calcd for Cp5H[9OCISnTe: C, 48.65; H, 3.10.
Found: C, 48.74; H, 3.24. IR (KBr, cm~!): 1652 w(C=0). 'H NMR (CDCl3): §7.23-7.33 (m,
11 H, Ar), 7.54-7.69 (m, 8 H, Ar). 13C NMR (CDCl3): § 128.6, 128.8, 129.6, 129.8, 137.1,
137.5 (M13c-1178n = 503 Hz, 1J13c-1195n = 527 Hz), 140.4, 141.6, 189.2 (C=0). 119Sn NMR
(CDCl3): d -127.9 (1J1198n-13C = 526 Hz, 1J1198n-125Te = 2629 Hz). 125Te NMR (CDCl3): §
304.8 (1J125Te-1175n = 2475 Hz, 1J125Te—1195n = 2570 Hz).

Te-Triphenylplumbyl 1-adamantanecarbotelluroate (4a). Pale yellow microfine crys-
tals (39%). mp 111-114 °C (dec). Anal. Calcd for CogH3gOPbTe: C, 47.76; H, 4.15. Found: C,
47.78; H, 4.18. IR (KBr, cm~1): 1692 v(C=0). 'H NMR (CDCl3): 6 1.55 (m, 6H, CHy), 1.77
(d, 6 H,J=2.7Hz, CHy), 1.92 (s, 3 H, CH), 7.11-7.35 (m, 9 H), 7.56-7.58 (m, 6 H). 13C NMR
(CDCl3): 628.3, 36.4, 39.8, 56.5, 128.7, 129.5, 137.1, 150.4 (J 13c-207Pb = 419 Hz), 207.1
(C=0). 125Te NMR (CDCl3): §338.2 (J 125Te-207Pb = 3561 Hz).

Te-Triphenylplumbyl 4-methylbenzenecarbotelluroate (4b). Pale yellow microfine
crystals (61%). mp 111-112 °C (dec). Anal. Calcd for Co¢H22OPbTe: C, 45.57; H, 3.24. Found:
C,45.27; H, 3.40. IR (KBr, cm~!): 1655 v(C=0). 'H NMR (CDCl5): 62.31 (s, 3H, CH3), 7.14
(d,2H,J=8.2Hz),7.29-7.47 (m,9 H), 7.68 (d, 2 H, J= 8.2 Hz), 7.71-7.74 (m, 6 H). 13C NMR
(CDCl3): 621.7 (CH3), 128.9, 129.0, 129.3, 129.7, 137.2, 144.1, 144.7, 150.7 (J 13C-207Pb =
431 Hz), 189.8 (C=0). !25Te NMR (CDCl3): 6409.4 (J |25Te-207Pb = 3424 Hz).

Te-Triphenylplumbyl 4-chlorobenzenecarbotelluroate (4c). Pale yellow microfine
crystals (40%). mp 102-104 °C (dec). Anal. Calcd for Co5H9CIOPbTe: C, 42.55; H, 2.71.
Found: C, 42.30; H, 2.66. IR (KBr, cm™!): 1654 v(C=0). !H NMR (CDCl3): 67.23-7.27 (m, 5
H), 7.29-7.41 (m, 6 H), 7.62-7.65 (m, 8 H). 13C NMR (CDCl3): 6 128.8, 129.0, 129.9, 130.0,
137.2, 140.2, 142.1, 150.7 (J 13C-207pPb = 438 Hz), 189.3 (C=0). 125Te NMR (CDCl3): 6420.6
(J 125Te-207Pb = 3339 Hz).
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Figure 6. The ORTEP drawing of 7. Hydrogen atoms have been omitted for purpose of clarity.

21



2.5. References

(1) (a) Strauss, A. J. In Concise Encyclopedia of Semiconducting Materials and Related Tech-
nologies; Mahajan, S., Kimerling, L. C., Eds.; Pergamon: New York, 1992; p 472. (b) George,
J.; Palson, T. 1. Thin Solid Films 1985, 127, 233-239.

(2) (a) Seligson, A. L.; Arnold, J. J. Am. Chem. Soc. 1993, 115, 8214-8220. (b) Boudjouk, P;
Seidler, D. J.; Bahr, S. R.; McCarthy, G. J. Chem. Mater. 1994, 6, 2108-2112. (c) Remington,
M. P. Jr.; Grier, D. G.; Triebold, W.; Jarabek, B. R. Organometallics 1999, 4534-4537.

(3) For acyclic compounds: (a) Tsumuraya, T.; Kabe, Y.; Ando, W. J. Chem. Soc., Chem. Commun.
1990, 1159-1160. (b) Veith, M.; Stahl, L.; Huch, V. Z. Anorg. Allg. Chem. 1994, 620, 1264—
1270. (c) Hitchcock, P. B.; Jang, E.; Lappert, M. F. J. Chem. Soc., Dalton Trans. 1995, 3179—
3187.

(4) Gardner, S. A.; Trotter, P. J.; Gysling, H. J. J. Organomet. Chem. 1981, 212, 35-42.

(5) For acyclic compounds, see: (a) Einstein, F. W. B.; Jones, C. H. W.; Sharma, R. D. Can. J.
Chem. 1983, 61,2611-2615. (b) Batchelor, R. J.; Einstein, F. W. B.; Jones, C. H. W.; Sharma, R.
D. Inorg. Chem. 1988, 27, 4636-4640. For cyclic compounds, see: (c) Blecher, A.; Driger, M.
Angew. Chem., Int. Ed. Engl. 1979, 18, 677. (d) Puff, H.; Bongartz, A.; Schuh, W.; Zimmer, R.
J. Organomet. Chem. 1983, 248, 61-72. (e) Puff, H.; Breuer, B.; Schuh, W.; Sievers, R.; Zimmer,
R. J. Organomet. Chem. 1987, 332, 279-288.

(6) (a) Schafer, A.; Weidenbruch, M.; Saak, W.; Pohl, S.; Marsmann, H. Angew. Chem., Int. Ed.
Engl. 1991, 30, 834-836. (b) Fischer, J. M.; Piers, W. E.; Pearce Batchilder, S. D.; Zaworotko,
M. J. J. Am. Chem. Soc. 1996, 118, 283-284. (c) Han, L.-B.; Shimada, S.; Tanaka, M. J. Am.
Chem. Soc. 1997, 119, 8133-8134. (d) Janzen, M. C.; Jenkins, H. A.; Rendina, L. M.; Vittal, J.
J.; Puddephatt, R. J. Inorg. Chem. 1999, 38, 2123-2130.

(7) Jones, C. H. W.; Sharma, R. D.; Taneja, S. P. Can. J. Chem. 1986, 64, 980-986.

(8) Han, L.-B.; Mirzaeli, F.; Tanaka, M. Organometallics 2000, 19, 722-724.

(9) Schumann, H.; Thom, K. E.; Schmidt, M. J. Organomet. Chem. 1965, 4, 28-33.

(10) Te-alkyl and aryl carbotelluroates are synthesized by reacting the corresponding tellurolates
with acyl chlorides, but this type of reaction was inapplicable to the synthesis of heavier Group
14 element derivatives of carbotelluroates because of the difficulty to generate the RMTe~ A+
species (M = Ge, Sn, Pb; A = alkali metal). see: (a) Piette, J. L.; Renson, M. Bull. Soc. Chem.
Belg. 1970, 79, 383-390. (b) Piette, J. L.; Debergh, D.; Baiwir, M.; Llabses, G. Spectrochim.
Acta 1980, 36A, 769-773.

(11) Kato, S.; Niyomura, O.; Nakaiida, S.; Kawahara, Y.; Kanda, T.; Yamada, R.; Hori, S. Inorg.
Chem. 1999, 38, 519-530.

(12) (a) Ishihara, H.; Muto, S.; Endo, T.; Komada, M.; Kato, S. Synthesis 1989, 929-932. (b)
Kato, S.; Ishihara, H.; Ibi, K.; Kageyama, H.; Murai, T. J. Organomet. Chem. 1990, 386, 313—
320. (c) Kato, S.; Ibi, K.; Kageyama, H.; Ishihara, H.; Murai, T. Z. Naturforsch. 1992, 47b, 558—
562. (d) Kageyama, H.; Kido, K.; Kato, S.; Murai, T. J. Chem. Soc., Perkin Trans. 1 1994,
1083-1088.

(13) The 125Te signals are as follow: Ph3MTePh (M = Ge: —11.0 ppm, M = Sn: —205.8 ppm, M
= Pb: -50.7 ppm), see: reference 4. (PhzM)2Te (M= Ge: —832 ppm, M = Sn: -1290 ppm, M =
Pb: —1079 ppm), see: references 7 and 8.

(14) Tani, K.; Kanda, T.; Kato, S.; Inagaki, S. Org. Lett. 2001, 3, 655-657.

22



(15) X-ray molecular structural analysis of PbTe compounds has not been known except for
Pb(I)-Te species. Dileadtritelluride anion PbpTe32-, see: (a) Bjorgvinsson, M.; Sawyer, J. F.;
Schrobilgen, G. J. Inorg. Chem. 1991, 30, 2231-2233. (b) Bjorgvinsson, M.; Mercier, H. P. A.;
Mitchell, K. M.; Schrobilgen, G. J.; Strohe, G. Inorg. Chem. 1993, 32, 6046-6055. (c) Park, C.-
W.; Salm, R. J.; Ibers, J. A. Can. J. Chem. 1995, 73, 1148-1156. (d) Jones, C. D. W.; DiSalvo,
F. J.; Haushalter, R. C. Inorg. Chem. 1998, 37, 821-823. (e) Borrmann, H.; Campbell, J.; Dixon,
D. A.; Mercier, H. P. A.; Pirani, A. M.; Schrobilgen, G. J. Inorg. Chem. 1998, 37, 6656—-6674.
[(Me3Si)3SiTe]Pb, see: (f) Seligson, A. L.; Arnold, J. J. Am. Chem. Soc. 1993, 115, 8214—
8220.

(16) (a) Sewing, D.; du Mont, W.-W.; Pohl, S.; Saak, W.; Lenoir, D. Z. Anorg. Allg. Chem. 1998,
624, 1363-1368. (b) Kato, S.; Niyomura, O.; Kawahara, Y.; Kanda, T. J. Chem. Soc., Dalton
Trans. 1999, 1677-1685. (c) Niyomura, O.; Kato, S.; Inagaki, S. J. Am. Chem. Soc. 2000, 122,
2132-2133.

(17) Bondi, A. J. Phys. Chem. 1964, 68, 441-451.

(18) Pauling, L. The Chemical Bond, Cornell University Press: Ithaca, NY, 1976; pp. 135-220.
(19) Csp2=O 1.20-1.23 A: Allen, F. H.: Kennanl, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G.; Taylor, R. J. Chem. Soc., Perkin Trans. 2 1987, S1-S19.

(20) The Becke-style 3-parameter density functional theory using the Lee-Yang-Parr correla-
tion functional (B3LYP) was applied in our calculations. The effective core potentials (ECPs)
LANL2DZ+p were used for C, O, Se, Te, Ge, Sn, Pb. The d-polarization function for ECP basis
set of all atoms except for H are taken from Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-
Andzelm, Y.; Sakai, Y.; Tatewaki, H. Gaussian Basis Sets for Molecular Calculations; Elsevier:
Amsterdam, 1984.

(21) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A_; Cheeseman,
J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.;
Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson,
G. A;; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.,; Johnson, B. G.; Chen, W.;
Wong, M. W.; Anders, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Gaussian,
Inc.: Pittsburgh, PA, 1998. (b) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211-
7218. (c) Carpenter, J. E.; Weinhold, F. J. Am. Chem. Soc. 1988, 110, 368-372. (d) Reed, A. E.;
Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899-926.

(22) Sheldrick, G. M. Crystallographic Computing 3; Sheldrick, G. M.; Kruger, C.; Goddard,
R., Eds.; Oxford University Press, 1985, pp. 175-189.

(23) The DIRDIF94 program system was used: Beukskens, P. T.; Admiraal, G.; Beurskiens, G.;
Bosman, W. P;; de Gelder, R.; Israel, R.; Smits, J. M. M. Technical Report of the Crystallogra-
phy Laboratory; University of Nijmegen; The Netherlands, 1994.

(24) Cromer, D. T.; Waber, J. T. International Tables for X-ray Crystallography; Ibers, J. A..;
Hamilton, W. C., Eds.; The Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.2A.
(25) Creagh, D. C.; McAuley, W. J. International Tables for X-ray Crystallography; Wilson, A.
J. C., Ed.; Kluwer Academic Publishers, Boston, 1992; Vol. C, Table 4.2.6.8, pp. 219-222.

23



Chapter 3

Structural analysis of phenyl-germanium, -tin, and lead
dithiocarboxylates [(RCSS)yMPhy4_,, M = Ge, Sn, Pb; x = 1-3]:
affinity between thiocarbonyl sulfur and Group 14 elements

3.1. Introduction

In contrast to Group 14 element derivatives of dithiocarbamates, dithiocarbonates, and
dithiophosphinates, little is known about the corresponding dithiocarboxylate derivatives.! Pre-
viously, we reported the synthesis of triphenyl-tin2b and lead arenecarbodithioates2d and
diphenyltin bis(arenecarbodithioates).2b The corresponding germanium derivatives (RCSSGePhs,
(RCSS)2GePhy) have not yet been synthesized. In addition, there has been no report of the X-
ray structural analysis of organo-Group 14 element derivatives of dithiocarboxylates
[(RCSS);MR'4, (R, R' = alkyl, aryl; M = Si, Ge, Sn, Pb; x = 1-4)], perhaps due to the difficulty
of purification and of obtaining single crystals. The Author report here the first X-ray structural
analyses of a series of phenyl-Group 14 element derivatives of dithiocarboxylates together with
the synthesis of phenyl-germanium dithiocarboxylates, phenyltin tris(dithiocarboxylates), and
diphenyllead bis(dithiocarboxylates).

3.2. Results and discussion

Synthesis. The stoichiometric reactions of piperidinium dithiocarboxylates with Ph3GeCl,
PhyGeCly, PhSnCl3, and PhyPbCl; proceeded readily at room temperature and led to the quan-
titative formation of the expected triphenylgermanium dithiocarboxylates 1, diphenylgermanium
bis(dithiocarboxylates) 2, phenyltin tris(dithiocarboxylates) 5, and diphenyllead
bis(dithiocarboxylates) 7 (Scheme 1). These dithiocarboxylate derivatives are less crystalliz-
bis(dithiocarboxylates) 7 (Scheme 1). Scheme .
able than the corresponding thio-carboxy- j\ N Phy MCI, S
late derivatives. After several attempts, R™ ~S" H2N:> Et,0, 20 °C, 1 h (R S) MPh,_,
we successfully crystallized 1, 2, 5, and 28-93 %

7, exc?pt' for trlphenylgermému'm 2'-n‘1ethy1bezene- No. M x No. M x No. M x
carbodithioate (1¢) and phenyltin tris(dithioacetate) (5a). 1 Ge 1 3 sn 6 Pb 1

1
We also attempted the synthesis and isolationof 2 Ge 2 4 Sn 2 7 Pb 2
5 Sn 3

phenylgermanium tris(dithiocarboxylates)

((RCSS)3GePh) and Group 14 element derivatives of No. R No. R
tetrakis(dithiocarboxylates) (RCSS)4M, M = Ge, Sn), a CH, d  4-CH3CeH4
b C¢Hs e 4-CH30CgH4

but failed. For example, the reaction of SnCly with 4 M
¢ 2-CH3CgHy f 4-CICqHy
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amounts of sodium or piperidinium 4-methylbenzenecarbodithioate afforded not the desired
product 8, but rather dichlorotin bis(4-methylbenzenecarbodithioate) and bis(4-
methylthiobenzoyl) disulfide.3

Molecular structures.

Mono dithiocarboxylates Group 14 elements derivatives 1, 3, and 6. Selected bond
lengths and angles in 1d, 3d, and 6d are collected in Table 1. All molecular forms are similar to
the ORTEP drawing of the Sn derivatives 3d as is shown in Figure 1. The crystal data are listed
in Table 2. The C11-S11 bond lengths (ca. 1.64 A) are close to the sum of their double bond
covalent bond radii,4 and all C11-S12 bond lengths [1.71(1)-1.746(3) A] are roughly interme-
diate between their single and double bond covalent bond radii.4 All M1-S12 bond lengths are
also shown in M-S single bonds, respectively.# In addition, they are comparable to the dis-
tances obtained in germanium-dithiocarbonates, tin-dithiocarbamates and dithiocarbonates,6:7
and lead-dithiocarbamates® and dithiophosphates.%10 The M1-S11 distances are longer than
the sum of their covalent bond radii,# but significantly less than the sum of van der Waals radii
of both atoms,!! thus intramolecular interaction should be considered. On the basis of such
interaction, the S12-M1-C31 angles significantly deviate from the ideal tetrahedral angle.
However, other angles around the central Group 14 elements are relatively comparable to tetra-
hedral angle. Therefore, mono dithiocarboxylate derivatives show a distorted tetrahedron.

Bis(dithiocarboxylates) group 14 ele-
ment derivatives (4). Diphenyltin bis(4-  Tablel. Selected bond lengths (A) and angles (°) of

s : 4-CH3CH4CSSMPh;
methylbenzenecarbodithioate) (4d) crystallized as

four independent molecules. The ORTEP draw- Ge ), Se@d) Puisd)

ing and selected bond lengths and angles are  Bond lengihs

shown in Figure 2 and Table 3. The two  Mi-S11 3.371(1)  3.207(2) 3.362(5)
iy s ) g - MI-S12 2.2526(8) 2.446(1) 2.535(4)
dithiocarboxyl groups and the tin atom exist in pielie VI LEASET LA
the same plane. The four C-S bond lengths of  ¢yj_g12 1.746(3)  L737(5) 1.71(1)
the two dithiocarboxylate groups are nearly same =~ MI1-C2I 1942(3) 2.137G) 2192
M1-C31 1.948(3)  2.146(4)  2.19(1)
UL v M1-C41 1.934(3)  2.124(5) 2.16(2)

) : Bond angles

L 11-041 ¢

S11 \1 \ : T S11-M1-812 59.71(3)  60.92(4) 57.8(1)
sni ‘—T' ol S11-C11-512 122.2(2)  120.8(3)  122(1)
- il / \ MI-S11-C11  70.03(10)  76.5(2) 75.6(6)
s 1 ’ c11\ M1-S12-C11 105.9(1)  100.42) 102.6(6)
el S12-MI1-C21  115.199)  119.9(1) 116.2(5)
o nad o s12 \ \\ * S12-M1-C31 96.75(8)  94.4(1) 93.9(4)
{ = S12-M1-C41 110.75(9)  109.2(1) 107.8(4)
C21-M1-C31 108.0(1)  114.5(1) 110.1(1)
Figure 1. The ORTEP drawing of 4-CH3CgH4CSSSnPhy  C21-M1-C41 104.7(2)  117.3(2) 107.9(2)
(3d). Hydrogen atoms have been omitted for clarity. C31-M1-C41 106.1(6)  119.3(6) 110.5(5)

23



Table 2. Crystal data for 1d, 3d, 4d, 5c, and 6d

Empirical formula CoeH22GeS, 1d)  CogHppS,Sn (3d) Co8H24S4Sn (4d) C30H26S6Sn (5¢) Co6H22PbS; (6d)
Formula weight 471.17 517.27 607.43 697.59 605.78
Crystal system Triclinic Triclinic Monoclinic Monoclinic Triclinic
Unit-cell dimentions

a(A) 11.224(3) 11.327(2) 9.126(6) 34.703(2) 11.405(3)
b(A) 12.508(3) 12.306(2) 49.908(8) 10.112(2) 12.434(3)
cA) 9.767(3) 9.835(1) 23.955(7) 25.484(2) 9.807(2)
a(®) 90.23(3) 91.21(2) 95.60(5) 137.036(2) 91.44(3)
B 114.70(2) 112.56(1) 112.37(1)
Y(®) 69.33(2) 109.14(1) 110.20(2)

v (A3 1148.7(6) 1178.9(4) 10858(6) 6095.0(9) 1187.2(6)
Space group P1(#2) Pl1(#2) P2,/c(#14) C2/c(#15) P1(#2)

Z value 2 2 16 8 2

Dearc (g cm’3) 1.362 1.457 1.486 1.520 1.694
Crystal size (mm) 040x025x020 0.10x0.10x 0.45 051x046x0.14 0.29x023x0.17 0.23x0.14 x 0.09
u (Mo-Ky) (cm™) 15.24 12.70 104.74¢ 12.68 73.03

Temp (°C) 23.0 23.0 23.0 23.0 23.0

262y (deg.) 55.0 55.0 119.8 55.0 55.0

No. of measured reflections 4550 5690 17434 7102 5723

No. of unique reflections 4277 5414 16274 6988 5450

Rint 0.013 0.024 0.106 0.019 0.080

No. of observations {1 > 30(/)] 3380 3576 5880 4503 1816

No. of variables 262 262 1179 335 262
Reflection / parameter ratio 12.90 13.65 4.99 13.44 6.93
Residuals: R,? wa 0.032, 0.034 0.038, 0.039 0.067, 0.093 0.039, 0.040 0.040, 0.042
p value? 0.0150 0.0200 0.0700 0.0150 0.0350
Max. and min. of residual 0.33,-0.25 0.51,-0.73 0.59, -0.93 0.54, -0.62 0.63, -0.90

electron density (e A)
Goodness of fit indicator 1.55 1.42 1.90 1.65 1.07

4 R= X(IFQ-IFCY/EIFol. °Ry,=[EwW(IFQl-IF)Z/IWIFGIZ2, w=[6XFo)p(Fo)/4T . € (Cu-Kg) (cm™).

values, and are roughly midway between their single and double bond covalent bond radii.4 The
Sn-S bond lengths [av. 2.483(7) A] are slightly longer than the sum of their covalent bond
radii, which they are comparable to the distances observed in dimethyltin bis(dithiocarbamates).!2
On the other hand, the other Sn—S distances [av. 3.056(7) A] are longer than the sum of their
covalent bond radii, which are ca. 0.7 A shorter than the sum of their van der Waals radiill and
ca. 0.15 A shorter than those of mono derivative 3d [3.207(2) A]. The longer Sn—S distances are
far apart [S11-Sn-S21 = 152.1(3)°], while the
shorter Sn—S distances are close together [S12-
Sn—S22 = 84.2(3)°]. The S-Sn-Cjpo bond angles

Table 3. Selected bond lengths (A) and angles (°) of
diphenyltin bis(4-methylbenzenecarbodithioate) (4d)

Bond lengths
o7 4
[106.6(7)-110.4(7)°] are close to the tetrahedral Snl-S11 3.006(7) Snl-S21  3.111(7)
angle, while the Cjp5o—Sn-Cijpgo bond angles Sni-si2 2.482(7) Snl-S22  2.484(7)
C11-S11 1.69(3) C21-S21 1.69(3)
C11-S12 1.69(3) C21-S22 1.66(3)
Sn1-C31 2.07(2) Sn1-C41 2.07(3)
Bond angles
S11-Sn1-S21  152.1(3)  C31-Sn1-C41  129(1)
S12-Sn1-S22 84.2(3)
S521-Sn1-S22  61.8(2)
S11-Sn1-S12  61.9(2)  S21-C21-S22  121(1)
S11-C11-S12 115(1) Sn1-S21-C21  77.4(7)
Sn1-S11-C11  82.1(9)  Sn1-S22-C21 99(1)
Figure 2. The ORTEP drawing of one molecule of ~ Sn1-S12-C11  100.1(10) ~ $22-Sn1-C31  107.6(7)
S12-Sn1-C31  1104(7)  S22-Sn1-C41 108.6(7)
4-CH3CqH4CSS)2SnPh) (4d). Hyd t
(4-CH3C6H4CSS)25nPh) (dd). Hydrogen atoms S12-Sn1-C41  106.6(7)

have been omitted for clarity.
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[129(1)°] are quite different. Since there are two additional Sn—S(x1) interactions, the steric
effects of S(x1) would increase the Cip so—Sn—Cijpgo angles from an ideal tetrahedral angle to
129(1)° and would decrease the S12-Sn—S22 angle to 84.2(3)°. Thus, the two dithiocarboxylate
groups are coordinated as anisobidentate ligands toward the tin atom. These results are typical
for a highly distorted octahedral or skew trapezoidal bipyramidal structure.
Tris(dithiocarboxylates) group 14 element derivatives 5. Although the crystallization
of phenyltin tris(4-methylbenzenecarbodithioate) (5d) was examined under many different con-
ditions, no suitable single crystals for X-ray structural analysis was obtained. However, we
have succeeded in the preparation of single crystals of phenyltin tris(2-methyl-
benzenecarbodithioate) (5c¢). The molecular form of 5c¢ differs from the corresponding
thiocarboxylate derivative,!3 where the two dithiocarboxyl groups and the tin atom exist in the
same plane [Figure 3(a)]. In Table 4, the six C—S bond lengths of the three dithiocarboxyl
groups are comparable to those in 4d, and can be separated into shorter C-S bond lengths (av.
1.661(5) A) and longer C-S bond lengths [av. 1.701(4) A]. The former are significantly longer
than the sum of the double bond covalent bond radii, while the latter are roughly intermediate
between their single and double bond covalent bond radii.# The Sn—S bond lengths of the two
dithiocarboxylate groups in the same plane are av. 2.597(1) A and av. 2.794(1) A, respectively,
which are close to the distances observed in divalent tin compounds with bidentate ligands.!4.15
Therefore, these seem to be coordinated in a bidentate form toward the tin atom. The Sn—S bond
lengths of the remaining dithiocarboxylate group are 2.492(1) A and 2.987(1) A, respectively,
where the former is close to the smallest Sn—S bond lengths observed in tris(dithiocarbamate)
tin derivatives.!® On the other hand, the latter is the longest of the six Sn—S bond lengths, and is
longer than the sum of their covalent bond radii.# However, these are shorter than the sum of
their van der Waals radii [11], and are also shorter than those of 3d (3.207(2) A) and 4d (av.
3.056(7) A). The S11-Sn1-S21 angle (72.22(4)°) is comparable to the ideal pentagonal angle,

Figure 3. The ORTEP drawing of (2-CH3CgH4CSS)3SnPh (5¢) (a). The coordination

surrounding the Sn1 atom (b). Hydrogen atoms have been omitted for clarity.
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and the S32-Sn1-C41 angle [160.7(1)°] is ap-

proximately linear. These results are consistent

Table 4 Selected bond lengths (10\) and angles°y of
phenyltin tris(2-methylbenzenecarbodithioaté¥c)

with a seven-coordinated pentagonal bipyramidal I? ond lengths
structure, where the S11, $12, S21, §22, and $31  S"!-S1! 2813(1) - Snl-S12 - 2.594(1)
Sn1-S21 2.751(1)  Sn1-822 2.600(1)
atoms are equatorial and S32 and C41 are axial g,1-53] 2.987(1) Sn1-S32 2.492(1)

[Figure 3(b)]. Sn1-C41 2.138(1)
CI12-S11 1.701(4)
. . . C11-S11 1.663(5)

Comparison of germanium, tin, and 2181 1.67325) C22-571 1.691(4)
lead dithiocarboxylates. The results from X- ¢31_53; 1.648(4) C32-831 1.712(4)

ray structural analyses have been explained as  Bond angles
follows. In the mono derivatives 1d, 3d, and 6d, S'!-Snl-S12° 65.004) Sn1-S11-C11  84.3(2)
S11-Sn1-S21 144.43(4) Sn1-SI12-C11  90.8(2)
the shorter C-S bond lengths are nearly the same S11-Sn1-S31  72.22(4) S11-C11=S12 119.9(3)
[1.637(3)-1.645(5) A], while the longer C—S  S12-Sn1-S22  82.79(4) Sn1-S21-C21  79.42)
bond lengths slightly shorten in the order Ge > S12-Sn1-S32 90.87(4)  Snl-$22-C21  94.6(2)
o S12-Sn1-C41 101.5(1) S21-C21-S22 121.9(3)
Sn > Pb. Presumably, delocalization of the S21-Sn1-S22  66.00(4) S31-Snl-S32 64.10(4)
dithiocarboxylate group may occur in the lead S$21-Sn1-S31  72.22(4)  $32-Sn1-C41 160.7(1)
derivative 6d. The shorter M-S bond lengths 22 sn1_§32  95.33(5) 2::‘32;’2: 23?3
indicate single bonds. It is noteworthy that the S22-Snl-C41 1008 " 0 10033

distance between the sulfur of the shorter C-S

bond (thiocarbonyl sulfur) and the central tin atom is shorter than S---Ge and S---Pb distances.
The ratio of these distances and the sum of the corresponding van der Waals radii!! become
smaller in the order Sn 3d (19%) > Pb 6d (12%) > Ge 1d (11%). This suggests that the electron
affinity of the tin atom for the sulfur atom is much stronger than those of the germanium and
lead atoms. Sulfur does not generally show a stronger affinity with silicon than oxygen.!7 In
CH3C(S)OSiH3, the distance between the thiocarbonyl sulfur and the silicon atom is 3.185(9)
A, indicating very weak interaction, although less than the van der Waals distance.!! Thus, the
affinity between sulfur atom and Group 14 elements may decrease in the order Sn > Pb > Ge >
Si > C. These non-bonding interactions are considered to reflect interaction between the sulfur
lone-pair and the non-bonding orbital (6* orbital) of C~-M or S-M (M = Ge, Sn, Pb). In compar-
ing mono 3d, bis 4d, and tris derivatives 5S¢, the two C—S bond lengths of 4d and 5S¢ are nearly
same value, which suggests that the dithiocarboxylate groups in 4d and 5S¢ seem more strongly
delocalized than those of 3d. The Sn—S bond lengths increase in the order 4d < 3d < Sc, but the
distances between the thiocarbonyl sulfur and the tin atoms shorten in the order 3d > 4d > 5c.
The bidentate characters of dithiocarboxylate groups are considered to increase with their num-
ber.

28



Spectra. Thiocarbonyl stretching frequencies in the germanium, tin, and lead deriva-
tives are observed at 11601200 cm~! for aliphatic derivatives and 1210-1270 cm~! for aro-
matic ones. The 13C=S chemical shifts appear at § 230-250, and those of aliphatic are at lower
frequencies than those of aromatic. The !!19Sn-NMR chemical shifts are observed at §—125 to —
130 for mono derivatives 3, 6 =250 to —400 for bis derivatives 4, and & —650 to —~740 for tris
derivatives §, and those of aliphatic derivatives are at a lower field than those of aromatic de-
rivatives. The coupling constants of tin—carbon appear at 600 Hz and 800 Hz, respectively, with
a difference of 200 Hz. The thiocarbonyl stretching frequencies and the thiocarbonyl carbon
and 119Sn chemical shifts of 4-methylbenzene derivatives are shown in Table 5. The thiocarbonyl
stretching frequencies are nearly the same, but the 13C=S chemical shifts show 3 ppm downfield
shift with an increase in dithiocarboxylate groups. On the other hand, the 119Sn chemical shifts
show upfield shifts in the order 3d < 4d < 5d, with a difference of 250 ppm between 3d and 4d
and of 350 ppm between 4d and 5d. In these spectroscopic data of mono-, bis-, and tris(4-
methylbenzene-carboxylates) germanium, tin, and lead derivatives , the v (C=S) stretching fre-
quencies are nearly the same, but the 13C=S chemical shifts are in the order Ge < Sn < Pb and

mono- < bis- < trls(dlthlo'carboxylate) derivatives. Table 5. Selected features in the spectroscopic data of

(4-CH3CgH4CSS),MPhy_,2

3.3. Conclusion No. M VC=S)?(cm™) Bc=s®  Sy1osn ¢

=

A series of germanium, tin, and lead deriva- 14  Ge 1220, 1212 2277
1242,1224 2321 -13838
1219, 1210 2345
1238, 1221 228.0
1239, 1221 2359 -392.0
1222 2394

1242, 1224 2382 -7395

tives of dithiocarboxylates were synthesized, and 3d  Sn
6d Pb

2d Ge
ecules show the existence of intramolecular non- d s

bonding interactions between the thiocarbonyl sul- 74  pp

their structures were analyzed by X-ray. These mol-

W NN = = —

fur atoms and the central Group 14 element metals. 5d  Sn
Comparative studies of the compounds RCSSMPh3  * Standard: Me4Sn.® In KBr. ¢ In CDCl3. 9In C¢Dg.

(M = Ge, Sn, Pb) revealed that the distance between the thiocarbonyl sulfur and the tin atom is

shorter than those of the germanium and lead derivatives. These non-bonding interactions re-
flect the affinity between the sulfur atoms and the Group 14 elements, i.e. this affinity decreases
in the order Sn > Pb > Ge > Si > C. Such order of the affinity would contribute not only to the
synthesis of the relevant compounds but also elucidation of biological mechanism in which the
Group 14 elements and sulfur participate.

3.4. Experimental _

Melting points were determined by a Yanagimoto micromelting point apparatus, but not
corrected. The IR spectra were measured on Perkin-Elmer FT-IR 1640 spectrophotometer. 1H-
(400 MHz) and !3C-NMR spectra (100 MHz) were measured on a JEOL JNM-0400 in CDClI3
containing Me4Si as an internal standard. 119Sn-NMR spectra (149 MHz) were also measured
on a JEOL JNM-0400 with Me4Sn as an external standard. UV-vis spectra were obtained from
a JASCO U-Best 55. Elemental analyses were performed by the Elemental Analysis Center of
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Kyoto University. All solvents were dried and distilled prior to use. Ph3GeCl, PhyGeCly, Ph3SnCl,
Ph,SnClp, PhSnCl3, SnCl4—CH,Cl; 1.0 M solution, and Ph3PbCl are of commercial grade were
obtained from Aldrich. PhyPbCl; was obtained from Alfa Chemical Co. Piperidinium!8 and
sodium dithiocarboxylates2f were prepared by the previously described method. A series of
RCSSMPh3 (M = Sn: 32b.f, Pb: 62d) and (RCSS),SnPh; 42b were synthesized according to the
procedures reported previously.

General procedures. The synthesis of triphenylgermanium 4-methylbenzene-
carbodithioate (1d) is described in detail as a typical procedure for compounds 1, 2, 5, and 7.
For 32b, 42b, and 62b, the additional spectral data and elemental analysis are described.

1a. Recrystallizing solvents: hexane; orange crystals (28%); m.p. 89-90°C. IR (KBr):
1193 (C=S), 1158 (C=S) cm~!. ITH-NMR (CDCl3): §2.91 (s, 3H, CH3), 7.39-7.44 (m, 9H, Ar),
7.62-7.65 (m, 6H, Ar). 13C-NMR (CDCl3): §43.8 (CH3), 128.0, 129.3, 134.7, 136.8, 236.6
(C=S). UV-vis (CH2Cly) Anax (log €): 222 (4.05), 289 (3.95), 309 (3.48), 518 (2.13) nm.

1b. Recrystallizing solvents: 1:1 EtyO-hexane; purple crystals (60%); m.p. 108—110°C.
IR (KBr): 1218 (C=S) cm~!. 'H-NMR (CDCl3): 6 7.39-7.44 (m, 11H, Ar), 7.68-7.71 (m, 7H,
Ar), 8.19-8.22 (m, 2H, Ar). 13C-NMR (CDCly): § 127.1, 128.0, 128.5, 129.9, 132.5, 134.7,
134.8, 145.7, 228.7 (C=S). UV-vis (CH2Clp) Amax (log €): 222 (4.36), 270 (4.46), 306 (4.13),
519 (2.58) nm. Anal. Found: C, 65.62; H, 4.47. Cy5H0GeS, Calcd.: C, 65.68; H, 4.41%.

lc. Reddish-purple oil (88%). IR (neat): 1240 (C=S) cm~!. ITH-NMR (CDCl3): §2.38
(s, 3H, CH3), 7.12-7.20 (m, 3H, Ar), 7.32-7.43 (m, 10H, Ar), 7.69-7.71 (m, 6H, Ar). 13C-NMR
(CDCl3): 6 19.7 (CH3), 125.5, 125.9, 128.6, 128.8, 130.0, 130.7, 132.2, 134.1, 134.8, 150.1,
235.7 (C=S).

1d. To a solution of Ph3GeCl (0.339 g, 1.00 mmol) in Et;O (15 ml), piperidinium 4-
methylbenzenecarbodithioate (0.254 g, 1.00 mmol) was added and the mixture was stirred at
20°C for 1 h. After addition of CH,Cl; (100 ml), the mixture was washed with water (3 x 90
ml), followed by drying over MgSOy4. The solvents were removed under reduced pressure (30°C/
2.7 kPa), and the resulting residue was dissolved into a mixed solvent of CHCl; (4.0 ml) and
hexane (3.0 ml) and allowed to stand in a refrigerator (~20°C) for 24 h to give 1d as purple
crystals (0.306 g, 65%); m.p. 129-130°C. IR (KBr): 1220 (C=S), 1212 (C=S) cm~!. IH-NMR
(CDCI3): 62.37 (s, 3H, CH3), 7.15 (d, J = 8.4 Hz, 2H, Ar), 7.39-7.47 (m, 9H, PhGe), 7.73-7.75
(m, 6H, PhGe), 8.19 (d, J = 8.4 Hz, 2H, Ar). 13C-NMR (CDCl3): §21.5 (CH3), 127.2, 128.5,
128.7, 129.8, 134.6, 134.8, 143.2, 143.5, 227.7 (C=S). UV-vis (CH)Cly) Anax (log €): 222
(4.46), 273 (4.71), 320 (4.27), 527 (2.65) nm. Anal. Found: C, 66.30; H, 4.75. Cp6H22GeS>,
Calcd.: C, 66.27; H, 4.71%.

le. Recrystallizing solvents: 1:1 CHCl-hexane; purple crystals (60%); m.p. 117—
118°C. IR (KBr): 1261 (C=S), 1243 (C=S), 1228 (C=S) cm~!. 'H-NMR (CDCl3): d 3.79 (s,
3H, CH30), 6.78 (d, J = 8.9 Hz, 2H, Ar), 7.36-7.43 (m, 9H, PhGe), 7.69-7.71 (m, 6H, PhGe),
8.28 (d, J = 8.9 Hz, 2H, Ar). !13C-NMR (CDCl3) 6 55.5 (CH30), 113.0, 128.0, 128.4, 129.5,
129.8, 134.8, 138.9, 163.8,225.5 (C=S). UV-vis (CH2Clp) Amax (log €): 222 (4.50), 270 (5.42),
341 (4.40), 520 (2.81) nm. Anal. Found: C, 64.36; H, 4.75. Co6H22GeOS, Calcd.: C, 64.10; H,
4.55%.

1f. Recrystallizing solvents: 4:3 CH,Cly—hexane; purple crystals (57%); m.p. 120-
121°C. IR (KBr): 1211 (C=S) cm-l. TH-NMR (CDCl): 67.23 (d, J = 8.3 Hz, 2H, Ar), 7.31-
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7.36 (m, 9H, PhGe), 7.60-7.62 (m, 6H, PhGe), 8.08 (d, J = 8.3 Hz, 2H, Ar). 13C-NMR (CDCls):
6128.0,128.1, 128.4, 128.6, 130.0, 134.2, 134.4, 134.9, 226.6 (C=S). UV-vis (CH2Cl2) Amax
(log &): 222 (4.35), 273 (4.13), 316 (4.24), 531 (2.59) nm. Anal. Found: C, 61.17; H, 3.95.
Cy5H19Cl1GeS; Calc.: C, 61.08; H, 3.90%.

2a. Recrystallizing solvents: hexane; orange crystals (54%); m.p. 78-79°C. IR (KBr):
1197 (C=S), 1183 (C=S) cm~!. TH-NMR (CDCl3): §2.61 (s, 6H, CH3), 7.15 (t, J = 6.6 Hz, 4H,
PhGe), 7.38 (t, J = 6.6 Hz, 4H, PhGe), 7.48 (d, J = 6.6 Hz, 2H, PhGe). I3C-NMR (CDCl3): &
45.7 (CH3), 128.1, 130.2, 133.5, 135.9, 229.4 (C=S). UV-vis (CH2Clp) Apmax (log €): 222 (4.14),
270 (3.42), 309 (3.39), 409 (3.00), 520 (3.58) nm.

2b. Recrystallizing solvents: 4:3 CH,Cly-hexane; red crystals (62%); m.p. 196-198°C.
IR (KBr): 1237 (C=S), 1222 (C=S) cm~!. H-NMR (CDCl3): § 7.31-7.53 (m, 8H, Ar), 7.67—
7.74 (m, 2H, PhGe), 7.90-7.96 (m, 6H, Ar), 8.07-8.22 (m, 4H, Ar); 13C-NMR (CDCls): §
128.3, 128.5, 128.6, 128.7, 128.8, 131.0, 133.2, 133.7, 228.7 (C=S). UV-vis (CHCl3) Amax
(log €): 222 (4.39), 270 (4.52), 305 (3.17), 515 (2.63) nm. Anal. Found: C, 58.62; H, 3.81.
Cr6H20GeSy Calc.: C, 58.55; H, 3.78%.

2¢. Red 0il (82%); IR (neat): 1241 (C=S) cm~!. IH-NMR (CDCl3): §2.31 (s, 6H, CHz),
7.09-7.96 (m, 18H, Ar). 13C-NMR (CDCI3): § 19.8 (CH3), 125.5, 126.0, 128.6, 128.8, 129.2,
130.8, 132.5, 133.6, 134.3, 148.8, 235.7 (C=S).

2d. Recrystallizing solvents: 7:5 CHpClo-hexane; red crystals (69%); m.p. 114-116°C.
IR (KBr): 1238 (C=S), 1221 (C=S) cm~!. TH-NMR (CDCl3): 62.34 (s, 6H, CH3), 7.17 (d, J =
8.1 Hz, 4H, Ar), 7.21 (t, J = 6.9 Hz, 6H, PhGe), 7.31 (d, J= 8.1 Hz, 4H, Ar), 7.48 (d, / = 6.9 Hz,
4H, PhGe). 13C-NMR (CDCl3): §21.6 (CH3), 127.1, 128.5, 128.7, 129.1, 130.2, 134.2, 142.2,
144.1, 228.0 (C=S). UV-vis (CH2Clp) Amax (log €): 222 (4.41), 271 (4.22), 324 (4.73), 515
(2.52) nm. Anal. Found: C, 60.01; H, 4.33. CpgH4GeS4 Calc.: C, 59.91; H, 4.31%.

2e. Recrystallizing solvents: 5:4 CHyCly-hexane; red crystals (60%); m.p. 119-121°C.
IR (KBr): 1240 (C=S) cm~!. TH-NMR (CDCl3): §3.77 (s, 6H, CH30), 6.76 (d, J = 9.0 Hz, 4H,
Ar), 7.23-7.58 (m, 6H, Ar), 7.81-7.99 (m, 4H, PhGe), 8.02 (d, /= 9.0 Hz, 4 H, Ar). 13C-NMR
(CDCl3) 6 55.5 (CH30), 113.5, 128.4, 128.6, 129.3, 133.1, 134.1, 137.8, 164.1, 225.7 (C=S).
UV-vis (CH2Clp) Amax (log €): 222 (4.42), 272 (4.31), 349 (4.55), 516 (2.83) nm. Anal. Found:
C, 56.69; H, 4.10. CogH»4GeO,S4 Calc.: C, 56.68; H, 4.08%.

2f. Recrystallizing solvents: 4:3 CH,Cly-hexane; red crystals (62%); m.p. 146-148°C.
IR (KBr): 1236 (C=S) cm~!. 'H-NMR (CDCl3): d 7.20 (d, J = 8.7 Hz, 4H, Ar), 7.30~7.50 (m,
6H, PhGe), 7.76-7.81 (m, 4H, PhGe), 8.02 (d, J = 8.7 Hz, 4H, Ar). 13C-NMR (CDCly): d 128.1,
128.5, 128.6, 130.2, 133.1, 134.1, 139.6, 142.5, 226.4 (C=S). UV-vis (CH3Cly) Amax (log €):
222 (4.45),273 (4.24), 312 (4.28), 516 (2.69) nm. Anal. Found: C, 51.89; H, 3.11. C2¢H18C1oGeS4
Caled.: C, 51.86; H, 3.01%.

3a. Orange oil (92%). IR (neat): 1187 (C=S), 1174 (C=S), 1152 (C=S) cm~!. |H-NMR
(CDCl3): 62.94 (s, 3H, CH3), 7.36-7.40 (m, 9H, PhSn), 7.64-7.67 (m, 6H, PhSn). 13C-NMR
(CDCl3): 642.0 (CH3), 128.8, 129.7, 136.5, 136.8, 242.0 (C=S). !19Sn-NMR (CDCls): 6 -
127.4 (1J c_sn = 595 Hz). UV-vis (CHCly) Iax (log e): 319 (3.94), 461 (1.74) nm.

3b2b, Recrystallizing solvents: 5:3 CH,Cly—hexane; red crystals (78%). 13C-NMR
(CDCl3): 6127.9, 128.5, 128.9, 129.7, 136.5, 136.7, 136.8, 143.9, 233.1 (C=S). 119Sn-NMR
(CDCl3): 6-135.4 (17 c_sn = 597 Hz). Anal. Found: C, 59.72; H, 4.15. C25H20S,Sn Calcd.: C,
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59.66; H, 4.01%.

3c2b, Recrystallizing solvents: 1:1 CH,Clr~hexane; red crystals (74%). 13C-NMR
(CDCl3): §20.1 (CH3), 125.5, 126.1, 128.9, 129.1, 129.8, 130.8, 132.4, 136.8, 138.7, 148.8,
240.1 (C=S). 19Sn-NMR (CDCl3): §-126.5 (!J c_sn = 591 Hz). Anal. Found: C, 60.52; H,
4.39. C6H22S,Sn Calc.: C, 60.37; H, 4.29%.

3d2bf, Recrystallizing solvents: 7:5 CHyCly—hexane; red crystals (70%).

3e2b, Recrystallizing solvents: 5:4 CHoCly—hexane; red crystals (75%). 13C-NMR
(CDCl3): 655.5 (CH30), 113.0, 128.8, 129.5, 130.1, 134.6, 136.8, 139.8, 164.0, 229.8 (C=S).
119Sn-NMR (CDCl3): 6-143.1 (1J c_spn = 597 Hz). Anal. Found: C, 58.61; H, 4.22. Cr6H2720S,Sn
Calc.: C, 58.56; H, 4.16%.

3f2b, Recrystallizing solvents: 6:5 CH,Cly—hexane; red crystals (69%). 13C-NMR
(CDCI3): 6128.0, 128.7, 129.3, 130.3, 134.7, 141.3, 141.4, 143.6, 230.2 (C=S). !19Sn-NMR
(CDCl3): 6-130.4 (1J c_sn = 612 Hz). Anal. Found: C, 55.92; H, 3.66. C25H;9CIS,Sn Calc.: C,
55.84; H, 3.56%.

4a. Recrystallizing solvents: hexane; orange crystals (87%); m.p. 98-99°C. IR (KBr):
1172 (C=S), 1151 (C=S) cm~!. H-NMR (CDCl3): §2.64 (s, 6H, CH3), 7.24-7.35 (m, 6H,
PhSn), 7.48-7.50 (m, 4H, PhSn). 13C-NMR (CDCl3): § 51.1 (CH3), 128.7, 129.8, 135.4, 140.5,
2524 (C=S). 119Sn-NMR (CDCl3): 6-251.5 (1J c_sp = 741 Hz). UV-vis (CH,Cl») Amax (log
€): 320 (3.88),417 (2.11) nm.

4b2b, Recrystallizing solvents: 8:5 CH,Cly—hexane; orange crystals (82%). 13C-NMR
(CDCl3): 6 127.3, 128.0, 129.0, 130.0, 133.8, 134.7, 142.7, 144.8, 236.9 (C=S). !19Sn-NMR
(CDCl3): 6-385.0 (1J c_sn = 817 Hz). Anal. Found: C, 53.96; H, 3.52. Cr6H20S4Sn Calc.: C,
53.90; H, 3.48%.

4c. Recrystallizing solvents: 1:1 CHyCly—hexane; red crystals (70%); m.p. 79-80°C.
IR (KBr): 1233 (C=S) cm~!. 'H-NMR (CDCl3): §2.43 (s, 6H, CH3), 7.11-7.24 (m, 6H, Ar),
7.41-7.49 (m, 8H, Ar), 7.95-8.01 (m, 4 H, Ar). 13C-NMR (CDCl3): §20.5 (CH3), 125.6, 126.7,
129.1, 129.8, 131.0, 133.1, 134.7, 135.8, 144.2, 146.9, 244.2 (C=S). 119Sn-NMR (CDCl3): § -
367.4 (\J c_sn = 805 Hz). UV-vis (CH2Clp) Amax (log €): 338 (4.32), 457 (2.93) nm. Anal.
Found: C, 55.39; H, 4.00. CogH24S4Sn Calc.: C, 55.36; H, 3.98%.

4d2%b. Recrystallizing solvents: 7:5 CH,Cl,—hexane; orange crystals (88%). 13C-NMR
(CDClI3): 621.7 (CH3), 127.4, 128.6, 128.8, 129.4, 134.6, 140.3, 145.1, 145.4, 235.9 (C=S).
119Sn-NMR (CDCl3): 6-392.0 (1J c_sp = 807 Hz). Anal. Found: C, 55.44; H, 4.07. C2gH24S4Sn
Calc.: C, 55.36; H, 3.98%.

4e. Recrystallizing solvents: 3:2 CH2Clp—hexane; orange crystals (81%); m.p. 169—
170°C; TH-NMR (CDCl3) 63.81 (s, 6H, CH30), 6.78 (d, J = 8.9 Hz, 4H, Ar), 7.32-7.40 (m, 6H,
PhSn), 7.90-7.93 (m, 4H, PhSn), 8.32 (d, J = 8.9 Hz, 4H, Ar). 13C-NMR (CDCl3): 6 55.6
(CH30), 113.0, 128.8, 129.3, 130.0, 134.6, 136.0, 146.2, 164.9, 233.5 (C=S). 119Sn-NMR
(CDCl3) 6§ 402.7 (1J ¢_sn = 812 Hz). Anal. Found: C, 52.61; H, 3.82. CogH»40,S4Sn Calcd.:
C, 52.59; H, 3.78%.

4f2b, Recrystallizing solvents: 6:5 CHCly-hexane; orange crystals (79%). 13C-NMR
(CDCl3): 6 128.1, 128.6, 129.1, 129.8, 134.7, 140.6, 141.0, 144.0, 234.6 (C=S). 119Sn-NMR
(CDCl3): 6-378.9 (1J c_sn = 826 Hz). Anal. Found: C, 48.22; H, 2.83. C26HgClS4Sn Calcd.:
C,48.17; H, 2.80%.
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Sa. Orange oil (41%). IR (neat): 1196 (C=S), 1148 (C=S) cm~!. 1H-NMR (CDCl3): &6
2.78 (s, 9H, CH3), 7.37-7.48 (m, 3H, PhSn), 7.77-7.79 (m, 2H, PhSn). 13C-NMR (CDCl3): 6
48.5 (CH3), 128.8, 131.6, 134.5, 139.0, 250.5 (C=S). 119Sn-NMR (CDClI3): 6-652.2. UV-vis
(CH2C12) Amax (log €): 222 (5.12), 270 (4.52), 310 (3.85), 401 (2.75) nm.

Sb. Recrystallizing solvents: 5:1:7 CH,Cl,~AcOEt-hexane; orange crystals (82%); m.p.
144-147°C. IR (KBr): 1236 (C=S), 1221 (C=S) cm~!. |H-NMR (CDCl3): 67.32-7.40 (m, 9H,
Ar), 7.54-7.58 (m, 3H, Ar), 8.06-8.08 (m, 2H, Ar), 8.29-8.31 (m, 6H, Ar). 13C-NMR (CDCl3):
0127.3,128.1, 129.1, 130.0, 131.1, 134.1, 144.4, 151.8, 239.4 (C=S). 119Sn-NMR (CDCls): 6
—737.2. UV-vis (CH2Cly) Amax (log €): 222 (4.52), 262 (4.33), 313 (4.96), 445 (3.70) nm.
Anal. Found: C, 49.52; H, 3.14. C27H20S¢Sn Calc.: C, 49.47; H, 3.08%.

Sc. Recrystallizing solvents: 7:3:8 AcOEt—Et,O-hexane; orange crystals (85%); m.p.
110-113°C. IR (KBr): 1226 (C=S) cm~!. 'H-NMR (CDCl3): §2.54 (s, 9H, CH3), 7.13-7.16
(m, 6H, Ar), 7.23-7.26 (m, 3H, Ar), 7.44-7.46 (m, 3H, Ar), 7.56-7.58 (m, 3H, Ar), 8.08-8.10
(m, 2H, Ar). 13C-NMR (CDCl3): §20.9 (CH3), 125.6, 127.1, 129.1, 130.1, 130.2, 131.1, 131.2,
133.5, 145.0, 151.1, 246.5 (C=S). 119Sn-NMR (CDCl3): 6~710.7. Anal. Found: C, 51.66; H,
3.73. C39H26S6Sn Calc.: C, 51.65; H, 3.76%.

Sd. Recrystallizing solvents: 2:6:5 CH,Cl,~AcOEt-hexane; orange crystals (77%); m.p.
130-132°C. IR (KBr): 1242 (C=S), 1224 (C=S) cm~!. IH-NMR (CDClI3): 62.24 (s, 9H, CH3),
1.04 (d, J = 8.4 Hz, 6H, Ar), 7.32-7.37 (m, 3H, PhSn), 7.70~7.80 (m, 2H, PhSn), 8.21 (d, /= 8.4
Hz, 6H, Ar). I3C-NMR (CDCl3): §22.0 (CH3), 127.5, 128.7,128.9, 129.8, 131.1, 139.1, 145 .4,
152.3, 238.2 (C=S). 119Sn-NMR (CDCl»): § -739.5. UV-vis (CH2Cl2) Amax (log €): 221
(5.21), 258 (4.73), 340 (5.01), 445 (2.45) nm. Anal. Found: C, 51.72; H, 3.82. C30H26S6Sn
Calc.: C, 51.65; H, 3.76%.

Se. Recrystallizing solvents: 1:1 CH,Cly~hexane; orange crystals (78%); m.p. 157-
159°C. IR (KBr): 1269 (C=S), 1244 (C=S) cm~!. 'H-NMR (CDCl3): 63.88 (s, 9H, CH30),
6.79 (d, J=9.0 Hz, 6H, Ar), 7.34-7.41 (m, 3H, PhSn), 8.05-8.09 (m, 2H, PhSn), 8.32 (d,/=9.0
Hz, 6H, Ar). 13C-NMR (CDCl3): § 55.7 (CH30), 113.1, 128.8, 129.7, 130.1, 131.1, 134.9,
152.8,165.1, 235.5 (C=S). 19Sn-NMR (CDCls): § -748.2. UV—vis (CHClp) Amax (log €):
223 (5.13), 264 (4.69), 369 (4.95), 463 (2.47) nm. Anal. Found: C, 48.39; H, 3.56. C30H2603S¢Sn
Calc.: C, 48.32; H, 3.51%.

Sf. Recrystallizing solvents: 2:4:7 CH2Cly—-AcOEt-hexane; red crystals (53%); m.p.
137-140°C. IR (KBr): 1235 (C=S) cm~!. 'H-NMR (CDCls): §7.25-7.43 (m, 12H, Ar), 8.00-
8.03 (m, 2H, PhSn), 8.21-8.23 (m, 3H, PhSn). 13C-NMR (CDCl3): 6 128.2, 128.7, 129.2,
130.2, 131.0, 139.8, 141.2, 151.5, 237.5 (C=S). 119Sn-NMR (CDCl3): 6 -739.8. UV-vis
(CH2Clp) Amax (log €): 223 (5.14), 263 (4.72), 331 (4.65), 429 (2.45) nm. Anal. Found: C,
42.80; H, 2.31. Cp7H7C13S¢Sn Calc.: C, 42.73; H, 2.26%.

6a. Orange oil (86%). IR (neat): 1161 (C=S), 1132 (C=S) cm~l. TH-NMR (CDCl3): §
2.92 (s, 3H, CH3), 7.29-7.44 (m, 9H, PhPb), 7.57-7.68 (m, 6H, PhPb). 13C-NMR (CDCl3): &
45.2 (CH3), 128.3, 128.8, 135.9, 153.2 (1J c_pp, = 541 Hz), 259.9 (C=S). UV-vis (CH,Cl,)
Amax (log €): 222 (4.41), 270 (4.55), 334 (3.74), 470 (1.66) nm.

6b2d. Recrystallizing solvents: 5:4 CHoCly—hexane: purple crystals (60%). 'H-NMR
(CDCl3): 67.26 (t, J = 8.5 Hz, 1H, Ar), 7.33 (t, J = 7.6 Hz, 3H, PhPb), 7.45 (t, J = 7.6 Hz, 6H,
PhPb), 7.50 (t, J = 8.5 Hz, 2H, Ar), 7.77 (d, J = 7.6 Hz, 6H, PhPb), 8.26 (d, J = 8.5 Hz, 2H, Ar).
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13C-NMR (CDCl3): §127.5, 127.7, 128.5, 129.3, 130.1, 132.3, 137.0, 156.0 (1J c_pp, = 544 Hz),
235.4 (C=S). UV-vis (CHzClp) Amax (log €): 222 (4.47), 271 (4.62), 303 (4.30), 519 (2.15) nm.
Anal. Found: C, 50.89; H, 3.61. C25H0PbS; Calc.: C, 50.74; H, 3.41%.

6¢2d, Recrystallizing solvents: 5:7 EtyO-hexane; orange crystals (83%). 'H-NMR
(CDCl3): 62.39 (s, 3H, CH3), 7.08-7.15 (m, 4H, Ar), 7.34-7.53 (m, 9H, Ar), 7.64-7.92 (m, 6H,
Ar). 13C-NMR (CDCl3): § 19.8 (CH3), 125.4, 125.7, 128.4, 129.4, 130.1, 130.6, 131.9, 137.0,
150.0, 155.6 (1J c_pp = 533 Hz), 242.2 (C=S). UV-vis (CH2Cly) Amax (log €): 307 (3.83), 504
(2.23) nm. Anal. Found: C, 51.75; H, 3.90. C26H2,PbS, Calc.: C, 51.55; H, 3.66%.

6d2d, Recrystallizing solvents: 3:2 CH,Clp-hexane; red crystals (88%). 'H-NMR
(CDCl3): 62.34 (s, 3H, CH3), 7.10 (d, J = 8.2 Hz, 2H, Ar), 7.36 (t, J = 7.6 Hz, 3H, PhPb), 7.48
(t,J=7.6 Hz, 6 H, PhPb), 7.78 (d, J = 7.6 Hz, 6H, PhPb), 8.20 (d, J = 8.2 Hz, 2H, Ar). 13C-NMR
(CDCl3): 621.6 (CH3), 127.8, 128.5, 129.3, 130.1, 137.0, 137.6, 143.4, 156.2 (1J c_pp = 543
Hz), 234.5 (C=S). UV-vis (CH2Cl) Amax (log €): 222 (4.43),272 (4.57), 318 (4.38), 520 (2.23)
nm.

6e2d, Recrystallizing solvents: 5:3 CH,Clp—hexane; red crystals (78%). 'H-NMR
(CDCl3): 63.68 (s, 3H, CH30), 6.86 (d, J = 9.0 Hz, 2H, Ar), 7.29 (t, J = 7.3 Hz, 3H, PhPb), 7.42
(t, J=17.3 Hz, 6H, PhPb), 7.78 (d, J = 7.3 Hz, 6H, PhPb), 8.34 (d, /= 9.0 Hz, 2H, Ar). 13C-NMR
(CDCl3): 6 55.3 (CH30), 112.7, 127.4, 129.3, 129.9, 136.8, 138.4, 156.2 (1J c_pp, = 545 Hz),
163.6, 232.0 (C=S). UV-vis (CH2Cl) Amax (log €): 222 (4.44), 272 (4.62), 344 (4.45), 515
(2.32) nm. Anal. Found: C, 50.39; H, 3.62. C26H27,0PbS; Calc.: C, 50.22; H, 3.57%.

6f2d, Recrystallizing solvents: 2:1 CHyCly-hexane; red crystals (73%). 'H-NMR
(CDCl3): 67.18 (d, J = 8.5 Hz, 2H, Ar), 7.31 (t, J = 7.6 Hz, 3H, PhPb), 7.44 (t, J = 7.6 Hz, 6H,
PhPb), 7.76 (d, J = 7.6 Hz, 6H, PhPb), 8.17 (d, J = 8.5 Hz, 2H, Ar). I3C-NMR (CDCly): §127.8,
128.8, 129.4, 130.1, 136.9, 138.0, 143.7, 155.9 (1J c_pp = 544 Hz), 233.2 (C=S). UV-vis
(CH,Clp) Amax (log €): 221 (4.43), 272 (4.71), 313 (4.34), 524 (2.18) nm. Anal. Found: C,
47.99; H, 3.11. Cp5H9CIPbS; Calc.: C, 47.95; H, 3.06%.

7a. Recrystallizing solvents: hexane; orange crystals (35%); m.p. 87-88°C. IR (KBr):
1162 (C=S), 1152 (C=S) cm~!1. 1H-NMR (CDCl3): §2.67 (s, 6H, CH3), 7.31 (t,J = 7.5 Hz, 2H,
PhPb), 7.44 (t, J = 7.5 Hz, 4H, PhPb), 7.92 (d, J = 7.5 Hz, 4H, PhPb); !3C-NMR (CDCls): &
449 (CH3), 129.5, 130.2, 136.7, 137.0, 250.7 (C=S). UV-vis (CH7Clp) Amax (log €): 222 (4.61),
270 (4.54), 335 (4.41), 467 (2.11) nm.

7b. Recrystallizing solvents: 2:1 CHClpy—-hexane; orange crystals (74%); m.p. 196—
198°C. IR (KBr): 1217 (C=S) cm~!. 'H-NMR (CDCl3): §7.38 (t, J = 7.7 Hz, 4H, PhPb), 7.42
(t,J=7.8 Hz,4H, Ar), 7.51 (t, J=7.7 Hz, 2H, PhPb), 7.56 (t, /= 7.8 Hz, 2H, Ar), 795 (d, /= 7.7
Hz, 4H, PhPb), 8.09 (d, J = 7.8 Hz, 4H, Ar). 13C-NMR (CDCl3): § 128.3, 129.0, 130.2, 130.5,
133.5, 135.1, 138.4, 157.8, 243.3 (C=S). UV-vis (CHyCly) Aax (log €): 222 (4.49), 272 (4.09),
316 (4.49), 472 (2.67) nm. Anal. Found: C, 46.82; H, 3.11. Cp¢Hp0PbS4 Calc.: C, 46.76; H,
3.02%.

7c¢. Recrystallizing solvents: 4:5 EtyO-hexane; orange crystals (83%); m.p. 211-214°C.
IR (KBr): 1230 (C=S) cm~!. H-NMR (CDCl3) §2.35 (s, 6H, CH3), 7.10 (t, J = 7.3 Hz, 4H, Ar),
7.20 (t,J=17.3 Hz, 2H, Ar), 7.33 (d, J = 7.3 Hz, 2H, Ar), 7.44 (t, J = 7.5 Hz, 2H, PhPb), 7.57 (1,
J=7.5Hz, 4H, PhPb), 8.16 (d, J = 7.5 Hz, 4H, PhPb). 13C-NMR (CDCl3): §20.0 (CH3), 125.5,
125.8, 129.0, 130.0, 130.3, 130.8, 132.1, 134.4, 151.1, 161.1, 244.0 (C=S). Anal. Found: C,
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48.42; H, 3.57. CagH24PbS4 Calc.: C, 48.32; H, 3.48%.

7d. Recrystallizing solvents: 2:1 CH,Cly-hexane; orange crystals (83%); m.p. 214—
217°C. IR (KBr): 1222 (C=S) cm~!. 'H-NMR (CDCI3): §2.35 (s, 6H, CH3), 7.13 (d, J = 8.2
Hz, 4H, Ar), 7.35 (t, J = 7.3 Hz, 2H, PhPb), 7.49 (t, J = 7.3 Hz, 4H, PhPb), 8.11 (d, /= 7.3 Hz,
4H, PhPb), 8.20 (d, J = 8.2 Hz, 4H, Ar). 13C-NMR (CDCl3): §21.7 (CH3), 127.2, 128.4, 129.2,
129.4, 130.0, 130.7, 134.9, 144.4, 239.4 (C=S). UV-vis (CH>Cl») Amax (log €): 222 (4.44), 273
(4.06), 333 (4.70), 474 (2.70) nm. Anal. Found: C, 48.37; H, 3.52. CogH4PbS4 Calc.: C, 48.32;
H, 3.48%.

7e. Recrystallizing solvents: 3:2 CH»Cly—hexane; orange crystals (82%); m.p. 209-
211°C. IR (KBr): 1261 (C=S), 1235 (C=S) cm~!. TH-NMR (CDCl3): & 3.89 (s, 6H, CH30),
691 (d, J=9.0 Hz, 2H, Ar), 7.44 (t, J = 7.8 Hz, 4H, PhPb), 7.50 (t, J = 7.8 Hz, 2H, PhPb), 8.01
(d, J = 7.8 Hz, 4H, PhPb), 8.19 (d, J = 9.0 Hz, 2H, Ar). 13C-NMR (CDCIl3): 6 55.6 (CH30),
113.6, 129.2, 129.5, 129.6, 129.8, 135.7, 137.6, 164.0, 243.1 (C=S). UV-vis (CH,Cl3) Amax
(log €): 222 (4.43), 271 (4.11), 348 (4.71), 470 (2.73) nm. Anal. Found: C, 46.27; H, 3.37.
CogHp402PbS,4 Calc.: C, 46.20; H, 3.32%.

7f. Recrystallizing solvents: 4:3 CH,Cly-hexane; orange crystals (85%); m.p. 194—
197°C. IR (KBr): 1226 (C=S) cm~!. IH-NMR (CDCl3): 67.38 (d, J = 7.7 Hz, 4H, Ar), 7.42—-
7.52 (m, 6H, PhPb), 7.91-7.98 (m, 4H, PhPb), 8.01 (d, J = 7.7 Hz, 4H, Ar). 13C-NMR (CDCl3):
0128.5, 128.8, 128.9, 129.0, 129.3, 130.2, 135.0, 140.1, 247.9 (C=S). UV-vis (CH2Clp) Amax
(log €): 222 (4.47), 272 (4.21), 322 (4.72), 478 (2.76) nm. Anal. Found: C, 42.40; H, 2.51.
Cr6H8CloPbS4 Calc.: C, 42.38; H, 2.46%.

General procedure for reaction of SnCly with piperidinium or sodium 4-
methylbenzenecarbodithioate. To a solution of piperidinium 4-methylbenzenecarbodithioate
(1.016 g, 4.00 mmol) in CH>Cl3 (30 ml), SnCl4—CH,Cl, 1.0 M solution (1.0 ml, 1.0 mmol) was
added and the mixture was stirred at 20°C for 1 h. The solvent was removed under reduced
pressure (20°C/2.7 kPa). The mixtures were dissolved into a solvent of CHCl; (15 ml). Filtra-
tion of the resulting precipitate gave a mixture of dichlorotin bis(4-methylbenzenecarbodithioate)
and bis(4-methylthiobenzoyl) disulfide3 as orange solid. Fractional crystallization of the solid
gave chemically pure dichlorotin bis(4-methylbenzenecarbodithioate) in 8% yield: Yellow crys-
tals; m.p. 191-193°C. IR (KBr): 1249 (C=S), 1228 (C=S) cm~!. 'H-NMR (CDCl3): §2.46 (s,
6 H, CHz3), 7.25 (d, /= 8.3 Hz,4 H, Ar), 8.14 (d, /= 8.3 Hz, 4 H, Ar). 13C-NMR (CDCl3): §22.2
(CHgy), 128.1, 129.4, 135.9, 149.1, 237.0 (C=S). 19Sn-NMR (CDCl3): §-715.3. Anal. Found:
C, 36.40; H, 2.61. C16H4C1,S4Sn Calc.: C, 36.66; H, 2.69%.

Preparation of single crystals. 1d (0.124 g) was single-crystallized from CH»Cl; (0.4
ml), Etp0 (0.1 ml), and hexane (0.5 ml) at 25°C for 6 day. 3d (0.151 g) was single-crystallized
from CH,Cl (0.6 ml), Et70 (0.1 ml), and hexane (0.5 ml) at 25°C for 5 days. 4d (0.120 g) was
single-crystallized from CH7Cl; (0.5 ml), Et,0O (0.3 ml), and hexane (0.5 ml) at 25°C for 10
days. Sc (0.107 g) was single-crystallized from CH,Cl; (0.6 ml) and hexane (0.5 ml) at 25°C
for 9 days. 6d (0.131 g) was single-crystallized from CH,Cl; (0.8 ml), EtoO (0.3 ml), and
hexane (0.5 ml) at 25°C for 2 weeks.

X-ray structural analysis. The measurements were carried out on a Rigaku AFC7R
four-circle diffractometer with graphite-monochromated Mo-K¢, (A = 0.71069 A) and Cu-Kg
radiation (A = 1.54178 A). All of the structures were solved and refined using the TEXSAN
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crystallographic software package on an IRIS Indigo computer. Lorentz and polarization cor-
rections were applied to the data, and empirical absorption corrections [DIFABS!9 (3d, 4d, 5Sc,
and 6d) and ¥ -scans?0 (1d)] were also applied. The structures were solved by direct method
using SHELXS-86 2! for 1d, 3d, 4d, 5S¢, and 6d and expanded using DIRDIF-9422, Scattering
factors for neutral atoms were from Cromer and Waber23 and anomalous dispersion4 was used.
Crystal data and measurement description are summarized in Table 2.
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Chapter 4

Acylthio- and Thioacylthiophosphines [(RCES),PPh3.,, E = O, S;
n = 1-3]: Synthesis and Structural Analysis

4.1. Introduction

In contrast to the dithiocarbamato-, 12.1b dithiophosphinato-,!b:1¢ and dithiocarbonato-phos-
phorus derivatives, b little is known about the chemistry of the thio- and dithiocarboxylic acid
derivatives, most likely due to the difficulty of purification. Surprisingly, no structural analyses
of thio- and dithiocarboxylatophosphorus compounds except for (PhCOS)3P,1b have been re-
ported so far. Previously, Author’s laboratory reported the preparation of diphenyl(thioacylthio)-
phosphines RCS;PPh; and diphenyl(thioacylthio)phosphine sulfides RCS,P(S)Ph; by reacting
piperidinium dithiocarboxylates with PhyPCl and PhyP(S)Cl, respectively.2 As a part of the
Author’s study concerning main group element derivatives of new chalcogenocarboxylic acids,
the Author has focused on the systematic synthesis of group 15 element derivatives of
chalcogenocarboxylates. In this paper, the Author report the full details of the synthesis and
structure of the acylthio- and thioacylthiophosphines [(RCES),PPh3_,, E = O, S; n = 1-3] 3-8.

4.2. Results and Discussion
Synthesis: The thiocarboxylatophosphorus derivatives were synthesized first (Eq. 1). So-
dium and potassium thiocarboxylates 1 readily reacted with chlorodiphenylphosphine in ether

to give the corresponding

acylthiodiphenyl-phosphines E o E
ylthiodip YP.P Pha.PX. »on J . 20°C,1h </u\>
RCOSPPh; 3a-g in good R "S'M R™ ~S/nPPhg,
yields (Table 1). In dichloromethane, the ; EE: (S))) 2 EE: 8 2: ;;
reaction of dichlorophenylphosphine with 5 (E= 0O, n=3)
M= Na, K, or NH 6 (E=S,n=1)
two molar amounts of 1 gave the B 2 7 (E= S, n=2)
bis(acylthio)-phenylphosphines 4 in 70-90 8(E=S,n=3)
% yields. Similarly, the stoichiometric re- 35 R 68 R
action of tribromophosphine with 1 in a CHs a CgHs
dichloromethane gave tris(acylthio)-phos- b +C4Hg b 4-CHyCeHas
. . . c CeHs [ 2-CH30CgH,
phines S in 70-90% yields. d  4-CHaCgHq d  4-CH30CgH,
Next, dithiocarboxylatophosphorus e  2-CH30CgH4 e  4-ClCgH4
- 2,4,6-(CH3)3CgH
derivatives were synthesized. Under the t 4-CHOCH, f (CHa)aCel,
g 4-C|CGH4
conditions used for the synthesis of the
thiocarboxylic acid derivatives 3-5, the re- 1)

actions of piperidinium or sodium dithio-
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carboxylates with the corresponding halophosphines were examined. As expected,
diphenyl(thioacylthio)-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 during purification).

Thiocarboxylic acid derivatives 3-5 are fairly stable thermally and toward oxygen and

moisture, and show no appreciable change for 1 week upon exposure to air. In contrast, the

dithiocarboxylic acid derivatives 68 are unstable thermally and are moisture-sensitive. For

example, upon exposure to air, the 4-methyl-substituted derivatives were gradually hydrolyzed
to the dithiocarboxylic acid. In particular, bis (4 and 7) and tris derivatives (5 and 8) are readily

hydrolyzed even in ether.

Table 1. Yields and Melting Points of Mono-, '
Bis-, and Tris(acylthio)phosphines 3-5

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

No. (RCOS),PPh3,  Yield — Mp No. (RCS;),PPhs., Yield  Mp
R n % °C R n % °C
3a CH; 1 74 oil 6a CgHs 1 35 74-76
3b 1-C4Hy 175 Oil 6b  4-CH3;CgHy 1 9 9899
3¢ CgHs 195 Oil 6c  2-CH30C4H, 1 93 Oil
3d 4-CH;CgH,4 1 93 96-97 6d 4-CH30CgH, 1 6l 95-97
3¢ 2CH30CeHy; 1 80  111-114 6e 4-CICgH,4 125 15-T1
3f 4-CH;OC¢H; 1 93 Oil 6f 246-(CH3:zCeHy 1 54 112-117
3g 4-CIC¢H, i 90 91-92 7a CgHs 2 71 0il
4a CH; 2 74 0il 7b  4-CH3CgH, 2 36 127-131
4b 1-C4Hy 275 0il 7¢  2-CH30CgH, 2 19 56-60
4c  CeHs 2 99  103-105 7d  4-CH;30Cg¢H,4 2 11 109-114
4d 4-CH3C¢Hy4 2 88  133-134 7t 246-(CH33CeHy 2 44 126-129
4e 2-CH;OC¢Hs; 2 97 108110 8b 4-CH;3CgHy 3 38  150-153
4 4-CHzOC¢Hy 2 99  104-106 8e 4-CICgH,4 3 53 87-90
4g 4-CIC¢H, 2 87 146-147 8f 24.6-(CH3)3CeH, 3 71 169-173
5a CH; 3 82 oil
5b -C4Hg 3 82 Oil
5¢ CgHs 391 98101
5d 4-CH3CgHy4 377 95-98
S5¢ 2-CH3OC¢H; 3 90  100-103
5f 4-CH3OCeHy 3 66  97-100
58 4-CIC¢H,4 375 154156

Molecular Structures: The ORTEP drawing of (4-methylbenzoylthio)diphenylphosphine

3d is shown in Fig. 1. The crystal data are collected in Table 3. Selected bond distances and

angles are shown in Table 4. The compound 3d crystallizes in a monoclinic system with space
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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 CyoH70PS CyH90,PS, Co4H703PS; CaHgPSy
Formula weight 336.39 41048 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)
b /A 8.318(1) 16.073(2) 27.597(3) 21.708(2)
c/A 5.941(1) 21.489(2) 6.029(1)
B /deg. 89.59(1) 96.07(2)
Volume of unit cell/A3 1722.4(4) 2028.4(6) 4341(1) 2132.6(5)
Space group P2,/c(#14) P2,/c(#14) R3c(#161) P212,2,(#19)
Z value 4 4 8 4
Deaid/g cm™ 1.297 1.344 1.482 1.344
Crystal size/mm 0.23x0.23x043 0.23x0.17x 0.23 0.06 x 0.23 x 0.31 0.09x0.14 x 0.29
4 (MoKa/cm™! 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
20y /deg. 55.0 55.0 55.0 55.0
No. of measured reflections 4018 510t 2390 3221
No. of unique reflections 3955 4659 1119 2819
Rint 0.033 0.063 0.132 0.043
No. of observations 2116/1>2.30(1) 2310/1>1.50(1) 393/1>2.00(1) 1865/1>2.00(1)
No. of variables 209 245 94 246
Reflection / parameter ratio 10.12 9.43 4.18 7.58
Residuals: R, R, 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/e A 0.41,-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

Q) R=Z(FHFDEIF L b) Ry =[ZOFF D EWIF 2 we [6X(F,)+pX(F,)24]"
©) R = Z(FG-IFD/EIF L. Ry =[Ew(F,*-F M Ew(F, 22, w= [ 63(F,2)+(0.1000P)240.0000P]", where P= (F J242F. D)3,

group P2y/c (#14). The dihedral angles suggest that the thiocarboxylato ligand is in approxi-
mately same plane as the benzene ring containing C21 atom and is roughly perpendicular to that
containing 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),3 and is comparable to
the distance observed for EtyNCS,PPh, (2.123 A).1b The distance between the carbonyl oxy-
gen and the phosphorus atom [2.917(3) A] is considerably longer than the sum of the covalent
bond radii of both atoms (1.74 A),3 but less than the sum of the van der Waals radii of both atoms
(328 A)4 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-C3] = 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 unshared electron pair orbital at the apex.
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Figure. 1. An ORTEP drawing of 4-CH3-
CgH4COSPPh; 3d.

.
n

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

Bond lengths

i
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Figure. 2. An ORTEP drawing of (4-
CH3-CgH4COS),>PPh 4d.

In bis(4-methylbenzoylthio)phenyl-
phosphine 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 per-
pendicular to the plane. The C-O and
C-S bond lengths of the two
thiocarboxylato ligands are av 1.213(5)
A and av 1.787(4) A, respectively, indi-
cating 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),3 indicating a single bond. The

P1-S11 2.136(1) P1-C21

PI-O11 2917(3) P1-C3]

Cl11-S11 1.802(4)

Cl1-011 1.207(4)

Angles
S11-P1-011 60.48(6) S11-PI1-C21
S11-C11-011 120.8(3) S11-P1-C31
P1-S11-C11 97.1(1) C21-P1-C31
P1-O11-C11 80.1(2)
Torsion angles
S11-C11-Cl12-C17 6.0(5) CIl1-S11-P1-C21

C11-811-P1-C31

Dihedral angles

Plane (S11-C11-011) — Plane (C21 benzene ring)
Plane (S11-C11-0O11) — Plane (C31 benzene ring)
Plane (C31 benzene ring) — Plane (C31 benzene ring)

1.838(4)
1.828(4)

98.4(1)
102.3(1)
100.7(2)

171.8(2)
85.2(2)

164.21
108.59
75.39

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

Bond lengths

P1-S11 2.146(2) P1-821
PI-O11 2.784(3) P1-021
Cl1-S11 1.785(5) C21-821
C11-011 1.211(5) C21-021
PI-C31 1.825(4)
Angles
S11-P1-821 91.42(6) 011-P1-021
S11-P1-011 62.65(8) S21-P1-021
S11-C11-011 120.8(4) $21-C21-021
P1-S11-Cl1 93.7(2) P1-S21-C21
P1-O11-C11 82.1(3) P1-021-C21
S11-P1-C31 101.4(1) S21-P1-C31
Torsion angles
S11-P1-821-C21  172.8(1)
$11-C11=C12-C17 88(6)  §21-C21-C22-C27
Cl1-S11-P1-C31  87.3(2)  (21-8521-P1-C3]

2.144(2)
2.747(3)
1.788(4)
1.214(5)

142.1(1)
63.25(8)
120.0(4)
92.9(2)
82.8(3)
102.3(2)

4.4(6)
85.2(2)

distances between the two carbonyl oxygen and the phosphorus atoms [P1-O11 = 2.784(3) A,
P1-021=2.747(3) A] are different, and shorter than that in the monothiocarboxylate 3d [2.917(3)
A, indicating a strong intramolecular interaction (nonbonding interaction). The bond angles
around the phosphorus atom [S11-P1-S2] = 91.42(6)°, S11-P1-C31 = 101.4(1)°, S21-P1-C31
= 102.3(2)°] are nearly right angles, where the two sulfur and the ipso-carbon atoms of the
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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)phosphine 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(benzoylthio)phosphine reported by Russian chemists, 1P

in that the three thiocarboxylato ligands display C3 symmetry [Fig. 3a]. The C-O, 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 co-
valent 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].

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

Bond lengths
P1-S1 2.142(5) C1-S1 1.79(2)
P1-01 2.82(1) C1-01 1.22(2)
Angles
S1-P1-0O1 61.6(3) P1-S1-C1  96.0(5)

S1-C1-01 119.3(10) P1-O1-C1  82.8(8)
S1-P1-S1* 95.4(2)

Torsion angles

S1-C1-C2-C7 2(2)  SI1-P1-S1"-C1" 89.2(7)

*) -Y, X-Y, Z

Figure. 3. An ORTEP drawing of (4-CH3CgH4COS)3P 5d.

*M-YX-YZ ()-X+Y -X, Z

On the other hand, the crystallization of dithiocarboxylatophosphorus derivatives is very

difficult. After several attempts, single crystals of bis(4-methylthiobenzoylthio)phenylphosphine

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,
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where each thiocarbonyl sulfur atom
is located in the same direction. The
C-S bond lengths of the dithio-
carboxylato 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 Figure. 4. An ORTEP drawing of (4-CH3CgH4CS2)2PPh
double bond value (1.61 A),3 while the 7b.

latter is roughly intermediate between

Table 7. Selected Bond Lengths A), Angles (deg.),
and Torsion Angles (deg.) of
C=S double and C-S single bonds.3 Bis(4-methylthiobenzoylthio)phenylphosphine 7b

A similar difference in the C—S bonds
is found in (EtoNCS,),PPh (av 1.678

Bond lengths

P1-S11 2.965(3) P1-S21 2.975(3)
A and av 1.777 A).1b The P-S bond PI1-SI12 2.170(3) PI1-S22 2.158(2)
lengths [PI—SIZ — 2170(3) A Pl1- Cl11-S11 1.630(6) C21-S21 1.634(6)
’ Cl11-S12 1.761(6) C21-822 1.740(6)
S22=2. 158(2) A] are close to the sum P1-C31 1.836(7)

of the single covalent bond radii of Angles
both atoms (2.14 A),3 indicating a S11-P1-S21 138.11(8) S12-P1-822 86.20(9)
) ) S11-P1-S12 67.73(7) S21-P1-822 67.45(7)
single bond. The distances between SII-CI1-SI12  120.0(4) $21-C21-822  120.5(3)
the two thiocarbonyl sulfur and the P1-S11-Cl1 73.6(2) P1-S21-C21 73.5(2)
phosphorus atoms [P1-S11 = 2.965(3) P1-SI2-C11 96.8(2) P1-S22-C21 98.3(2)
S12-P1-C31 101.6(2) $22-P1-C31 101.0(2)

A, P1-S21 = 2.975(3) A] are longer

than the sum of their covalent bond

Torsion angles

.3 , S12-P1-822-C21  173.7(2)
radii,” but shorter than the sum of their SI2.CII-CI2-C17  258) $22-Ca1-CoCo7  35@8)

van der Waals radii (3.66 A),4 indi- CI1-S12-PI-C31 100.6(3)  (21-S22-P1-C31  85.2(3)

cating a weak interaction. The S-P1-

C31 angles [av 101.3(2)°] are similar to those in thiocarboxylate derivative 4d, while the S12—
P1-S22 angle [86.20(9)°] is slightly smaller than that of the corresponding thiocarboxylate de-
rivative 4d [91.42(6)°]. The two phosphorus—sulfur and one phosphorus-benzene 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(arenecarbonylthio)phosphine: Se-
lected bond lengths and torsion angles of 3d, 4d, and 5d are shown in Tables 8 and 9, respec-
tively. The C-O, 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 Sd, and bis 4d. Presumably, the greater distance in 3d may be due to weak interaction, i.e.

the interaction of the P-C 6* orbital with the lone-pair electron on the carbonyl oxygen is longer
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than that of the P-S o* orbital. The in-

Table 8. Selected Bond Distances of Mono-, Bis-,

and Tris(acylthio)phosphines 3-5

teraction between the carbonyl oxygen

0.
and the phosphorus atoms would take an ( )L}/ PPhs.,
R S7n

important role in the planarity of the

thiocarboxylate moieties with the phos-
phorus atoms.
Spectra: The spectroscopic data of

Bond/A
No. R n  C-O C-S P---O P-S
3d 4-CH3C¢H; 1 1.207(4) 1.802(4) 2917(3) 2.136(1)
oeCRCH 2 NG VIRG IR 3R
30 1.222)  179Q2)  2.82(1)  2.142(5)

(RCOS),PPh3., 3:n=1,4:n=2,5:n= 54 4CHCeH,

3) are shown in Table 10. The vc—g bands of
3-5 appear at about 1690 cm! for aliphatic

Table 9. Selected Torsion Angles of Mono-, Bis-,
and Tris(acylthio)phosphines 3-5

derivatives (R = CHj3, t-C4Hg) and at 1630—
1670 cm-! for aromatic derivatives, which is

comparable to the corresponding S-alkyl esters. No.

0.

( R)'\ S)ﬁ PPhs.,

The 13C=0 chemical shifts of 3-5 appear at § 3q
= 188.6+1.3 for aromatic derivatives and § = 4d
198.315.8 for aliphatic derivatives, and the cou- sq

R n Torsion angles/deg.
4-CH3CgHy 1 O11-C11-S11-P1  14.6(3)
4-CH;C¢H 2 0l1-CI11-S11-P1  9.2(4
e 0212 RIP 1154
4-CH3C¢Hy 3 O11-C11-S11-P] 6(1)

pling constants [2J(Cp)] are

about 14 Hz. The 31p NMR Table 10. Spectroscopic Data of Mono-, Bis-, and Tris(acylthio)phosphines 3-5

-1 )
spectra are observed at § = No. (RCOS);PPhs, IR/cm NMR/$ ¢

10-14 for 3, 6=25-35 for 4, R n V=0 Be=o  3pd % 3c3p/Hz
and about 6 = 50 for 5, which ,

o ‘ 3 CH, 1 16949 193.9 14.2 15
indicates a downfield shift 3b  1-CyHo | 1682%) 198.7 103 15
with an increase in the num- 3¢  CgH;s 1 16523 189.8 13.0 13
ber of thiocarboxylato 3 #CHCeHs 1 1652 1898 123 12

) 3e 2-CH30CgH; 1 16300 189.2 11.1 12
ligands bonded to the phos-

g p 3f 4-CH30C¢H,; 1 1652%) 188.3 12.3 13
phorus atom. 3g  4-CIC¢H,4 1 16572 1893 140 12

The spectroscopic data 4a CH; 2 1703% 193.1 348 14
of (RCS7),PPh3., (6:n=1, 4 CsHg 2 1694%) 204.1 28.0 12
4c  CgHs 2 16552 189.8 24.5 14
7:n=2,8: n=3) are tabu- )
) ) 4d  4-CH;CeH,4 2 1643 189.3 29.3 14
thiocarbonyl stretching fre- 4f 4-CH;0CeH, 2 1654 188.1 292 14
. - b)
quencies of 6 appear at 1200~ 48 4CiCeHs 2 1658 1886 320 14
Sa CHj 3 16943 192.5 55.1 17
1250 cr!, and that for 2,4,6- ,

. o 5b  1-C4Hy 3 1680 203.6 52.3 14
trimethylphenyl derivative 6f 5. ¢y S 3 le4g? 1892 516 16
is about 30 cm-! lower than 5d 4-CH;CeH, 3 1647% 1888 514 16
those of other aromatic de- ¢ 2-CH30C¢Hs 3 16207 188.6 447 14

. . 5f 4-CH;0C¢Hs; 3 1659 187.3 51.8 16
rivatives 6a—e. Those of bis N

Sg  4-CIC¢H4 3 1677 188.0 522 17

7 and tris derivatives 8 appear

a) Neat. by KBr. ¢) NMR spectra recorded in CDCl3. d) Standard in H3PO,.
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at 1230-1260 cm-L. The 13C=S Table 11. Spectroscopic Data of Mono-, Bis-,
and Tris(thioacylthio)phosphines 6-8

chemical shifts appear in the
No. (RCS),PPhy., IR/cm™ NMR/§ ©

narrow region d = 223-227, ex-
cluding the 2,4,6-trimethyl-phe- R n Vcss Be=s P9 X3/ He

nyl derivatives 6f, 7f, and 8f CeHs

1 1222 257 213 21

(about d = 237). Steric hin- 6b 4-CH3C¢H, 1 1231 2255 202 20
drance of the mesityl group 6¢ 2-CH;OCeH, 1 1252 2227 221 17
would reduce p conjugation be- 6d  4-CHy0CeH, boo124 2235 194 19
e 6e 4-CICgH4 1 1242 242 228 21

tween the aromatic ring and 6f  2.4,6-(CHs)sCety 1 1195 236.3 2.0 19
C=S moiety, resulting in 7a CgHs 2 1239Y 226.9 12.5 23
downfield shift of 13C=S chemi- 7> 4CH3CeH, 2 1244 2263 11.0 22
cal shifts. On the other hand, ¢ >¢H:0CHs 21250 2279 149 4
7d  4-CH;0C¢H, 2 1249 242 873 24

the 3IP NMR spectra are ob- 7t 246-(CH3)3CeHy 2 1261 2365 127 22
served at about d =20 for 6, 5= 8b 4-CH;CeH, 3 1251 276  -3.99 25
9-15 for 7, and about 8= -4 for 8¢ 4-CICeH, 3 1231 2270  -3.46 26
8f 2,4,6-(CH;3)3C¢Hy 3 1243 2389  -3.96 25

8, which indicate upfield shifts

with an increase in the number

a) KBr. b) Neat. ¢) NMR spectra recorded in CDCl3. d) Standard in H3POy.

of dlthlocarboxylato llgands Table 12. Selected Feature in Spectra of 4-Methylbenzoylthio- and

) - . ine Derivafi
bonded to the phOSphOI‘US 4-Methyl(thiobenzoylthio)phosphine Derivatives

atom. The spectroscopic No. (RCES),PPhs, IR/em! NMR/6
data of the (4-methyl- R E n VC-E Be—g  3p9 % 3c31p/ Hz
10)ph: ines 3d
benzoylthio)phosphi > 3d 4-CH;CgH4 0 1 1652 189.8 12.3 12
4d, and 5d are shown in 4d 0 2 1643 189.3 293 14
Table 12. The vc-p bands sd 0 3 1647 1888 514 16
show high wavenumber 6b $ 1 1231 2255 202 20
7b S 2 1244 2263 110 22
shifts in the order 4d, 5d,
s ¢ 8b S 3 1251 2276 -3.99 25

and 3d. In X-ray structural

a) KBr. b) NMR spectra recorded in CDCl3. ¢) Standard in H3PO,.
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 vc=g may
be related to interaction between the carbonyl oxygen and the phosphorus atoms. The 13C=0
chemical shifts show upfield shifts in the order 3d, 4d, and 5d. On the other hand, the 3P NMR
chemical shifts show downfield shifts in the order 3d, 4d, and 5d, which may be due to the
electron-withdrawing effect of the thiocarboxylato ligands. In the dithiocarboxylate derivatives,
the vc=g bands show high wavenumber shifts in the order 6b, 7b, and 8b. However, the 13C=S
chemical shifts show downfield shifts and the 3P NMR 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 may
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be backdonated through the thiocarbonyl sulfur atoms.

4.3. Conclusion

A series of thio- and dithiocarboxylatophosphorus derivatives were synthesized and their
X-ray structural analyses were obtained. The crystal structures of these compounds show in-
tramolecular-nonbonding interactions between the carbonyl oxygen or thiocarbonyl sulfur and
the central phosphorus atoms. However, these intramolecular interactions are weak, and the
covalent phosphorus—sulfur and/or phosphorus—benzene ipso-carbon bonds are nearly at right
angles 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 carbo-
nyl oxygen or thiocarbonyl sulfur atom is located in the same direction.

4.4. 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 'H NMR spectra were recorded on a JEOL JNM-c400 (400 MHz); the following abbrevia-
tions were used; s: singlet, d: doublet, t: triplet, m: multiplet. The 13C NMR were recorded on a
JEOL JNM-0400 (100 MHz). The 3!P NMR were recorded on a JEOL JNM-0400 (162 MHz)
with phosphoric acid as an external standard. Elemental analyses were performed by the El-
emental Analysis Center of Kyoto University.

Materials. The following solvents were purified under argon and dried as indicated: Di-
ethyl ether and hexane were refluxed with sodium metal using benzophenone as an indicator and
distilled before use: Dichloromethane was distilled over diphosphorus pentaoxide, after reflux-
ing for 4 h. Chlorodiphenylphosphine, dichlorophenylphosphine, and tribromophosphine /
dichloromethane (1.0 M solution, 1 M = 1 mol dm-3) were obtained from Aldrich.

X-Ray Structure Analysis. Measurements were carried out on a Rigaku AFC7R four- -
circle diffractometer with graphite-monochromated MoK« radiation (1 = 0.71069 A). All the
structures 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-methylbenzoylthio)-
phenylphosphine (4d), tris(4-methylbenzoylthio)phosphine (5d), and bis(4-methylthiobenzoyl-
thio)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 re-
flections were measured every 150 reflections and showed no significant intensity variations
during data collection. Lorentz and polarization corrections were applied to the data, and em-
pirical absorption corrections [DIFABS? (4d and 7b) and ¥-scans® (3d and 5d)] were also ap-
plied. The structures were solved by a direct method using SHELXS867 for 3d, 4d, 7b, and 5d
and expanded using DIRDIF94.8 Scattering factors for neutral atoms were obtained from Cromer
and Waber? and anomalous dispersion!0 was used. The function minimized was Ew(IFgpl-
IFca1c])?, and the weighting scheme used was w = [02(F,)+p2(F,)2/4]"! for 3d, 4d, and 7b,
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while [Ew(IF obsI-1F cac)?/(No-Ny)11/2 and [62(F)+(0.1000P)2+0.0000P] 1, P = (F,2+2F:2)/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 SHELXIL.93 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 descrip-
tion of the measurement are summarized in Table 3.

Preparation of Single Crystals. (4-Methylbenzoylthio)diphenylphosphine (3d) (0.090
g) was single-crystallized from dichloromethane (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-methylthiobenzoylthio)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 chlorodiphenylphosphine (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 reduced pressure (23 °C/53 Pa) to give
acetylthiodiphenylphosphine (3a) as colorless oil (0.199 g, 74%). 'H NMR (CDCl3) § = 2.42
(s, 3H, CHz3), 7.30-7.32 (m, 6H), 7.47-7.50 (m, 4H). 13C NMR (CDCl3) 6= 32.1 (CH3), 128.4
(3J 13c31p = 6.8 Hz), 129.4, 132.8 (2J 13c_31p = 21 Hz), 135.5 (1J 3c_31p = 24 Hz), 193.9 (2J
13c-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%). 'HNMR (CDCl3) 6= 1.16 (s, 9H, CH3), 7.19-7.21 (m, 6H), 7.37-7.41 (m, 4H). 13C
NMR (CDCl3) 8 = 26.4 (CH3), 47.4 [C(CH3)], 128.3 (3J 13c_31p = 6.8 Hz), 129.3, 132.7 (2J
13c-31p = 21 Hz), 135.8 (1J 13¢_31p = 24 Hz), 198.7 (2J 13c-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
benzoylthiodiphenylphosphine (3c¢) as yellow oil (0.312 g, 95%). 'H NMR (CDCl3) § = 7.28-
7.39 (m, 9H), 7.55-7.59 (m, 4H), 7.97-7.99 (m, 2H). 13C NMR (CDCl3) 6 = 127.9, 128.1,
128.4 (3J 13¢c_31p = 5.9 Hz), 129.4, 132.8 (3J 13c_31p = 22 Hz), 135.4 (1J 13C-31p = 24 Hz),
134.2, 136.7, 189.8 (2J 13c_31p = 13 Hz, C=0).

(4-Methylbenzoylthio)diphenylphosphine (3d). To a solution 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 (KC1) were filtered off by glass filter (G4) in vacuo. The solvents were removed
under reduced pressure (23 °C/53 Pa). Dichloromethane (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-methylbenzoylthio)diphenylphosphine (3d) as colorless crys-
tals (0.312 g, 93%). 'H NMR (CDCl3) 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). 13C NMR (CDCl3) § = 21.7 (CH3),
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128.3, 128.6 (3J 13c-31p = 6.8 Hz), 129.3, 129.6, 130.8, 133.1 (3J 13c_31p = 21 Hz), 135.8 (1J
13C-31P = 24 Hz), 144.7, 189.8 (2] 13¢c_31p = 12 Hz, C=0). Found: C, 71.46; H, 5.11%. Calcd
for CooH170PS: 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), followed by recrystallization from a mixed solvent of dichloromethane (1.0 mL),
ether (0.5 mL), and then hexane (2.0 mL) gave (2-methoxybenzoylthio)diphenylphosphine (3e)
as colorless crystals (0.282 g, 80%). 'H NMR (CDCl3) 6= 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). 13C NMR
(CDCl3) 6=55.8 (CH30), 112.1, 120.4, 126.9, 128.5 (3J 13c_31p = 6.8 Hz), 129.4, 130.4, 133.2
(2J 13c—31p = 21 Hz), 134.1, 136.0 (1J 13c-31p = 24 Hz), 158.2, 189.2 (3J 13c_31p = 12 Hz,
C=0). Found: C, 68.20; H, 4.92%. Calcd for CogH;70,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%).
'H NMR (CDCl3) § = 3.80 (s, 3H, CH30), 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). 13C NMR (CDCl3) § = 55.4 (CH30), 113.6, 128.4 (3]
13c-31p = 6.8 Hz), 129.4, 130.3, 131.5, 132.9 (2J 13c_31p = 22 Hz), 135.7 (1J 13C-31p = 24 Hz),
163.9, 188.3 (2J 13¢_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-chlorobenzoylthio)diphenylphosphine (3g) as
colorless crystals (0.329 g, 90%). 'H NMR (CDCl3) = 7.29-7.36 (m, 8H), 7.48-7.52 (m, 4H),
7.97-7.99 (m, 2H); '3C NMR (CDCl3) §= 128.7 (3J 13c_31p = 6.8 Hz), 129.0, 129.6, 129.8,
132.7, 133.1 (3J 13c_31p = 21 Hz), 135.4 (1J 13C=31P = 24 Hz), 140.2, 189.3 (2J 13c_31p = 12
Hz, C=0). Found: C, 64.01; H, 4.02%. Calcd for C19H4CIOPS: C, 63.96; H, 3.95%.

Bis(acetylthio)phenylphosphine (4a). To a solution of dichlorophenylphosphine (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 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) to give
bis(acetylthio)phenylphosphine (4a) as pale yellow oil (0.203 g, 74%). 'H NMR (CDCl3) 6 =
2.29 (s, 6H, CH3), 7.20-7.77 (m, SH). 13C NMR (CDCl3) § = 31.9 (CH3), 128.2, 128.6, 130.5,
132.1 (1J 13¢c_31p = 24 Hz), 193.1 (3J 13¢c_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%). "H NMR (CDCl3) 6= 1.13 (s, 18H, CH3), 7.24-7.90 (m, 5H). 13C NMR (CDCl3) 6=
27.2 (CH3), 47.6 [C(CH3)], 128.1, 128.4, 130.3, 132.2 (1] 13c_31p = 25 Hz), 204.1 (2J 13C-31P
=12 Hz, C=0).

Bis(benzoylthio)phenylphosphine (4¢). As with 4d, the reaction of
dichlorophenylphosphine (0.200 g, 1.12 mmol) with potassium thiobenzoate (0.403 g, 2.30 mmol),
followed by recrystallization from a mixed solvent of dichloromethane (1.0 mL) and then hex-
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ane (2.0 mL), gave bis(benzoylthio)phenylphosphine (4¢) as colorless crystals (0.423 g, 99%).
'H NMR (CDCl3) 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). 13C NMR (CDCl3) 8 = 127.9, 128.3, 128.7, 128.8, 130.8, 132.7 (1J 13c_31p = 25 Hz),
134.0, 136.6, 189.8 (2J 13¢_31p = 14 Hz, C=0). Found: C, 62.93: H, 4.06%. Calcd for
CroH502PS;: C, 62.81; H, 3.95%.

Bis(4-methylbenzoylthio)phenylphosphine (4d). To a solution of
dichlorophenylphosphine (0.187 g, 1.04 mmol) in dichloromethane (10 mL) was added potas-
sium 4-methylthiobenzoate (0.409 g, 2.15 mmol), and the mixture was stirred at 20 °C for 1 h.
The insoluble parts (KC1) 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-methylbenzoylthio)phenylphosphine (4d) as colorless crystals (0.376
g, 88%). 'H NMR (CDCl3) §=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). 13C NMR (CDCl3) §=21.7 (CHj3), 128.4, 128.6,
128.7,129.4, 130.6, 132.7 (\J 13c-31p = 24 Hz), 134.1, 145.1, 189.3 (2 13c_31p = 14 Hz, C=0).
Found: C, 64.09; H, 5.14%. Calcd for CyoH9O,PS5: C, 64.37; H, 4.67%.

Bis(2-methoxybenzoylthio)phenylphosphine (4de). As with 4d, the reaction of
dichlorophenylphosphine (0.180 g, 1.01 mmol) with potassium 2-methoxythiobenzoate (0.426
g, 2.06 mmol), followed by recrystallization from a mixed solvent of dichloromethane (1.5 mL)
and then hexane (3.0 mL), gave bis(2-methoxybenzoylthio)phenylphosphine (4e) as colorless
crystals (0.434 g, 97%). 'H NMR (CDCl3) &= 3.90 (s, 6H, CH30), 6.95-7.03 (m, 8H), 7.36—
7.38 (m, 3H), 7.85-7.90 (m, 2H). !13C NMR (CDCl3) 6 = 55.8 (CH30), 112.1, 120.4, 128.5,
128.6, 130.0, 130.2, 130.5, 132.7 (1J 3¢c-31p = 24 Hz), 134.5, 158.6, 188.8 (2J 13c_31p = 13 Hz,
C=0). Found: C, 59.58; H, 4.82%. Calcd for CopH;904PS»: 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), followed by recrystallization from a mixed solvent of dichloromethane (1.0 mL)
and then hexane (1.0 mL), gave bis(4-methoxybenzoylthio)phenylphosphine (4f) as pale yellow
crystals (0.871 g, 99%). 'H NMR (CDCl3) § = 3.84 (s, 6H, CH30), 6.90 (d, J = 8.7 Hz, 4H),
1.39-7.41 (m, 3H), 7.85-7.90 (m, 2H), 7.97 (d, J = 8.7 Hz, 4H). 13C NMR (CDCl3) § = 55.6
(CH30), 113.9, 128.6, 128.7, 130.2, 130.5, 130.6, 132.6 (1J 13¢c_31p = 25 Hz), 164.3, 188.1 (2J
13c-31p = 14 Hz, C=0). Found: C, 59.62; H, 4.83%. Calcd for CppH904PS;: 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)phenylphosphine (4g) as colorless crys-
tals (0.381 g, 87%). 'H NMR (CDCl3) 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). 13C NMR (CDCl3) 5= 128.8, 128.9, 129.1, 129.6, 131.0,
128.7 (1] 13c_31p =25 Hz), 134.9, 140.7, 188.6 (2J 13c_31p = 14 Hz, C=0). Found: C, 53.02; H,
3.36%. Calcd for CooH13CloO2PS5: 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 solu-
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tion (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. The solvents were removed under reduced
pressure (23 °C/ 0.4 Torr) to give tris(acetylthio)phosphine (5a) as yellow oil (0.168 g, 82%).
TH NMR (CDCl3) 6=2.29 (s, 9H, CH3). 13C NMR (CDCl3) &= 32.0 (CH3), 192.5 (2J 13C-31P
= 17 Hz, C=0).

Tris(2,2-dimethylpropionylthio)phosphine (5b). As with 5a, the reaction of
tribromophosphine/dichloromethane 1.0 M solution (0.8 mL, 0.80 mmol) with sodium 2,2-
dimethylthiopropionate (0.420 g, 3.00 mmol) gave tris(2,2-dimethylpropionylthio)phosphine
(5b) as yellow oil (0.250 g, 82%). 'H NMR (CDCl3) § = 1.19 (s, 27H, CH3). 13C NMR
(CDCl3) 6 =27.2 (CH3), 47.9 [C(CH3)], 203.6 (2] 13¢c-31p = 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 dichloromethane (2.0 mL)
and then hexane (2.0 mL), gave tris(benzoylthio)phosphine (5¢) as colorless crystals (0.320 g,
91%). 'H NMR (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). 13C NMR (CDCl3) §= 128.4, 128.8, 134.3, 136.2, 189.2 (2J 13c_31p = 16 Hz, C=0).
Found: C, 57.08; H, 3.57%. Calcd for Co1H{503PS3: C, 57.00; H, 3.42%.

Tris(4-methylbenzoylthio)phosphine (5d). To a suspension of potassium 4-
methylthiobenzoate (0.574 g, 3.02 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 (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 hexane (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%). 'H NMR (CDCl3) 6= 2.39 (s, 9H, CH3), 7.22 (d, J = 8.2 Hz, 6H), 7.87
(d, J = 8.2 Hz, 6H). !13C NMR (CDCl3) 6 = 21.8 (CH3), 128.4, 129.4, 133.7, 145.4, 188.8 (2J
13c=31p = 16 Hz, C=0). Found: C, 59.52; H, 4.40%. Calcd for Co4H103PS3: C, 59.49; H,
4.37%.

Tris(2-methoxybenzoylthio)phosphine (5e). 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)-phos-
phine (5e) as colorless crystals (0.382 g, 90%). 'H NMR (CDCl3) 6= 3.90 (s, 9H, CH30), 6.95
(d,J=79Hz, 3H), 6.97 (t, /=79 Hz, 3H), 7.47 (t, /= 7.9 Hz, 3H), 7.86 (d, J = 7.9 Hz, 3H).
13C NMR (CDCl3) 8 = 55.8 (CH30), 112.0, 120.5, 125.6, 130.6, 134.8, 158.9, 188.6 (2J 13c—
31p = 14 Hz, C=0). Found: C, 54.29; H, 4.09%. Calcd for Co4H7106PS3: 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)-phos-
phine (5f) as colorless crystals (0.280 g, 66%). |H NMR (CDCI3) 6= 3.78 (s, 9H, CH30), 6.84
(d,J =8.9 Hz, 6H), 7.89 (d, J = 8.9 Hz, 6H). 13C NMR (CDCl3) 6=55.5 (CH30), 113.8, 128.7,
130.5, 164.3, 187.3 (2J 13¢c-31p = 16 Hz, C=0). Found: C, 54.25; H, 3.98%. Calcd for
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Co4H7106PS3: 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 dichloromethane (3.0 mL)
and then hexane (3.0 mL), gave tris(4-chlorobenzoylthio)phosphine (5g) as colorless crystals
(0.328 g, 75%). 'H NMR (CDCl3) §=7.91 (d, J = 8.5 Hz, 6H), 7.42 (d, J = 8.5 Hz, 6H). 13C
NMR (CDCl3) 6= 129.2, 129.7, 134.4, 141.1, 188.0 (3J 13¢c—31p = 17 Hz, C=0). Found: C,
46.38; H, 2.45%. Calcd for C21H12Cl1303PS3: 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%). 'H NMR (CDCl3)
6=7.32-8.14 (m, 15H). 13C NMR (CDCl3) § = 127.3, 128.6 (3J 13c_31p = 6.8 Hz), 128.8,
129.5, 129.7, 130.8, 133.2 (2J 13c_31p = 21 Hz), 134.8 (1J 13c_31p = 24 Hz), 225.7 (3J 13C-31P
=21 Hz, C=S). Found: C, 67.47; H, 4.50%. Calcd for C1gH;5PS,: 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-methylthiobenzoylthio)-
diphenylphosphine (6b) as red crystals (0.318 g, 94%). 'H NMR (CDCl3) & = 2.35 (s, 3H,
CHj), 7.15 (d, J = 8.4 Hz, 2H), 7.33-7.39 (m, 6H), 7.54-7.58 (in, 4H), 8.06 (d, J = 8.4 Hz, 2H).
I3C NMR (CDCl3) 6= 21.6 (CH3), 127.3, 128.6 (3J 13c_31p = 6.8 Hz), 128.9, 129.7, 133.2 (2J
13c-31p = 21 Hz), 134.8 (1J |3c_31p = 24 Hz), 142.1, 143.9, 225.5 (2J 13c_31p = 20 Hz, C=S).
Found: C, 68.20; H, 4.88%. Calcd for CogH{7PS>: C, 68.16; H, 4.86%.

(2-Methoxythiobenzoylthio)diphenylphosphine (6¢). As wit 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%). 'H NMR (CDCl3) é = 3.83 (s, 3H, CH30), 6.89-6.95 (m, 2H), 7.36-7.94 (m, 12H).
I3C NMR (CDCl3) 6= 56.0 (CH30), 111.8, 120.4, 128.4, 128.6 3J 13c_31p = 6.8 Hz), 1294,
129.6, 131.8, 133.1 (2J 13c_31p = 21 Hz), 134.8 (1J 13c_31p = 25 Hz), 155.0, 222.7 (2] 13C-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%). |H NMR
(CDCl3) 6 = 3.84 (s, 3H, CH30), 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). !13C NMR (CDCI3) 6= 55.6 (CH30), 113.4, 128.6 (3J 13C_31p =
6.4 Hz), 129.6, 129.7, 131.9, 133.2 (2J 13¢c_31p = 21 Hz), 134.9, 164.0, 223.5 (3J 13c_31p = 19
Hz, C=S). Found: C, 65.44; H, 4.74%. Calcd for CooH70PS>: 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
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g, 0.98 mmol), followed by recrystallization from a solvent of ether (2.0 mL), gave (4-
chlorothiobenzoylthio)diphenylphosphine (6e) as red crystals (0.090 g, 25%). 'H NMR (CDCls)
0=7.32-7.55 (m, 12H). 13C NMR (CDCl3) 6 = 128.1, 128.5, 128.6 (3J 13c_31p = 6.8 Hz),
129.7, 133.2 (3J 13c31p =21 Hz), 134.8 (1J 13C=31P = 25 Hz), 139.0, 141.6, 224.2 (2J 13c_31p
=21 Hz, C=S). Found: C, 61.24; H, 3.81%. Calcd for C|gH4CIPS;: C, 61.21; H, 3.78%.

(2,4,6-Trimethylthiobenzoylthio)diphenylphosphine (6f). 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%). 'H NMR
(CDCl3) 6=2.24 (s, 3H, CH3), 2.25 (s, 6H, CH3), 6.82 (s, 2H), 7.34-7.39 (m, 6H), 7.66-7.73
(m, 4H). 13C NMR (CDCl3) 6= 19.3 (CH3), 21.1 (CH3), 128.5, 128.7 3J 13C-31p = 6.4 Hz),
129.9, 130.8, 132.2, 133.2 (2 13c_31p = 21 Hz), 138.0, 144.9, 236.3 (27 13c_31p = 19 Hz, C=S).
Found: C, 69.72; H, 5.58%. Calcd for Co2H»{PS3: 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 phenylbis(thiobenzoylthio)phosphine (7a) as reddish purple oil (0.142 g, 71%). 'H
NMR (CDCl3) 6 = 7.40-7.43 (m, 6H), 7.55-7.64 (m, 3H), 7.92-7.97 (m, 2H), 8.15-8.17 (m,
4H). 13C NMR (CDCl3) 8= 127.0, 128.4 (3] 13c_31p = 6.8 Hz), 128.8, 129.1, 130.5, 133.3 (J
13c-31p = 21 Hz), 133.7, 143.7, 226.9 (2] 13c_31p = 23 Hz, C=8).

Bis(4-methylthiobenzoylthio)phenylphosphine (7b). To a solution of
dichlorophenylphosphine (0.070 mL, 0.52 mmol) in dichloromethane (10 mL) was added so-
dium 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-methylthiobenzoylthio)phenylphosphine (7b) as red crystals (0.079
g,36%). 'HNMR (CDCl3) 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, J = 8.2 Hz, 4H). 13C NMR (CDCly). 6 = 21.6 (CH3), 127.1, 127.2,
128.4 (3J 13c-31p = 6.8 Hz), 129.1, 130.4, 133.7 (1J 13c_31p = 20 Hz), 141.4, 144.5, 226.3 (2]
13c=31p =22 Hz, C=S). Found: C, 59.92; H, 4.47%. Calcd for CppH9PS4: C, 59.70; H, 4.33%.

Bis(2-methoxythiobenzoylthio)phenylphosphine (7c¢). 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 dichloromethane (3.0 mL)
and then hexane (2.0 mL), gave bis(2-methoxythiobenzoylthio)phenylphosphine (7¢) as red crys-
tals (0.046 g, 19%). 'H NMR (CDCl3) 6= 3.86 (s, 6H, CH30), 6.90-6.94 (m, 8H), 7.37-7.42
(m, 3H), 7.78-7.85 (m, 2H). 13C NMR (CDCl3) &= 55.9 (CH30), 112.0, 120.6, 128.6, 128.8
(3J 13c-31p = 6.8 Hz), 130.1, 130.5, 132.7, 133.3 (1J 13c_31p = 22 Hz), 135.6, 155.7, 227.9 2
13c-31p = 24 Hz, C=S). Found: C, 55.69; H, 4.09%. Calcd for CpH{902PS4: 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 dichloromethane (3.0 mL)
and then hexane (1.0 mL), gave bis(4-methoxythiobenzoylthio)phenylphosphine (7d) as red
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crystals (0.038 g, 11%). 'H NMR (CDCIl3) &= 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). 13C NMR (CDCl3) § = 55.6
(CH30), 113.5, 128.3 3J 13c_31p = 6.3 Hz), 129.4, 129.5, 130.3, 133.7 (1J 13c_31p = 21 Hz),
137.2, 164.4, 224.2 (2J 13¢c-31p = 24 Hz, C=S). Found: C, 55.74; H, 4.06%. Calcd for
C2o2H1907PS4: C, 55.68; H, 4.03%.

Bis(2,4,6-trimethylthiobenzoylthio)phenylphosphine (7f). As with 6b, the reaction of
dichlorophenylphosphine (0.060 mL, 0.44 mmol) with sodium 2,4,6-trimethyldithiobenzoate
(0.216 g, 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%). 'H NMR (CDCl3) 6= 2.23 (s, 6H, CH3), 2.27 (s, 12H,
CH3), 6.85 (s, 4H), 7.38-7.41 (m, 3H), 7.78-7.85 (m, 2H). 13C NMR (CDCl3) § = 19.2 (CH3),
21.1 (CH3), 128.5, 128.6, 130.9, 132.0, 132.5, 133.7 (1J |3c—31p = 21 Hz), 138.4, 144.1, 236.5
(3J 13¢-31P = 22 Hz, C=S). Found: C, 62.79; H, 5.51%. Calcd for Cy¢H7PS4: C, 62.62; H,
5.46%.

Tris(4-methylthiobenzoylthio)phosphine (8b). To a suspension of sodium 4-
methyldithiobenzoate (0.202 g, 1.06 mmol) in dichloromethane (10 mL) was added
tribromophosphine / dichloromethane 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%). 'H NMR (CDCIl3) 6= 2.38 (s, 9H, CH3), 7.19 (d, /= 7.3 Hz, 6H), 8.02 (d, J =
7.3 Hz, 6H). 13C NMR (CDCl3) 6 =21.8 (CH3), 127.1, 129.3, 134.8, 145.8, 227.6 (3J 13C_31p
=25 Hz, C=S). Found: C, 54.27; H, 3.99%. Calcd for Co4H7PS¢: 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%). 'H NMR (CDCl3) §=7.41 (d, J = 8.8 Hz, 6H),
8.06 (d, J = 8.8 Hz, 6H). 13C NMR (CDCl3) 6= 128.3, 18.8, 140.6, 141.3, 227.0 (3J j3c_31p =
26 Hz, C=S). Found: C, 42.52; H, 2.08%. Calcd for C21H12CI3PS¢: 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-
trimethyldithiobenzoate (0.325 g, 1.40 mmol), followed by recrystallization from a mixed sol-
vent of dichloromethane (2.0 mL) and then hexane (3.0 mL), gave tris(2,4,6-trimethyl-
thiobenzoylthio)phosphine (8f) as vermilion crystals (0.176 g, 71%). 'H NMR (CDCl3) 6 =
2.29 (s, 9H, CH3), 2.31 (s, 18H, CH3), 6.88 (s, 6H). 13C NMR (CDCl3) 6 = 19.4 (CHj3), 21.1
(CH3), 128.6, 132.6, 138.8, 143.8, 238.9 (2J 13c_31p = 25 Hz, C=S). Found: C, 58.51; H,
5.44%. Calcd for C3gH33PSe: C, 58.41; H, 5.39%.
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Chapter 5

Thioacylsulfanylarsines (RCS2)xAsPh3_y, x = 1-3]: synthesis, struc-
tures, natural bond order analyses and reactions with piperidine

5.1. Introduction

The chemistry of arsenic compounds with dithio-carbamato and -carbonato ligands has
been investigated in great detail.] In contrast, the preparation of arsenic compounds with thio-
and dithio-carboxylato ligands was limited to only seven thiocarboxylic2 and two dithiocarboxylic
acid arsenic derivatives3 when our study began in 1974. Their spectral data and crystal structure
analyses have not been described. The reason for this seemed to be the difficulty of purification
and of the preparation of the starting compounds such as dithiocarboxylic acids and their alkali
metal and ammonium salts. The arsenic compounds with dithio- and thio-carboxylato ligands
are considered to be effective precursors for the synthesis of organoarsenic thiolate anion spe-
cies such as RyAsS—,4 which can be used easily to introduce the arsenic—sulfur framework into
a molecule. It is possible that the reactions of alkali metal diorganoarsenide with elemental
sulfur may be used for the synthesis of the organoarsenic thiolates. In Author’s research the
preparation of RyAs™ M* (M = alkali metal) appeared to be impractical. Author’s laboratory
previously developed convenient syntheses of ammonium and alkali metal chalcogeno-carboxy-
lates,> and synthesized a variety of their main group element derivatives.® In addition,
diphenyl(selenocarboxylato)-arsines’ have been found to be effective precursors for the synthe-
sis of diphenylselenoarsenic(II) ammonium salts.8 Recently the structure of tris(benzoylsulfanyl)-
arsine was reported by No6th and co-workers.? This prompted us to reveal Author’s results
concerning Group 15 element derivatives of thio- and dithio-carboxylic acids. The Author de-
scribe here in detail the synthesis and structural analyses of a series of dithiocarboxyarsines
[(RCS2)xAsPh3_y, x = 1-3] along with a structural comparison with the corresponding
thiocarboxyarsines [(RCOS),AsPh3_y, x = 1-3] and in addition reactions with amines, leading
to the first isolation of the organotrithioarsonate dianion RAsS32-.

5.2. Results and Discussion

Synthesis of complexes. Initially, the synthesis of diphenyl(dithiocarboxy)arsines 3,
phenyl-bis(dithiocarboxy)arsines 4 and tris(dithiocarboxy)arsines 5 was examined using
piperidinium 4-methylbenzenecarbo-dithioate. Under the conditions as shown in Scheme 1
these compounds were obtained in 70-90% yields.!02 Although small amounts of alkanedithioic
acid derivatives are lost during purification, the main reactions (to give 3, 4 and 5) proceed
quantitatively. In order to compare structure and spectral data, a series of diphenyl-

(thiocarboxy)arsines 6, phenyl-bis(thiocarboxy)arsines 7 and tris(thiocarboxy)arsines 8 were
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synthesized in similar yields by treating potassium
thiocarboxylates 2 instead of piperidinium
dithiocarboxylates 1 (Scheme 1).10b The resulting

. I

Scheme 1

Phg , AsCl,

R S-

20 °C, 1 h, CH,CI,

[+l

E

xAsPhy

dithio- and thio-carboxylic acid arsenic derivatives 3(x=1LE=8$)
. o 1(E=S, M= H, ) 4(x=2,E=S)
(especially aromatic derivatives) are stable both  2€=0.M=K) 23 =hES (S)))
thermally and toward oxygen and water. Upon ;E" = g*?gi
X =3, =
exposure to air, they do not show any appreciable No R No 2
change for three months. 34,5 CH, 6.7.8a CH,
Crystal structures. The structures of (4- b GHs b +CHy
i ] ] ¢ i-C3H4 ¢ CgHs
methoxythiobenzoylsulfanyl)diphenyl- 3g, bis(4- d  CeHs d  2-CH)C¢H,
_ . e 4-CH;CH, e  4-CH;CH,
methylthiobenzoyl-sulfanyl)phenyl- 4e and tris(4- f 2-CH,0C¢H, f 2-CH,0C¢H,
: : . 4-CH;0CGH 4-CH;0C¢H
methylthiobenzoylsulfanyl)arsine 5e are shown in . 4OCH, P o
i 1-CH, i 4-NOCeH,

Figure 1. The dithiocarboxylato ligand and the
phenyl ring containing C(21) in 3g are twisted [S(11)-As(1)-C(21)-C(22) 60.0(2)°] (Figure
l1a). In 4e, the two dithiocarboxyl ligands exist in the same plane with the same orientation,

where two thiocarbonyl sulfurs are located in the same direction (Figure 1b). In Se, the three
dithio-carboxylato ligands exist in C3 symmetry and no two ligands of the three exist in the same
plane (Figure 1c¢). The distances between the central As atom and the thiocarbonyl sulfur [As(1)--S
2.96-3.15 A] are within the sum of the van der Waals radii of both atoms (3.65 A),11 indicating
interactions between the unshared electron pair on the thiocarbonyl sulfur and the o* orbitals of
the As—S and/or As—Cipso bonds [S(11)-As(1)-C(31) 155.54(8)°]. It is noted that the two As---S
distances in 4e [As(1)--S(11) 2.958(4), As(1)--S(21) 2.956(4) A] are shorter than those in the
mono 3g [3.1470(8) A] and tris derivatives Se (2.969(4) A). This may facilitate interaction
because the two dithiocarboxylato ligands of 4e exist in the same plane. These complexes can
be described as having a distorted tetrahedral structure and the bonds around the As atoms can
be considered to exhibit a p3-type bond.1b-g

For comparison, the structure analyses of the corresponding thiocarboxylato complexes
were carried out. The ORTEP!2 drawings of (4-chlorobenzoyl-sulfanyl)diphenyl- 6h, bis(4-
methoxybenzoylsulfanyl)phenyl- 7g and tris(4-methylbenzoylsulfanyl)arsine 8e are shown in
Figure 2. Unlike the dithiocarboxylato complex 3g, the thiocarboxylato ligand of 6h exists
nearly in the same plane as the phenyl ring containing C(21). Although the crystal system and
space group of 7g are different from those of 4e, the structures of both compounds resemble one
another (Figure 2b). The structure of 8e is comparable to both that in 5e and the recently re-
ported tris(benzoylsulfanyl)arsine® (Figure 2c). Similarly to dithio-carboxylato complexes, the
distances between the central As atom and the carbonyl oxygens (As--O 2.71-2.94 A) are elon-
gated in the order bis 7g, tris 8e, mono 6h.

Packing. The molecular arrangement of compounds 3g and 6h is shown in Fig. 3. Itis
noteworthy that in 3g two molecules form a pair where the tw6 CSSAs planes [C(11*)-S(11%*)-
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(a)

Ci(11)

(b)
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S(117) \ As(1)

A
ot P \‘cm’)’
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i / : \ ) 7
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Figure 1 Molecular structures of (a) 4-CH30C4H4CS;AsPh; Figure 2 Molecular structures of (a) 4-CIC¢H4COSAsPh; 6h,
3g, (b) (4-CH3CeH4CS2)2AsPh 4e and (c) (4-CH3CsH4CS2)3As (b) (4-CH30CsH4COS)>AsPh 7g and (c) (4-CH3C4H4COS)3As
Se. The thermal ellipsoids represent 50% probability. Hydrogen 8e. Details as in Figure 1.

atoms are omitted for clarify.

S(12*)-As(1) and C(11)-S(11)-S(12)-As(1*)] are parallel, the distance between the planes be-
ing 1.37 A and the distance between As(1*) and S(11) (or As(1)---S(11*)) is significantly short
(3.939 A), although greater than the sum of the van der Waals radii of both atoms. In contrast
such a pairing of the molecules is not observed for the other compounds as shown in Fig. 3 (b)
and also for the corresponding phosphorus isologues ((RCES)PPhs, E = O or S).12

Structural comparison with the phosphorus isologues. In Table 1 the distances be-
tween the thiocarbonyl sulfur or carbonyl oxygen and the central arsenic atom are collected
along with the C=E---P (E = O or S) distances of the corresponding phosphorus isologues. Inter-
estingly, despite the large atomic radius of arsenic compared with that of phosphorus, the C=S---As
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distances are close to those in the corresponding phosphorus isologues. In addition, the C=0---As
distance [av. 2.720(3) A] in the bis(thiocarboxylate) 7g is about 0.04 A shorter than the C=O---P
distance [av. 2.765(3) A] in the corresponding phosphorus compounds. In the
mono(thio-carboxylate) derivative 6h [(4- @ Qspom)
CICeH4COS)AsPhj] the C=0---As dis- % /&Q
tance (2.943(3) A) is ca. 0.02 A longer é{! ¢ A
than in the similar phosphorus compound & O~ i)
[(4-CH3CeH4COS)PPh;].
Ab initio calculations. To eluci- (g:;i})ﬂ

s(11) S(12)

y2 =N

> ¢
- As(17)
date the nature of these non-bonding at- G, (') (119 \O_d
traction, ab initio geometry optimizations saz) - FeOT)
at the RHF/LANL2DZ level with the g Y |
GAUSSIAN 94 program!S were per- O&@” (é
formed on the model compounds o(11%) O\O X ¥ 17

(acetylsulfanyl)-dimethyi-phosphine 1'

and -arsine 2' and dimethyl-

(thioacethylsulfanyl)-phosphine 1" and - /O_O f—o\ P"O

arsine 2" for (RCES)M(CH3), (E=Oor ) >
\ Vs Y}

S; M =P or As) and bis(acethylsulfanyl)- ! \ O
% S o
methyl-phosphine 3' and -arsine 4' and \if)\\?x) 9_'8:% @:&O
"
bis(thioacethylsulfanyl)methyl-phosphine ~ S(11™)
<( o
)

3" and -arsine 4" for (RCES);MCH3 (E ~ ¢011*) D=0 O

=0 or S; M =P orAs). The NBO (natu- —{ C/O—<(O O—O/
ral bond orbital) analyses showed that the Eg \3 1
orbital interactions between the n orbital o/ C/ J

(n,) on the carbonyl oxygen and the 6*ic VXt V.Z () X+LY.Z
orbitals in 1' and 2'(Figure 4a) are present, gigure 3 Molecular arrangement of (2) 4-CH30CgH4CS2AsPh 3g and

but their values are close to each other (® 4-ClIC6H4COSAsPh2 6h.

(Table 2) Interactions Table1 Distances between the thiocarbonyl sulfur or carbonyl oxygen and As or P in (RCES), AsPh;

and (RCES),PPh;
between the ng and 6*Ms
. . E-.. E--..
orbitals (Figure 4b) are JL ) AsPhy L pehg,
. " R S ; Distance R , Distance
also appreciable for 1" , E x  As-E/A R E, P-E/A Ref.
2" together with in-
and gethe 4-CH;3CH, S 2 2956(4) 4-CH,CH, S 2 296503) 14
teractions between the ng 2.958(4) 2.975(3)
and o*\mc orbitals. The 4-CICH, 0 1 298303) 4CHCH, O 1 29173) 14
contour maps of the ng 7§ 4-CH;0CH; O 2 2708(3) 4CH,CH, O 2 27473 14
and o*)s orbitals in the 2.73103) 2.784(3)
molecular plane C(=S)— 8 4-CH,CH, 0 3 28I 4CH,CH, O 3 2821 14
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S-M (E =QorS:M=Por AS) for the model Table 2 NBO Analysis of CH3CESM(CH3), and (CH3CES);MCH3 (E
b
=0, §; M =P, As) at RHF/LANL2DZ levels of theory

compounds were depicted by using the
MOLDEN 3.6 program.!4 Indeed, the over-
laps between the ng and 6*p\g orbitals are
present for 1" and 2".

In the case of the bis derivatives (3',
3",4' and 4'"), the interactions between the
n orbitals (ng) on the carbonyl oxygen or
thiocarbonyl sulfur and 6*\jc are absent. In-
stead, the orbital interactions between ngs5 and
o*Ms3 and between ng4 and o*)\s3 (Figure
4c) are large. Those between ngs and o*Ms2
and between ng4 and 6*\s3 (Fig. 4d) are also
appreciable for 4', 3" and 4'', but small. The
contour maps of the ng and 6*)ps orbitals in
the molecular planes C(=E)-S-M-S-C(=E)
(E=0orS;M=PorAs)ford4' 3" and 4"
obtained by using the MOLDEN 3.6 pro-
gram!4 showed the expected overlaps be-
tween the ng and 6%\ g orbitals. The stabili-
zation energies of the arsenic compounds 2',
2",4"and 4" are larger than those of the cor-
responding phosphorus compounds 1', 1", 3'
and 3", respectively. In addition, the stabili-

zation energies of the dithiocarboxylic acid

CH3;CESM(CH3); AFE4/kcal mol-!

No. E NE—G"MC6 NE—-C"Ms
1 (6] 0.55 -

2’ O As 0.77 -

17 S 1.46 0.62

2” S As 2.22 0.84

’ Cc(10)

E(4)

<~ Y O
c@) T C@®) M) c6) Y
'S s s@ ¢ "
(CH3CES)>2MCH3 AFEd/kcal mol-!
No. E M NE—G'McI0  NE—O'Ms2  NE—C"Ms3
3 (0] P — 1.77 (E4) - (E4)
- - (ES5) 1.77 (ES)
& (0] As - 2.84 (E4) 0.64 (E4)
- 0.64 (ES) 2.84 (E5)
3 S P - 4.97 (E4) 1.57 (E4)
- 1.57 (ES) 4.97 (ES)
[ S As - 8.25 (E4) 2.50 (E4)
- 2.50 (E5) 8.25 (ES5)

“ Stabilization energy associated with delocalization.

derivatives 1"'— 4" are greater than those of the corresponding thiocarboxylic acid derivatives

1'- 4', respectively. The former tendency may be understood in the terms of their orbital levels:

the lower energy level of the 6* g orbitals compared with that of 6*pg. Also, the latter can also
be understood in terms of the lower energy level of the n, orbitals (-0.93201, —0.46778 au for
2';-0.94975, -0.48359 au for 2'") compared with that of the ng orbitals (-0.66262, —0.31594 au
for 4'; -0.67753, -0.33772 au for 4"). These non-bonding orbital interactions between ng and
G*Ms in the bis derivatives 4 and 7 may facilitate the two dithio- or thio-carboxylate groups

being in the same direction (see Fig. 1b and 2b). The atomic charges (0.73) of the As in the

arsenic compounds (2, 2", 4' and 4'"") are larger than those in phosphorous compounds (0.63 for

1" and 1; 0.53 for 3' and 3""), suggesting that the electrostatic interactions may contribute to the

short C=E---As distances.
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Spectra. In Table 3 the thiocarbonyl and carbonyl stretching frequencies, thiocarbonyl

and carbonyl carbon chemical shifts and the visible spectra are collected. It is noted that the

thiocarbonyl stretching frequencies of compounds 3-5 appear at 1170-1250 cm-!.

The carbo-

nyl stretching frequencies for 6-8 are observed at 1610-1690 cm-! and show a low frequency
shift in the order 7 < 8 < 6, which is consistent with the C=0---As distance. The thiocarbonyl

carbon chemical shifts of 4 and 5 are observed in
the region 6 214-257, and those of 3 show an
upfield shift of 3—5 ppm compared with those of
4 and S. The carbonyl carbon chemical shifts of
68 appear at § 190-208, and that of the +-C4Hg
derivative 6b shows a downfield shift relative to
those of the other derivatives. In the electronic
spectra the absorptions of 4 due to the n—nt* tran-
sitions of the C=S group show hypsochromic
shifts compared with those of the mono 3 and tris
derivatives 5.

Reactions of compounds 3-5 or 6-8 with
piperidine. Expecting formation of piperidinium
diphenylthioarsenate(IIl) salt (HoNCsHg)*+
PhyAsS~, the reactions of (4-methylthiobenzoyl-
sulfanyl)diphenyl- 3e and (4-methylbenzoyl-
sulfanyl)diphenyl-arsine 6e with piperidine were
examined (Table 4). When 3e or 6e and two
equivalents of piperidine were refluxed in etha-

nol, piperidinium diphenyldithioarsinate 9 was

together with N-4-methyl-

(a)

o

CH,

ng

@

ng—0*)c interaction

(¢)

(

(b) CH,

Os O*ms CH,

ng— 0%yq interaction

E=0,S; M=P, As

0*msa

ng,— 0%)g3 interaction

QES "ES "1;4

d
cus——< b >~— CH,

0 O*MSZ

ngs— 0%\, interaction

E=0,5; M=P, As

Figure 4 Non-bonding attraction due to (a)the ng—6*c and
(b) ng —>0*)g interactions in (CH;CES)M(CH;), (E=Oor S;

obtained in yields of 38 and 42%, respectively, M = P or As) and (o) the ngy—0*ys; and (d) ng s—0*ys,

interactions in (CH;CES),MCH; (E= O or S; M =P or As).

Table 3 Spectral data of 3,4, 5,6, 7 and 8

thiobenzoylpiperidine 10-S

(RCS,),AsPhy,  V(C=S)"/em™

h
8C =S

.
Amax /nm

or N-4-methylbenzoyl-pip-

R mono- 3 bis-4 tris-5 mono-3 bis-4 tris-5 mono- 3 bis-4 tris- §
eridine 10-O (entries 2 and C Hs 1218 1238 1241 2290 231.0 2342 527 506 Sl
5). The reaction with an 4-CH;CeH, 2278 2303 2341

,  4CH0CH, 2262 2281 231.0
equivalent of piperidine in  4.cicH, 2270 2289 2327 533 507 510
EtOH at 20 °C resulted ina V" 2334 2354 2393 494 495 500
. a -1 b
significant decrease in 9. (REOSAPhs v(C=Of/em Sc-0
Instead. the corresponding R mono- 6 bis-7 tris-8 mono-6 bis-7 tris- 8
. ' _ C H; 1644 1639 1631 1921 1928 1903
thioamide 10-S or amide 4.y cn, 1644 1626 1639 1917 1924 1925
g 4-CH,0CH 1629 1628 1627 1905 1911 1913
10-0 was obtained in good 36
g 4-CICH, 1655 1612 1660 1908 1916 191.7
yields along with 11-S or  « 5k, gisc. 1n CDCl;. ¢ In CH,Cl,.
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Table 4 Reactions of 3e and 6e with piperidine

E

A

0.

E
O PhoAsS- + o O

R” SAsPh. g
R =4-CH,C¢H
e 9 10-S E=S)
e (E=$) 10-0 E=0)
6e (E=0)
O R/U\ [ (PhaAsy]
11-SE=Y) 13
11-0E=0)
. b o
3e or 6e: Yield” (%)
Entry Compound  piperidine’ th 7/°C 9 10 11 13
1 3e 1:1 9 20 7 44 (10-5) 31 (11-S) 0
2 3e 1:2 9 78 38 69 (10-5) 0(11-5) 0
3 6e 1:1 3 20 5 83 (10-0) 17 (11-0) 0
4 Ge 1:1 12 20 10 90(10-0) 0(11-0) 0
5 6e | 12 78 42 88 (10-0) 0(11-0) 11
“ Mole ratio. ” Isolated yields.
Scheme 2

11-0 (entries 1 and 3).

A plausible mechanism for the formation of 9 is

shown in Scheme 2, where piperidine attacks

the thiocarbonyl or carbonyl carbon in 3e and

6e to form piperidinium diphenylthioarsinate salt

12, which further disproportionates to give 9 and

tetraphenyldiarsane, while piperidine attacks the

As to form dithio- or thio-carboxylic acids which

further react with piperidine to give 11-S and
11-0. We have observed that 11-$52.b and 11-

06 gradually decompose at room temperature

HN >
3eor6e —————
)

E

] L
B 9

] ) L

E=SorO 1
1

1-S(E=S)
1-0(E=0)

to 10-S and 10-0, respectively, with the evolution of hydrogen sulfide.

s-

Hz@ PhASS,” + [ (PhyAs), ]

9

13

10-S(E=S)
10-0(E=0)

-H,S

In contrast to the results with compounds 3e and 6e, the reaction of bis(4-methylthio-

benzoylsulfanyl)phenylarsine 4e under the same conditions gave di(piperidinium)

phenyltrithioarsonate 15 in 14% yield along with 10-S (Table 5, entry 1). The reaction with four

equivalents of piperidine at 78 °C in ethanol led to a significant increase in the yields of 15 (entry

3). Formation of 11-S was not observed. On the other hand, reflux of 7e and two equivalents of

piperidine in ethanol gave 2.,4,6,8-tetraphenyl-1,3,5,7,2,4,6,8-tetrathiatetrarsocane 1417 (here-

after called cyclic tetramer) and 11-0 in 63 and 27% yields, respectively (entry 4). The reac-

tions at room temperature led to a decrease in 10-0 and to an increase in 11-0 (entry 5). One

plausible mechanism for the formation of 14 and 15 is shown in Scheme 3, where piperidine

attacks initially at the thiocarbonyl carbon in 4e or carbonyl carbon in 7e to form 10-S or 10-O
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Table 5 Reactions of 4e and 7e with piperidine
Ph S /Ph

N\ -
i HO 75 A§S
< R)j\ S>2AsPh -~ §As\ Aé\ + H2© PhAsSs
! Ph” S" py

2
R =4-CH;CcH, 14 15
4e (E=S)
7e (E=0)

+ 10-S(E=S) + 11-S(E=S)
or or
10-0(E=0) 11-0 (E=0)

Yield” (%)
4e or Te:
Entry Compound piperidine” T/°C 10 11 14 15
1 de 1:2 5 20 35 (10-5) 0(11-5) 0 14
2 4e 1:2 2 78 38 (10-S) 0(11-$) 4 24
3 4e 1:4 5 78 84 (10-S) 0(11-8) 16 65
4 7e 1:2 15 60 70 (10-0) 27 (11-O» 63 0
5 Te 1:2 3 20 56 (10-0) 40 (11-0) 66 0

“ Mole ratio. ? Isolated yields.

and unstable piperidinium salts 16 ( E = S or O), respectively. In the case of dithiocarboxylic
acid derivative 4e the thiocarbonyl carbon is further attacked by piperidine to form the
dithioarsenate dianion 17 which disproportionates to give 15 and phenylthioxoarsine 18 which
further tetramerizes to give 14 (path ). In this reaction, the formation of cyclic trimer of 18 was
not observed. In the case of the thiocarboxylic acid derivative 7e the As—S bond of 16 (E = O) is
cleaved to give 11-O and 18 (path b). The processes for the disproportionation of 17 to give 15

and for the tetramerization of 18 to 14 are not  scheme 3
clear at this time. The structures of 9, 14 and HO £

15 were determined by 'Hand 13C NMR, el- 4eorre —=— I~ +|_ T HzO
emental analysis and by X-ray structural O '}_9’/ i

analysis. In addition, 15 was converted into 10-S (E=S)
10-0 (E=0)

4-bromophenacyl ester 19 (Scheme 4).
The reaction of tris(4-methylthio-

benzoylsulfanyl)arsine Se with piperidine un- E <H @) PhASS 2~
der reflux in ethanol gave 10-S along with [th:s] ' HZO q)ks— ’

_

traces of a white solid with mp >300 °C and a 11-0 17
slight yellow solid 20 with mp 142-145 °C Ph\As/s\As/Ph ‘
(Scheme 5). The structure of 20 was deduced ﬁ’ ‘s .
] b Al T [Phass | + HQO PhASS 2~
as (HoNCsHo*)2 (As2Se)?~ on the basis of /' “s8, 18 A
elemental analysis and the IR and 'H NMR 4 15
Scheme 4 Scheme 5
H
4-BrC¢H,COCH,B _~SCH,COCH,Br-4 X
e PhAs(S) Se 10-S  + [ H,N Y| (AsS 7
13 ~ 78 °C, EtOH ,
SCH,COCgzH,Br-4 3h
20
19 slight yellow solid
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spectra which show characteristic absorption bands of piperidinium salts as observed for
9 and 15.
Structures of the salts 9 and 15 and the cyclic tetramer (PhAsS)4 14. The ORTEP drawings
of the salts 9 and 15 are shown in Figure 5a and b, respectively. The structure determined for 9
shows that it exists as a dimer in the solid state, in which the distances S(1)---N(1*) 3.225(3) and
S(2)--N(1) 3.473(3) A are close to the sum of @ @0
the van der Waals radii of both atoms (3.26 0
A),11 clearly indicative of the presence of N—

N(1*)
H(12* PR~

o ( )d H(11%)
s() ./

H---S hydrogen bonding between the mol-
ecules. In the dimer a 12-membered ring is
formed by the hydrogen bonding (Figure 5a).
The two As—S bond lengths (As(1)-S(1) e
2.128(1), As(1)-S(2) 2.101(1) A) are interme-

diate between the sum of their single (2.25 Q%’{@ 2
A)lg and double-bond covalent bond radii
(2.05 A),18 suggesting delocalization of the )

negative charge on the AsS, moiety of 9. The
®

angles around the As atom (103.3(1)- )(ﬁ\
116.27(4)°) are close to tetrahedral, thus yield- ; Hey HE) N(T®

N

ing a distorted tetrahedral structure.

In compound 15 the three As—S bond
distances are in the range 2.135(3)-2.151(2)
A, indicative of their covalent radii having
values intermediate between those of single
and double bond,!8 and suggesting delocal-
ization of the negative charges on the AsS3 -
group. The bond angles around the central As
atom are S(1)-As(1)-S(2) 111.69(9), S(1)-
As(1)-C(1) 105.8(2)°, S(1)~As(1)—=S(3) Figure5 Molecular structurs of (a) piperidinium diphenyldithioarsinate
112.0(1)°, S2)-As(1)-C(1) 106.7(2)°, S(2)— ::3 (b) di(piperidinium) phenyltrithioarsonate 15. Details as in Fig-
As(1)-S(3) 113.6(1)° and S(3)-As(1)-C(1)
106.5(2)°, indicating a distorted tetrahedron.
As in 9, the distances between S and N
(3.195(8)-3.339(8) A) of 15 are close to the
sum of their van der Waals radii (3.35 A), in-
dicating the presence of N-H---S intermolecu-
lar hydrogen bonding.!! Thus, 15 exists as a

polymer in which a 12-membered ring was Figure 6 Molecular structure of 2,4,6,8-tetraphenyl-1,3,5,7,2,4,6,8-

tetrathiatetrarsocane 14. Detail as in Figure 1.
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formed by the hydrogen bonding (Figure 5b) and is the first example of an organoarsenic trithionate
in which two negative charges are delocalized on the AsS3 moiety.

The ORTEP drawing of cyclic tetramer 14 is shown in Figure 6. The crown ring struc-
ture is similar to that of the tetramer (PhAsS)4 prepared by treating phenylarsine with thionyl

chloride, !9 and closely resembles those in the analogous methyl cyclo-tetramer20 and cyclo-Sg.

5.3. Conclusion.

A series of thioacylsulfanylarsines (RCS;)AsPhj, (RCS»),AsPh, (RCS))3As) were syn-
thesized by treating piperidinium dithio-carboxylates with PhyAsCl, PhAsCl; or AsCl3, respec-
tively and characterized. Their molecular structures were determined by X-ray crystallography
and compared with those of the corresponding acylsulfanyl derivatives ((RCOS)AsPhy,
(RCOS),AsPh, (RCOS)3As). They exist as monomers, and the environment around the arsenic
atoms is distorted tetrahedral with one lone pair at the apex. The structure of the mono-
(dithiocarboxylate) is different from that of the corresponding thiocarboxylic acid derivative,
while the bis and tris derivatives showed similar structure to the corresponding thio-carboxylic
acid derivatives ((RCOS);AsPh, (RCOS)3As), respectively. The new compounds showed in-
tramolecular interactions between the thiocarbonyl sulfur and the central arsenic atom. The
NBO (Natural Bond Orbital) analyses performed on the model compounds, (CH3CS,)As(CH3)»
and (CH3CS!;)-(CH3CS2,)AsCHj at the RHF/LANL2DZ level of theory showed the presence
of interactions between the nonbonding orbitals on the thiocarbonyl sulfur (ng) and the 6*pg
orbitals together with that between the ng and the 6*yc orbitals for the former compound; for
the latter the presehce of both orbital interactions between ng and 6*)ps| and between ng and
0*Ms2 are present. The reactions of the mono(dithiocarboxylate) derivative (R = 4-CH3CgHy)
with piperidine in ethanol gave piperidinium diphenyldithioarsinate along with the correspond-
ing N-thioacyl- or N-acyl-piperidine. A similar reaction of the bis(dithiocarboxylate) derivative
(R = 4-CH3.CcHy) gave the novel di(piperidinium) phenyltrithioarsonate in which two anion
charges are delocalized on the AsS3 moiety and a cyclic phenylarsine sulfide tetramer (PhAsS)4.
The diphenyldithioarsinate and phenyltrithioarsonate salts exist as a dimer and a polymer, re-

spectively, in which 12-membered rings are formed by intermolecular N—H---S hydrogen bonds.

5.4. Experimental

General. Melting points were determined by a Yanagimoto micromelting point appa-
ratus and are uncorrected. The IR spectra were measured on JASCO grating IR-G and Perkin-
Elmer FT-IR 1640 spectrophotometers, 'H (400 MHz) and 13C NMR spectra (100 MHz) on
JEOL JNM-0400 spectrometers in CDCl3 containing Me4Si as an internal standard, the 'H
spectrum (60 MHz) of compound 19 on Hitachi R-24 and UV and visible spectra on Hitachi
124 and 330 spectrophotometers. Elemental analyses were performed by the Elemental Analy-
sis Center of Kyoto University and Bernhardt Analytisch Laboratorium.
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Materials. All solvents were dried and distilled prior to use. Arsenic(III) chloride was
obtained from Aldrich. Chlorodiphenylarsine2! and dichlorophenylarsine?2 were prepared by
heating triphenylarsine23 with arsenic(I1l) chloride under argon at 250 °C for 5-10 h. Piperidinium
carbodithioates> and potassium carbothioates24 were prepared according to the literature pro-
cedures. Piperidine and 4-bromophenacyl bromide were commercial grade.

X-Ray crystallography. Measurements were carried out on a Rigaku AFC7R four-
circle diffractometer with graphite-monochromated Mo-Ka: radiation (A = 0.71069 A). All the
structures were solved and refined using the TEXSAN® crystallographic software package.25
All crystal samples were cut from the grown crystals, mounted on a glass fiber, and coated with
an epoxy resin. Lorentz and polarization corrections were applied to the data, and empirical
absorption corrections [ ¥ scans26 (3g, e, Se, 6h, 7g, 8e or 14) and DIFABS27 (9 or 15)] were
also applied. The structures were solved by direct method using SHELXS 8626 for 3g, 6h, 7g,
9, 14 or 15 and SAPI9128 for 4e or 8¢ MITHRIL 9029 for 5e and expanded using DIRDIF, 94.30
Scattering factors for neutral atoms were from Cromer and Waber3! and anomalous disper-
sion32 was used. A full-matrix least-squares refinement was executed, with non-hydrogen at-
oms being anisotropic for 3g, 4e, Se, 6h, 7g, 8¢, 9, 14 or 15, and using SHELXL 93 for 8¢.33 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 atoms. Crystal data and
data collection parameters are summarized in Table 6. The bond lengths and angles and torsion
angles are deposited as ESI supplementary data.

Preparation of single crystals at 25 °C. Compound 3g (0.060 g) from dichloromethane
(1.5 mL) and hexane (1.1 mL) for 8 days, 4e (0.130 g) from dichloromethane (1.0 mL) and
hexane (0.6 mL) for 6 days, 5e (0.095 g) from dichloromethane (4.3 mL) and hexane (3.0 mL)
for 6 days, 6h (0.090 g) from dichloromethane (2.0 mL) and hexane (2.0 mL) for 4 days, 7g
(0.140 g) from dichloromethane (1.5 mL) and hexane (1.1 mL) for 1 week, 8e (0.070 g) from
dichloromethane (0.5 mL) and hexane (2.8 mL) for 4 days, 9 (0.035 g) from dichloromethane
(3.5 mL) and hexane (2.8 mL) for 1 week, 14 (0.032 g) from dichloromethane (0.5 mL) and
hexane (0.7 mL) for 3 days and 15 (0.051 g) from dichloromethane (1.5 mL) and hexane (3.0
mL) for 5 days.

Syntheses of thioacylsulfanyl- 3-5 and acylsulfanyl-arsines 6-8. Typical procedures
are described in detail for the preparation of compounds 3e and 6e.

(Thioacetylsulfanyl)diphenylarsine (3a). Yellow crystals (34%), mp 102-104 °C; viax/
cml (C=S) 1196 (KBr); dy4(CDCl3) 2.79 (s, 3H, CH3), 7.18-7.30 (m, 6H) and 7.39-7.51 (m,
4H); 6c(CDCl3) 36.3 (CH3), 128.7, 129.1, 133.1, 137.6 and 233.6 (C=S).

(Thiopropanoylsulfanyl)diphenylarsine (3b). Orange oil (86%), Vipax/cm-! (C=S) 1179
(neat); 6y(CDCl3) 1.33 (t, J=7.3,3H, CH3), 3.05 (q, J = 7.3, 2H, CH»), 7.27-7.29 (m, 6H) and
1.47-1.49 (m, 4H); 6c(CDCl3) 15.4 (CH3), 46.6 (CHp), 128.7, 129.3, 133.0, 137.6 and 243.0
(C=S).

(2-Methylthiopropanoylsulfanyl)diphenylarsine (3c). Orange oil (87%), Vmax/cm-1
(C=S) 1198 (neat); oy(CDClI3) 1.31 (d, J = 6.7, 6H, CH3), 3.50 (sept, J= 6.7, 1H, CH), 7.26—
7.29 (m, 6H) and 7.46-7.49 (m, 4H); 8c(CDCl3) 24.3 (CH3), 51.0 (CH), 128.6, 129.2, 132.9,
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Cy6H29ASN,S,
420.52
Triclinic

P1(#2)

15

CasHyoAs,S4

736.35
PA,in(#86)

Tetragonal

14

C;,HpAsNS,

379.41
Monoclinic

P2,in(#14)

CZAHZI AsO 3S3
528.53
Trigonal
R3c(#161)

CyoH 9AsO,S,
486.43
Triclinic

PT(#2)

T8

CyoH,4ASCIOS

400.75
Monoclinic

P2,/c(#14)

6h

CyuHy AsSg
R3(#147)

Se
576.71
Trigonal

Cy,H gAsS,
Orthorhombic
P2,2,2,(#19)

486.55

CyH}7As0S,
412.40
Triclinic
PT#2)

Table 6 Crystal data and refinement parameters for 3g, 4e, Se, 6h, 7g, 8e, 9, 14 and 15
3

Crystal system
Space group

Formula

M

S 137.6 and 248.7 (C=S).
S€saSss A %E
§§ 8 §§ § 2.8323.°% % | Diphenyl(thiobenzoylsulfanyl)arsine
CTER TR T E TR TR (3d). Red purple crystals (84%), mp 82-84
S . | °C (Calc. for CigH15AsS;: C, 59.68; H,
s 5 \ ‘g § 3.95. Found: C, 59.59; H, 4.06%); Vmax/
¢ = 3 Reugzets | omr!(C=S)I1218 (KBr); Ama/nm (CH2Ch)
-e CTEETTETE 5307 (¢/dm3 mol-! em-! 15 900) and 527
S (170); éy(CDCl3) 7.32-7.49 (m, 8H) and
g?%% s a ‘_; g““g 7.51-7.86 (m, 7H); 6c(CDCl3) 128.1,
$88 £ oz 2. 55755 | 1285,1288,129.4,133.1, 133.5, 137.9,
TTT % T TeTEINTES 1383 and 229.0 (C=S).
= (4-Methylthiobenzoylsulfanyl)-
= g 5 }/3? gﬁ diphenylarsine (3e). To a solution of
2 & § Begsg_ S| piperidinium 4-methylbenzene-
-0 TETanmEeEs carbodithioate (0.269 g, 1.06 mmol) in
S CH,Cl; (15 mL) was added PhyAsCl (0.264
S8~-5258 z g 3|8 1.00 mmol) in CH,>Cl, (5 mL), and the
2285%3¢ S.28545 " | mixture stirred at 20 °C for 1 h. After addi-
TTET T T IOTImE YRR tion of CH,Clp (100 mL), the mixture was
§ washed with water (3 x 90 mL), followed
228 & € » 5 & | by drying over MgSOy (ca. 2 g) for 1 h.
%gz f;r g Ic888e E E The solvent was removed under reduced
4 B pressure by use of a rotary evaporator (30
S °C/2.7 kPa). The resulting residue was dis-
=~ _ = 1; 3 & | solved in diethyl ether (5 mL), and allowed
§ % g Cozg ?g . % i to stand in a refrigerator (-20 °C) for 24 h
- T TSRS 0 give compound 3e as red crystals 0.358g
§ (91%), mp 85-87 °C (Calc. for
P 5 % 2% | CoHj7AsS2: C, 60.60; H, 4.32. Found: C,
EEF 2 g% 3¢5 | 60.50;H,4.36%). Vmadem! (C=S) 1227
s CTTET 7T EE A (KBr); Amax/nm (CHClp) 330 (8/dm3 mol-
S I'em-! 17 000) and 527 (170); Sx(CDCl3)
P A g & | 222, 3H, CH3), 7.03 (d, J = 8.1, 2H),
$E22257 5. 335,57 | 7.24-7.27 (m, 6H), 7.49-7.53 (m, 4H) and
TTET TR R 1806 (d, J = 8.1, 2H); 8¢(CDCl3) 21.4
& § £ E (CH3y), 127.1, 128.6, 128.6, 129.2, 133.0,
2 €355z | 13791419, 143.6 and 227.8 (C=S).
cote s X Sy 75 g f f :’% (2-Methoxythiobenzoylsulfanyl)-
TITBARSISNIRRDZZx

diphenylarsine (3f). Red crystals (94%),
mp 62-65 °C (Calc. for CogH17As0S5: C,
58.25; H, 4.16. Found: C, 58.37; H, 4.22%);,
Vmax/cm! (C=S) 1251 (KBr); 65(CDCl3)
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3.66 (s, 3H, CH30), 6.77-6.84 (m, 2H), 7.20-7.25 (m, 8H) and 7.50-7.52 (m, 4H); &c(CDCl3)
55.6 (CH30), 111.6, 120.0, 128.5, 128.8, 129.1, 131.4, 132.8, 136.7, 137.6, 154.4 and 230.5
(C=S).

(4-Methoxythiobenzoylsulfanyl)diphenylarsine (3g). Red purple crystals (94%), mp
115-117 °C (Calc. for CogH17As0S,: C, 58.25; H, 4.16. Found: C, 58.48; H, 4.27%); Vmax/
cm-! (C=S) 1264 (KBr); Amax/nm (CH,Clp) 351 (¢/dm3 mol-! cm-! 20 900) and 518 (300);
ou(CDCl3) 3.80 (s, 3H, CH30), 6.80 (d, J = 8.9, 2H), 7.28-7.34 (m, 6H), 7.54-7.56 (m, 4H) and
8.22 (d, J=8.9, 2H); 6c(CDCl3) 55.5 (CH30), 113.3, 128.7, 129.3, 129.6, 133.2, 137.9, 138.2,
163.9 and 226.2 (C=S).

(4-Chlorothiobenzoylsulfanyl)diphenylarsine (3h). Red purple crystals (88%), mp
69-72 °C (Calc. for C1gH14AsCIS;: C, 54.75; H, 3.39. Found: C, 55.01; H, 3.63%); Vmpax/cm-
1 (C=S) 1224 and 1213 (KBr); Amax/nm (CH»Cly) 316 (¢/dm3 mol-! cm-! 24 000) and 533
(200); oy(CDCl3)7.29 (d, J = 8.7, 2H), 7.34-7.38 (m, 6H), 7.50-7.57 (m, 4H) and 8.09 (d, J =
8.7, 2H); o6c(CDCl3) 128.3, 128.5, 128.9, 129.6, 133.2, 137.8, 139.3, 142.7 and 227.0 (C=S).

Diphenyl(1-thionaphthoylsulfanyl)arsine (3i). Red crystals (92%), mp 170-175 °C
(Calc. for Co3H17AsS): C, 63.88; H, 3.96. Found: C, 64.12; H, 3.66%); Vmax/cm-! (C=S) 1238
(KBr); Amax/nm (CH,Cly) 290 (¢/dm3 mol-! cm-! 20 900) and 494 (450); Sx(CDCl3) 7.23-
7.30 (m, 8H), 7.33-7.41 (m, 1H), 7.52-7.70 (m, SH), 7.72-7.74 (m, 2H) and 8.22-8.24 (m, 1H);
oc(CDCl3) 123.8, 124.5, 125.1, 126.2, 126.8, 128.0, 128.8, 129.5, 129.9, 133.1, 133.5, 133.6,
137.5, 145.8 and 233.4 (C=S).

Bis(thioacetylsulfanyl)phenylarsine (4a). Yellow crystals (15%), mp 105-109 °C; Vax/
cm1 (C=S) 1178 (KBr); d4(CDCl3) 2.88 (s, 6H, CH3), 7.31-7.42 (m, 3H) and 7.72-7.74 (m,
2H); 6c(CDCl3) 41.0 (CH3), 128.3, 129.0, 131.6, 133.6 and 238.7 (C=S).

Bis(thiopropanoylsulfanyl)phenylarsine (4b). Red orange oil (76%), Vmax/cm ! (C=S)
1176 (neat); dy(CDCl3) 1.32 (t, J = 7.3, 6H, CH3), 3.03 (q, J = 7.3, 4H, CH»), 7.27-7.33 (m,
3H) and 7.70-7.75 (m, 2H); 6c(CDCl3) 15.0 (CH3), 46.7 (CH3), 128.2, 129.6, 133.4, 139.6 and
245.7 (C=S).

Bis(2-methylthiopropanoylsulfanyl)phenylarsine (d¢). Red 0il (84%), Viax/cm! (C=S)
1197 (neat); oy(CDCl3) 1.29 (d, J = 6.7, 12H, CH3), 3.40 (sept, J = 6.7, 2H, CH), 7.40-7.47 (m,
3H) and 7.72-7.76 (m, 2H); &c(CDCl3) 24.1 (CH3), 51.4 (CH), 128.4, 129.6, 133.3, 139.8 and
251.7 (C=S).

Bis(thiobenzoylsulfanyl)phenylarsine (4d). Red orange crystals (67%), mp 119-122
°C (Calc. for CogH|5AsS4: C, 52.39; H, 3.30. Found: C, 52.18; H, 3.26%); Vmax/cm-! (C=S)
1238 and 1224 (KBr); Amax/nm (CH2Cly) 315 (¢/dm3 mol-! cm-! 34 700), 506 (500); 85(CDCl3)
7.28-7.31 (m, 3H), 7.36 (t, J = 7.6, 4H), 7.54 (t, J = 7.6, 2H), 7.83-7.89 (m, 2H) and 8.16 (d, J
=7.6,4H); 8c(CDCl3) 127.0, 128.3, 128.4, 129.6, 133.4, 133.8, 140.6, 143.8 and 231.0 (C=S).

Bis(4-methylthiobenzoylsulfanyl)phenylarsine (de). Red crystals (70%), mp 183-185
°C (Calc. for CopH19AsS4: C, 54.31; H, 3.94. Found: C, 54.37; H, 4.00%); Vmax/cm1 (C=S)
1241 (KBr); Amax/nm (CH,Clp) 333 (¢/dm3 mol-! cm-! 40 000) and 505 (660); Sz(CDCl3)
2.37 (s, 6H, CH3), 7.17 (d, J = 8.3, 4H), 7.29-7.34 (m, 3H), 7.87-7.89 (m, 2H) and 8.10 (d, J =
8.3, 4H); Oc(CDCl3) 21.7 (CH3), 127.1, 128.3, 129.0, 129.4, 129.5, 133.8, 141.6, 144.7 and
230.3 (C=S).
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Bis(2-methoxythiobenzoylsulfanyl)phenylarsine (4f). Red orange crystals (83%), mp
105-107 °C (Calc. for CooH9As05S4: C, 50.96; H, 3.69. Found: C, 51.14; H, 3.79%); Viax/
cm! (C=S) 1247 (KBr); Sy(CDCl3) 3.81 (s, 6H, CH30), 6.86-6.93 (m, 4H), 7.30-7.38 (m,
5H), 7.66-7.68 (m, 2H) and 7.86-7.88 (m, 2H); 8c(CDCl3) 55.9 (CH30), 112.0, 120.2, 128.2,
129.4,129.9, 132.7, 133.3, 135.5, 140.1, 155.7 and 231.4 (C=S).

Bis(4-methoxythiobenzoylsulfanyl)phenylarsine (4g). Red orange crystals (77%), mp
165-167 °C (Calc. for C2pH9As0,S4: C, 50.96; H, 3.69. Found: C, 50.99; H, 3.72%); Vmax/
cm! (C=S) 1265 and 1240 (KBr); Amax/nm (CH»Cly) 352 (¢/dm3 mol-! cm-1 37 000) and 498
(1 000); 6x(CDCl3) 3.84 (s, 6H, CH30), 6.83 (d, J = 8.9, 4H), 7.27-7.32 (m, 3H), 7.87-7.90
(m, 2H) and 8.23 (d, J = 8.9, 4H); 8c(CDCl3) 55.7 (CH30), 113.4, 128.2, 1294, 129.6, 133.8,
137.3, 141.5, 164.5 and 228.1 (C=S).

Bis(4-chlorothiobenzoylsulfanyl)phenylarsine (4h). Red crystals (64%), mp 150-153
°C (Calc. for CooH|3AsCl»S4: C, 45.55; H, 2.48. Found: C, 45.62; H, 2.55%); Vmax/cm-!
(C=S) 1237 (KBr); Amax/nm (CH,Cl,) 326 (¢/dm3 mol-! cm-1 39 000) and 507 (900); Jy(CDCl3)
1.30-7.32 (m, 3H), 7.34 (d, J = 8.7, 4H), 7.84-7.87 (m, 2H) and 8.10 (d, J=8.7,4H); dc(CDCl3)
128.2,128.2, 128.4, 128.5, 129.8, 133.8, 140.2, 142.0 and 228.9 (C=S).

Bis(1-naphthoylsulfanyl)phenylarsine (4i). Red orange crystals (83%), mp 113-118
°C (Calc. for CogH19AsS4: C, 60.20; H, 3.43. Found: C, 60.29; H, 3.57%); Vmax/cm! (C=S)
1227 (KBr); Amax/nm (CH,Cl3) 292 (¢/dm3 mol-! cm-! 32 000) and 495 (620); ou(CDCl3)
7.41-7.49 (m, 9H), 7.61-7.63 (m, 2H), 7.82-7.89 (m, 4H), 7.96-7.98 (m, 2H) and 8.16-8.18
(m, 2H); 8c(CDCl3) 124.5, 124.6, 125.2, 126.5, 127.2, 128.3, 128.6. 128.9, 130.1, 130.8, 133.7,
133.9, 139.4, 145.5 and 235.4 (C=S). ,

Tris(thioacethylsulfanyl)arsine (5a). Red crystals (20%), mp 95-97 °C; vpax/cm-!
(C=S) 1194 (KBr); 6y(CDCl3) 2.87 (s, 9H, CH3); 8c(CDCl3) 41.0 (CH3) and 239.2 (C=S).

Tris(thiopropanoylsulfanyl)arsine (5b). Red oil (56%), Viax/cm-! (C=S) 1174 (neat):
0H(CDCl3) 1.38 (t, J = 7.3, 9H, CH3) and 3.06 (q, /=73, 6H, CHp); 6c(CDCl3) 14.8 (CHj),
46.8 (CH») and 250.1 (C=S).

Tris(2-methylthiopropanoylsulfanyl)arsine (5¢). Yellow crystals (45%), mp 42-44
°C; Vmax/em-! (C=S) 1202 (KBr); 84(CDCl3) 1.35 (d, J = 6.4, 18H, CHz) and 3.41 (sept, J =
6.4, 3H, CH); c(CDCl3) 24.0 (CH3), 50.1 (CH) and 256.2 (C=S).

Tris(thiobenzoylsulfanyl)arsine (5d). Red crystals (80%), mp 128-129 °C (Calc. for
C21H|5AsS6: C, 47.17; H, 2.83. Found: C, 46.86; H, 2.89%): Vmax/cm-1 (C=S) 1241 (KBr);
Amax/nm (CH2Clp) 313 (¢/dm3 mol-! cm! 42 000) and 511 (650); dy(CDCl3) 7.29 (t,J=17.9,
6H), 7.48 (t, J=7.9, 3H) and 8.10 (d, J = 7.9, 6H); &c(CDCl3) 126.7, 128.1, 133.5, 143.0 and
234.2 (C=S).

Tris(4-methylthiobenzoylsulfanyl)arsine (5e). Red crystals (78%), mp 68-70 °C (Calc.
for C24H21AsS6: C, 49.98; H, 3.67. Found: C, 50.02; H, 3.74%); Vmax/cm! (C=S) 1243 and
1228 (KBr); Amax/nm (CH2Clp) 330 (¢/dm3 mol-! cm-! 42 000) and 511 (800):; oH(CDCl3)
2.37 (s, 9H, CH3), 7.18 (d, J = 8.4, 6H) and 8.10 (d, J = 8.4, 6H): 6c(CDCl3) 21.8 (CH3), 127.1,
129.8, 141.4, 145.1 and 234.1 (C=S).

Tris(2-methoxythiobenzoylsulfanyl)arsine (5f). Orange crystals (74%), mp 72-74 °C
(Calc. for Cy4Hp1AsO3Se: C, 46.14; H, 3.39. Found: C, 46.44; H, 3.52%); Vmax/cm-! (C=S)
1249 (KBr); 6u(CDCl3) 3.83 (s, 9H, CH30), 6.83-6.98 (m, 6H), 7.34—7.43 (m, 3H) and 7.80-
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7.88 (m, 3H); 8c(CDCl3) 56.0 (CH30), 111.9, 120.2, 129.4, 131.4, 135.9, 156.0 and 236.2
(C=S). |

Tris(4-methoxythiobenzoylsulfanyl)arsine (5g). Red crystals (82%), mp 128-129 °C
(Calc. for Cp4H1As03S¢: C, 46.14; H, 3.39. Found: C, 46.51; H, 3.66%); Vmax/cm! (C=S)
1241 (KBr); Amax/nm (CH2Clp) 355 (¢/dm3 mol-! cm-! 74 000) and 505 (1 300); Sg(CDCl3)
3.76 (s, 9H, CH30), 6.76 (d, J = 9.0, 6H) and 8.16 (d, J = 9.0, 6H); 6c(CDCl3) 55.5 (CH30),
113.2, 129.2, 136.8, 164.5 and 231.0 (C=S). '

Tris(4-chlorothiobenzoylsulfanyl)arsine (Sh). Orange crystals (86%), mp 140-145
°C (Calc. for C21H|2AsCl3S6: C, 39.53; H, 1.90. Found: C, 39.46; H, 2.10%); Vmax/cm-
(C=S) 1229 (KBr); Amax/nm (CH2Cly) 323 (¢/dm3 mol-! cm! 47 000) and 510 (700); SH(CDCl3)
7.37 (d, J = 8.8, 6H), 8.11 (d, J = 8.8, 6H); 6c(CDCl3) 128.3, 128.6, 129.0, 140.8 and 232.7
(C=S).

Tris(1-thionaphthoylsulfanyl)arsine (5i). Orange crystals (74%), mp 156-157 °C (Calc.
for C33H1AsSe: C, 57.88; H, 3.09. Found: C, 57.58; H, 2.83%); Vmax/cm! (C=S) 1223 (KBr);
Amax/nm (CH2Clp) 292 (e/dm3 mol-! cm-! 36 300) and 500 (1 200); éx(CDCl3) 7.33-7.50 (m,
12H) and 7.68-7.88 (m, 9H); oc(CDCl3) 124.6, 124.8, 125.2, 126.0, 126.5, 127.0, 128.2, 131.3,
133.6, 145.1 and 239.3 (C=S).

(Acetylsulfanyl)diphenylarsine (6a). Colorless 0il (91%), Viax/cm™! (C=0) 1682 (neat);
Su(CDCl3) 2.43 (s, 3H, CH3), 7.31-7.34 (m, 6H) and 7.50-7.52 (m, 4H); 6c(CDCl3) 32.2
(CH3), 128.7, 129.3, 133.0, 138.2 and 195.9 (C=0).

(2,2-Dimethylpropanoylsulfanyl)diphenylarsine (6b). Yellow oil (88%), Vax/cm-!
(C=0) 1674 (neat); 6y(CDCl3) 1.29 (s, 9H, CH3), 7.32-7.35 (m, 6H) and 7.52-7.54 (m, 4H);
oc(CDCl3) 22.8 (CH3), 47.6 (CCH3), 128.7, 129.2, 133.0, 138.5 and 195.9 (C=0).

(Benzoylsulfanyl)diphenylarsine (6¢). Colorless crystals (87%), mp 76-78 °C (Calc.
for C19H5AsOS: C, 62.30; H, 4.13. Found: C, 62.67; H, 4.32%); Vmax/cm-! (C=0) 1644
(KBr); og(CDCl3) 7.34-7.39 (m, 6H), 7.43 (t,J=17.8,2H),7.56 (t,J=7.8, 1H), 7.59-7.62 (m,
4H) and 8.07 (d, J=17.8, 2H); oc(CDCl3) 128.3, 128.5, 128.8, 129.4, 133.2, 133.5, 137.2, 138 4
and 192.1 (C=0).

(2-Methylbenzoylsulfanyl)diphenylarsine (6d). Colorless crystals (87%), mp 63-67
°C (Calc. for CyoH17As0S: C, 63.16; H, 4.51. Found: C, 63.46; H, 4.72%); Vmax/cm! (C=0)
1642 (KBr); 8u(CDCls) 2.45 (s, 3H, CH3), 7.20-7.34 (m, 8H), 7.55-7.59 (m, 4H) and 7.93—
7.97 (m, 2H); &c(CDCl3) 21.0 (CH3), 125.7, 128.8, 129.7, 129.9, 130.3, 132.0, 134.0, 136.2,
137.4, 138.1 and 194.7 (C=0). ,

(4-Methylbenzoylsulfanyl)diphenylarsine (6e). To a solution of PhyAsCl (0.271 g,
1.02 mmol) in CH,Cl; (20 mL), potassium 4-methylbenzenecarbothioate (0.196 g, 1.03 mmol)
was added and the mixture was stirred at 20 °C for 1 h. After addition of CH,Cl, (100 mL), the
mixture was washed with water (3 x 90 mL), followed by drying over MgSOy4 (ca. 2 g) for 1 h.
The solvents were removed under reduced pressure by use of a rotary evaporator (30 °C/2.7
kPa). The resulting residue was dissolved in CH>Cl, (10 mL) and hexane (10 mL) and allowed
to stand in a refrigerator (—20 °C) for 24 h to give compound 6e as colorless crystals (0.358 g,
92%), mp 96-99 °C (Calc. for CygH|7AsOS: C, 63.16; H, 4.51. Found: C, 62.95; H, 4.61%):
Vmax/cm-! (C=0) 1644 (KBr); Sy(CDCl3) 2.39 (s, 3H, CH3), 7.21 (d, J = 8.1, 2H), 7.34-7.38
(m, 6H), 7.56-7.60 (m, 4H) and 7.94 (d, J = 8.1, 2H); 6C(CDC13)'21.7 (CH3), 128.4, 128.8,
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129.2,129.4, 133.2, 134.8, 138.5, 144.5 and 191.7 (C=0).

(2-Methoxybenzoylsulfanyl)diphenylarsine (6f). Colorless crystals (89%), mp 94-96
°C (Calc. for CyoH17As0,S: C, 60.61; H, 4.32. Found: C, 60.73; H, 4.54%); Vmax/cm1 (C=0)
1621 (KBr); 64(CDCI3) 3.82 (s, 3H, CH30), 6.90-6.95 (m, 2H), 7.32-7.33 (m, 6H), 7.38-7.42
(m, 1H), 7.57-7.58 (m, 4H) and 7.78-7.83 (m, 1H); 8c(CDCl3) 55.7 (CH30), 112.0, 120.2,
128.5, 128.6, 129.1, 130.3, 133.1, 133.8, 138.5, 157.8 and 190.8 (C=0).

(4-Methoxybenzoylsulfanyl)diphenylarsine (6g). Colorless crystals (87%), mp 42—
44 °C (Calc. for C2oH|7As0S: C, 60.61; H, 4.32. Found: C, 60.55; H, 4.17%); Vgax/cm-!
(C=0) 1629 (KBr); d4(CDCl3) 3.84 (s, 3H, CH30), 6.89 (d, J = 9.0, 2H), 7.33-7.36 (m, 6H),
7.60-7.64 (m, 4H) and 8.02 (d, J = 9.0, 2H); éc(CDCl3) 55.5 (CH30), 113.7, 128.8, 129.3,
130.6, 132.4, 133.2, 138.6, 163.9 and 190.5 (C=0).

(4-Chlorobenzoylsulfanyl)diphenylarsine (6h). Colorless crystals (91%), mp 94-96
°C (lit.,2¢c 8788 °C) (Calc. for C19H14AsCIOS: C, 56.95; H, 3.52. Found: C, 56.83; H, 3.58%);
Vmax/cm™! (C=0) 1655 (KBr); g(CDCl3) 7.36-7.38 (m, 6H), 7.39 (d, J=17.8, 2H), 7.56-7.60
(m, 4H) and 7.99 (d, J = 7.8, 2H); 6c(CDCl3) 128.8, 128.9, 129.5, 129.6, 133.2, 135.6, 138.2,
140.0 and 190.8 (C=0).

(4-Nitrobenzoylsulfanyl)diphenylarsine (6i). Yellow crystals (60%), mp 101-103 °C
(Calc. for C19H4AsSNO3S: C, 55.48; H, 3.43. Found: C, 55.75; H, 3.60%); Vmax/cm! (C=0)
1655 (KBr); éx(CDCl3) 7.39-7.41 (m, 6H), 7.57-7.59 (m, 4H), 8.18 (d, J = 8.0, 2H) and 8.27
(d,J = 8.0, 2H); éc(CDCl3) 123.8, 129.0, 129.2, 129.8, 133.2, 137.8, 141.7, 150.0 and 190.8
(C=0).

Bis(acetylsulfanyl)phenylarsine (7a). Yellow 0il (91%), Vipax/cm-! (C=0) 1694 (neat);
Ou(CDCl3) 2.43 (s, 6H, CH3), 7.31-7.34 (m, 3H) and 7.50-7.52 (m, 2H); 8c(CDCl3) § 32.1
(CH3), 128.7, 130.2, 132.2, 137.4 and 196.3 (C=0).

Bis(2,2-dimethylpropanoylsulfanyl)phenylarsine (7b). Yellow crystals (93%), mp 63—
67 °C (Calc. for C16H23A50,S7: C, 49.73; H, 6.00. Found: C, 49.82; H, 6.13%); Vpax/cm-!
(C=0) 1672 (KBr); 0y(CDCl3) 1.23 (s, 18H, CH3), 7.26-7.42 (m, 3H) and 7.67-7.80 (m, 2H);
dc(CDCl3) 27.6 (CH3), 47.6 (CCH3), 128.6, 130.0, 132.1, 138.4 and 207.8 (C=0).

Bis(benzoylsulfanyl)phenylarsine (7c). Colorless crystals (95%), mp 130-131 °C (lit.,2¢
132-132 °C) (Calc. for CyoH;5As50,S,: C, 56.34; H, 3.55. Found: C, 56.15; H, 3.41%); Vmax/
cm! (C=0) 1639 (KBr); dy(CDCl3) 7.38-7.40 (m, 3H), 7.42 (t, J = 7.6, 4H), 7.56 t,J=17.6,
2H), 7.88-7.90 (m, 2H) and 8.00 (d, / = 7.6, 4H); 6c(CDCl3) 128.3, 128.6, 128.9, 130.3, 132.5,
133.9, 136.6, 138.3 and 192.8 (C=0).

Bis(2-methylbenzoylsulfanyl)phenylarsine (7d). Colorless crystals (43%), mp 75-77
°C (Calc. for CpH9AsO,S;: C, 58.15; H, 4.21. Found: C, 58.29; H, 4.10%); Vyax/cm-!
(C=0) 1641 (KBr); éx(CDCl3) 2.47 (s, 6H, CH3), 7.20-7.25 (m, 4H), 7.36-7.47 (m, 5H), 7.88—
7.90 (m, 2H) and 7.94-7.96 (m, 2H); 8c(CDCl3) 21.1 (CH3), 125.8, 128.8, 130.2, 130.3, 131.8,
132.3,132.5, 136.7, 137.7, 138.2 and 194.6 (C=0).

Bis(4-methylbenzoylsulfanyl)phenylarsine (7e). Colorless crystals (96%), mp 164—
167 °C (Calc. for CpoH19As0;S7: C, 58.15; H, 4.21. Found: C, 58.03; H, 4.34%); Viax/cm-1
(C=0) 1626 (KBr); dy(CDCl3) 2.38 (s, 6H, CH3), 7.21 (d, J = 8.2, 4H), 7.34-7.40 (m, 3H),
7.87-7.90 (m, 2H) and 7.89 (d, J = 8.2, 4H); 4c(CDCl3) 21.7 (CH3), 128.4, 128.8, 129.2, 129 .4,
133.2, 134.8, 138.5, 144.5 and 192.4 (C=0).
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Bis(2-methoxybenzoylsulfanyl)phenylarsine (7f). Colorless crystals (89%), mp 93—
96 °C (Calc. for CopH9As04S;: C, 54.32; H, 3.94. Found: C, 54.40; H, 3.96%); Vmax/cm-!
(C=0) 1606 (KBr); dg(CDCl3) 3.87 (s, 6H, CH30), 6.92-6.99 (m, 4H), 7.34—7.46 (m, 5H) and
7.80-7.90 (m, 4H); 6c(CDCl3) 55.8 (CH30), 112.0, 120.3, 126.1, 128.6, 129.8, 130.4, 132.4,
134.4, 138.9, 158.4 and 191.3 (C=0).

Bis(4-methoxybenzoylsulfanyl)phenylarsine (7g). Colorless crystals (96%), mp 149—
151 °C (Calc. for CpoH19As04S7: C, 54.32; H, 3.94. Found: C, 54.04; H, 3.95%); Viax/cm-1
(C=0) 1628 (KBr); éy(CDClI3) 3.82 (s, 6H, CH30), 6.88 (d, J = 8.9, 4H), 7.34-7.41 (m, 3H),
7.87-7.90 (m, 2H) and 7.97 (d, J = 8.9, 4H); 8c(CDCl3) 55.5 (CH30), 113.7, 128.8, 129.5,
130.1, 130.6, 132.4, 138.7, 164.2 and 191.1 (C=0).

Bis(4-chlorobenzoylsulfanyl)phenylarsine (7h). Colorless crystals (91%), mp 158-
160 °C (Calc. for CogH3AsCl,07S,: C, 48.50; H, 2.65. Found: C, 48.64; H, 2.58%); Vmax/cm
1 (C=0) 1612 (KBr); éu(CDCl3) 7.35-7.41 (m, 3H), 7.41 (d, J = 7.8, 4H), 7.85-7.88 (m, 2H)
and 7.94 (d, J=17.8, 4H); &c(CDCl3) 129.0, 129.0, 129.7, 130.6, 132.5, 135.0, 137.8, 140.5 and
191.6 (C=0).

Bis(4-nitrobenzoylsulfanyl)phenylarsine (7i). Yellow crystals (44%), mp 104—106 °C
(Calc. for CpoH13AsN20¢S7: C, 46.52; H, 2.54. Found: C, 46.82; H, 2.69%); Vpax/cm! (C=0)
1626 (KBr); dy(CDCl3) 7.44-7.47 (m, 3H), 7.86-7.89 (m, 2H), 8.16 (d, J = 8.0, 4H) and 8.29
(d, J = 8.0, 4H); 6c(CDCl3) 123.9,129.2, 129.3, 131.0, 132.6, 136.8, 140.8, 150.8 and 191.3
(C=0). :
Tris(acetylsulfanyl)arsine (8a). Yellow o0il (61%), Vipax/cm-1 (C=0) 1694 (neat);
O0u(CDCl3) 2.47 (s, 9H, CH3); dc(CDCl3) 32.1 (CH3) and 196.4 (C=0).

Tris(2,2-dimethylpropanoylsulfanyl)arsine (8b). Colorless oil (66%), Vmax/cm-1 (C=0)
1668 (neat); oy(CDCl3) 1.26 (s, 27H, CH3); 6c(CDCl3) 27.5 (CH3), 47.7 (CCH3) and 207.8
(C=0).

Tris(benzoylsulfanyl)arsine (8c). Colorless crystals (73%), mp 179-182 °C (lit.,% 155-
157 °C) (Calc. for C31H15As03S3: C, 51.85; H, 3.11. Found: C, 51.35; H, 3.08%); Vmpax/cm’!
(C=0) 1631 (KBr) (lit.,? 1630 cm1); dy(CDCl3) 7.46 (d, J = 7.4, 6H), 7.60 (d, J = 7.4, 3H) and
8.02 (d, J=7.4, 6H); 6c(CDCl3) 128.5, 128.7, 134.2, 136.3 and 193.0 (C=0).

Tris(2-methylbenzoylsulfanyl)arsine (8d). Colorless crystals (56%), mp 89-92 °C (lit.,”
80 °C) (Calc. for C24H21As03S3: C, 54.54; H, 4.00. Found: C, 54.42; H, 3.97%); Vmax/cm-!
(C=0) 1637 (KBr) (lit.,” 1637 cm1); Sy(CDCl3) 2.56 (s, 9H, CHz), 7.24-7.28 (m, 6H), 7.40—
7.44 (m, 3H) and 7.94-7.96 (m, 3H); 6c(CDCl3) 21.3 (CH3), 125.9, 130.5, 131.9, 132.7, 136.2,
138.1 and 194.7 (C=0).

Tris(4-methylbenzoylsulfanyl)arsine (8e). Colorless crystals (98%), mp 137-139 °C
(lit.,2 128-130 °C) (Calc. for Co4Hp1As03S3: C, 54.54; H, 4.00. Found: C, 54.29; H, 4.07%);
Vmax/cm-1 (C=0) 1639 (KBr) (lit.,% 1620 cm"1); 8g(CDCl3) 2.40 (s, 9H, CH3), 7.23 (d, J = 8.2,
6H) and 7.80 (d, J = 8.2, 6H); &c(CDCl3) 21.8 (CH3), 128.6, 129.4, 133.9, 145.3 and 192.5
(C=0).

Tris(2-methoxybenzoylsulfanyl)arsine (8f). Colorless crystals (66 %), mp 150-155
°C (Calc. for C24H1As0¢S3: C, 50.00; H, 3.67. Found: C, 50.28; H, 3.89%); Vpax/cm-1
(C=0) 1611 (KBr); é3(CDCl3) 3.87 (s, 9H, CH30), 6.95 (t, J = 7.6, 6H), 7.46 (t, J = 7.6, 3H)
and 7.86 (d, J = 7.6, 3H); 6c(CDCl3) 55.7 (CH30), 112.0, 120.2, 125.3, 130.3, 134.8, 158.7 and
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191.4 (C=0).

Tris(4-methoxybenzoylsulfanyl)arsine (8g). Colorless crystals (86%), mp 94-96 °C
(Calc. for C24H21As06S3: C, 50.00; H, 3.67. Found: C, 49.70; H, 3.84%); Vmax/cm! (C=0)
1627 (KBr); éu(CDCl3) 3.86 (s, 9H, CH30), 6.90 (d, J = 8.7, 6H) and 7.98 (d, J = 8.7, 6H);
0c(CDCl3) 55.6 (CH30), 113.9, 129.3, 130.8, 164.4 and 191.3 (C=0).

Tris(4-chlorobenzoylsulfanyl)arsine (8h). Colorless crystals (83%), mp 161-164 °C
(Calc. for C21H2AsCl1303S3: C, 42.77; H, 2.05. Found: C, 42.99; H, 1.92%); Vmax/cm™! (C=0)
1660 (KBr); éy(CDCl3) 7.43 (d, J = 8.8, 6H) and 7.94 (d, J = 8.8, 6H); Sc(CDCl3) 129.1,
129.8, 134.5, 141.0 and 191.7 (C=0).

Tris(4-nitrobenzoylsulfanyl)arsine (8i). Yellow crystals (99%), mp 101-103 °C (Calc.
for C21H12AsN309S3: C, 40.59; H, 1.95. Found: C, 41.72; H, 2.04%); Vmax/cm1 (C=0) 1625
(KBr); on(CDCl3) 8.19 (d, J = 8.0, 6H) and 8.34 (d, J = 8.0, 6H); &c(CDCl3) 124.1, 129.5,
140.3, 151.1 and 191.6 (C=0).

Reaction of compound 3e with piperidine (Table 4, entry 2). A suspension of com-
pound 3e (0.198 g, 0.50 mmol) in ethanol (40 mL) was added dropwise to a solution of piperi-
dine (0.085 g, 1.00 mmol) in ethanol (20 mL). This suspension was stirred at 78 °C for 9 h. The
solvent was evaporated under reduced pressure (20 °C/53 Pa), followed by addition of ether (20
mL). Filtration of the resulting precipitates gave piperidinium diphenyldithioarsinate 9 as color-
less needles (0.072 g, 38%). N-4-Methylthiobenzoylpiperidine 10-S was obtained from this
filtrate as yellow crystals (0.076 g, 69%). 'H and !3C NMR spectra were exactly consistent with
those of authentic samples prepared by heating piperidinium 4-methylbenzenecarbodithioate.
Piperidinium diphenyldithioarsinate 9: mp 155-157 °C (Calc. for C;7H22AsNS»: C, 53.82; H,
5.84; N, 3.69. Found: C, 53.44; H, 5.70; N, 3.82%); Vmax/cm-! 3014, 2885, 1603, 1609, 1491,
1456, 1410, 1324, 1178, 1098, 1043, 1019, 961, 948, 881, 772, 718 and 699 (KBr); dy(CDCl3)
1.41-1.46 (m, 2H), 1.60-1.66 (m, 4H), 3.04-3.06 (m, 4H), 7.33-7.41 (m, 6H), 8.04-8.06 (m,
4H) and 9.02 (br, 2H, NH3); 6c(CDCl3) 22.3,22.5,44.2, 128.4, 129.7, 130.0 and 143.5.

Reaction of compound 6e with piperidine (Table 4, entry 3). A suspension of com-
pound 6e (0.380 g, 1.00 mmol) in ethanol (40 mL) was added dropwise to a solution of piperi-
dine (0.086 g, 1.01 mmol) in ethanol (20 mL). This suspension was stirred at 20 °C for 3 h. The
solvent was evaporated under reduced pressure (20 °C/53 Pa), followed by addition of ether (20
mL). Filtration of the resulting precipitates gave piperidinium 4-methylbenzenecarbothioate
11-0 as a colorless solid (0.040 g, 17%). To the filtrate was added toluene (10 mL) and the
mixture allowed to stand in a refrigerator (—20 °C) for 48 h. Filtration of the resulting precipitate
gave 9 as colorless needles (0.019 g, 5%). N-4-Methylbenzoylpiperidine 10-0 was obtained
from this filtrate as colorless oil (0.168 g, 83%).

Reaction of compound 4e with piperidine (Table 5, entry 1). A suspension of com-
pound 4e (0.487 g, 1.00 mmol) in ethanol (80 mL) was added dropwise to a solution of piperi-
dine (0.173 g, 2.03 mmol) in ethanol (40 mL), and this suspension was stirred at 20 °C for 5 h.
The solvent was evaporated under reduced pressure (20 °C/53 Pa), followed by addition of ether
(20 mL). Filtration of the resulting precipitate gave di(piperidinium) phenyltrithioarsonate 15
as a colorless solid (0.057 g, 14%). Evaporation of the filtrate under reduced pressure gave 10-
S (0.149 g, 35%). Di(piperidinium) phenyltrithioarsonate 15: mp 154-157 °C (Calc. for
Ci16H29AsN»S3: C, 45.70; H, 6.95; N, 6.66. Found: C, 45.54; H, 6.87; N, 6.51%); Vpax/cm-]
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2950, 2710, 2500, 1579, 1455, 1441, 1308, 1078, 1039, 938, 872, 754, 703 and 651 (KBr);
OH(CDCI3) 1.59-1.65 (m, 4H), 1.82~1.88 (m, 8H), 3.23-3.25 (m, 8H), 7.33-7.35 (m, 3H), 7.42—
7.44 (m, 2H) and 8.23 (br, 4H, NH»); dc(CDCl3) 22.6, 22.9, 44.8, 128.3, 129.8, 131.0 and
133.0.

Reaction of compound 7e with piperidine (Table 5, entry 5). A suspension of com-
pound 7e (0.454 g, 1.00 mmol) in ethanol (80 mL) was added dropwise to a solution of piperi-
dine (0.173 g, 2.03 mmol) in ethanol (40 mL), and this suspension was stirred at 20 °C for 3 h.
The solvent was evaporated under reduced pressure (20 °C/53 Pa), followed by addition of ether
(20 mL). Filtration of the resulting precipitate gave 11-0 as a colorless solid (0.190 g, 40%).
The filtrate was added to ethanol (20 mL), and filtration of the resulting precipitate gave 0.162 g,
(66%) of 2,4,6,8-tetraphenyl-1,3,5,7,2,4,6,8-tetrathiatetrarsocane 14 as a colorless solid which
was recrystallized from dichloromethane-hexane. The compound 10-O was obtained from this
filtrate as colorless oil (0.227 g, 56%). 2,4,6,8-Tetraphenyl-1,3,5,7,2,4,6,8-tetrathiatetrarsocane
14: mp 174-175 °C (lit.,20 175-176 °C) (Calc. for Co4H0As4S4: C, 39.15; H, 2.74. Found: C,
39.32; H, 2.66%); Vmax/cm! 3042, 1571, 1475, 1429, 1179, 1062, 1019, 998, 728, 687 and 468
(KBr); dy(CDCl3) 7.34-7.45 (m, 12H) and 7.77-7.87 (m, 8H); 6c(CDCls) 129.0, 130.0, 131.6
and 142.3.

Reaction of di(piperidinium) phenyltrithioarsonate 15 with 4-bromophenacyl bro-
mide (Scheme 4). A two molar amount of 4-bromophenacyl bromide (0.139 g, 0.50 mmol) in
ethanol (5.0 mL) was added to a suspension of compound 15 (0.105 g, 0.25 mmol) in ethanol
(20 mL) and refluxed for 10 min. The solvent was evaporated and ether (50 mL) was added,
followed by washing with water (3 x 90 mL) and drying over NaySOy4 (ca. 2 g) for 1 h. The
solvents were removed under reduced pressure by use of a rotary evaporator (30 °C/2.7 kPa).
The resulting residue was dissolved in CH»Cl5 (2.0 mL) and hexane (0.5 mL) and allowed to
stand in a refrigerator (~20 °C) for 24 h to give di(4-bromophenacyl) phenyltrithioarsonate 19 as
colorless crystals (0.027 g, 18%): mp 134-137 °C (Calc. for C22H|7AsBr0,S3: C, 41.01; H,
2.66. Found: C, 41.35; H, 2.66%): Vmax/cm-! (C=0) 1685 (KBr); 0H(CDCl3) 4.1 (s, 4H, CH»)
and 7.2-8.0 (m, 13H).

Reaction of compound 5e with piperidine (Scheme 5). Tris(4-
methylthiobenzoylsulfanyl)arsine Se (0.288 g, 0.50 mmol) and piperidine (0.128 g, 1.50 mmol)
were refluxed in ethanol (50 mL) for 3 h. Filtration of the precipitates gave 0.006 g of a white
solid (mp > 300 °C) (AsxSy?). The ethanol from the filtrate was removed under reduced pres-
sure. To the residue ether (30 mL) was added. Filtration of the ether insoluble part gave 0.088
g of slightly yellow solid 20 [mp 142-145 °C (decomp.) (Calc. for C1oH24As7N»Sg: C, 20.76;
H, 4.18; N 4.84. Found: C, 20.43; H, 4.06; N 4.92%); 6y (DMSO-dg) 1.1-3.2]. Removal of the
ether from the filtrate under reduced pressure gave 10-S in 48% yield .
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Table S1 Selected bond lengths (A), angles (deg.) and torsion angles (deg.) of 3g, 4e and 5e

Diphenyl(4-methoxythiobenzoylthio)arsine 3g

Bond lengths Angles
As(1)--S(11) 3.1470(8) As(1)-C(21) 1.966(3) S(11)--As(1)-S(12)  64.08(2)  S(12)-As(1)-C(21) 91.47(8)
As(1)-S(12) 2.2651(8) As(1)-C(31) 1.965(3) SAD-CAN-8(12)  121.02)  S(12)-As(1)-C(31) 99.44(8)
C(11)-S(11) 1.655(3) OU1-C(18) 1.431(4) As(D)--S(1D-C(11)  73.27(9) CR1)-As(1)-C(31)  96.0(1)
C11)»-S(12) 1.753(3) As(1)-S(12)-C(11) 100.44(9) C(18)-O(11)-C(15) 117.42)
. S(11)--As(1)-C(21) 155.55(8) 89.20(8)
Torsion angles
S(12)-C(11)-C(12)-C(17) 175.7(2) C(11)-S(12)-As(1)-C(21)  173.1(1)
C(18)-0O(11)-C(15-C(14) ~ 2.8(4)  C(11)}-S(12)-As(1)-C(31)  90.7(1)
S(12)-As(1)-C(21)-C(22) 60.0(2)
Bis(4-methylthiobenzoylthio)phenylarsine de
Bond lengths Angles
As(1)--8(11) 2.958(4)  As(1)-S(21) 2.956(4) S(11)--As(1)--S(21) 143.1(1)  S(12)-As(1)-S(22) 83.8(1)
As(1)-S(12) 2.299(4)  As(1)-S(22) 2.315(4) S(11)-As(1)-8(12)  66.5(1)  S21)-~As(1)-S(22)  66.5(1)
C1)-S(11)  1.64(1) CRD-SRD  1.65(1) SUD-C(11)-8(12) 119.8(7)  SQ1)-C(21)-S(22) 120.3(8)
C1-S(12)  1.75(1) C@21-S22) 1.74(1) As(D)--S(ID-C(11)  77.0(5)  As(1)--SQID-C(21) 76.1(5)
As(1)-C(331)  1.97(1) As(1)-S(12)-C(11) As(1)-S(22)-C(21) 95.1(5)
S(12)-As(1)-C(31)  99.0(4)  S(22)-As(1)-C(31) 99.1(4)
Torsion angles
S(12)-As(1)-S(22)-C(21) 170.3(4)
S(12)-C(11)-C(12)-C1(7) 0(1)  S(22)-C(21)-C(22)-C(27) 1(1)
C(11)-S(12)-As(1)-C(31) C(21)-S(22)-As(1)-C(31) 91.6(5)
Tris(4-methylthiobenzoylthio)arsine Se
Bond lengths Angles
As(1)--S(11) 2.969(4) C(11)-S(11) 1.68(1) S(11)--As(1)-S(12)  66.0(1)  As(1)--S(11)-C(11) 77.1(4)
2.316(4) C(11)-8(12) 1.73(1) S(IDH-C(11)-S(12) 118.8(7)  As(1)-S(12)-C(11) 97.6(4)
S(12)-As(1)-S(12*)  88.3(1)

S(12)-C(11)-C(12)-C(17) 172.4(10)

*1-Y,X-Y,Z

Torsion angles

S(12)-As(1)-S(12*)-C(11*)

87.4(4)

Table S3 Selected bond lengths (A) and angles (deg.) of 9 and 15

Piperidinium diphenyldithioarsinate 9

Di(piperidinium) phenyltrithioarsonate 15

Bond lengths Bond lengths
As(1)-S(D) 2.128(1)  As(1)-C(1) 1.938(3) As(1)-S(1) 2.146(2)  N(1)-H(6) 0.97
As(1)-S(2) 2.101(1)  As(1)-C(7) 1.939(4) As(1)-S(2) 21512)  N(D-H(7) 0.96
S(1)--N(1*) 3.226(3) S(2)-N(1) 3.473(3) As(1)-S(3) 2.135(3) N(2)-H(18) 0.97
S(1)-+H(12%) 225 S(2)--H(11) 2.72 As(1D-C(1) 1.929(8) N(2)-H(19) 0.95
N(1)-H(11) 1.02 N(1)-H(12) 0.98 S(1)N(1*) 3226(7)  S(1)--H(6%) 2.28
Angles S(2)--N(1) 3.3398)  SQ)--H(T) 2.48
S(2)--N(2*) 3.195(8) S(2)--H(18*%) 2.30
S(1)-As(1)-S(2)  116.27(4)  SQ)-As(1)-C(1)  96.1(1) S(3)-N(2) 3.264(9) S(3)--H(19) 236
S(1)-As(1)-C(1) 107.6(1) S2)-As(1)-C(7)  100.1(1)
S(-As(-C(T)  109.1(1)  C(D-As()-C(T)  98.7(1) Angles
N(D)-H(11)--S(2) 130.453 N()-H12)-8(1%) 1198G)  s(1)}-As(1)-S(2) 111.699)  S(I)-As()-C(1)  105.8(2)
* X 1Y, 2.2, S(-As(1)-S3) 112.0(1)  SQ2)-As(1)-C(1)  106.7(2)
S)»-As(1)-S3) 113.6(1)  SB)-As(1)-C(1)  106.5(2)
N(1)-H(6)--S(1*) 164.965 N(2)-H(19)--S(3)  146.196
N(1)-H(7)--S(2) 148.528 N(2)-H(18)--S(2**) 171.881

*1-X, 1-Y, I-Z. ** 1-X, -Y, |-Z.
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Table S2 Selected bond iengths (A). angles (deg.) and torsion angles (deg.) of 6h, 7g and 8e

(4-Chlorobenzoylthio)diphenylarsine 6h

Bond lengths Angles

As(1)-S(11) 2.270(1) As(1)-C(21) 1.959(4) S(11)-As(1)-O(11) 58.99(6) S(11)-As(1)-C(2l)  96.1(1)
As(1)--O(11) 2.943(3) As(1)-C(31) 1.953(3) S(ID-C(11)-0(11)  121.3(3)  S(11)-As(1)-C(31) 100.1(1)
CAD-S11) 1.793(4y Ci1D-C(15) 1.731(4) As(1)-S(ID-C(11y ~ 95.59(1) C(21)}-As(1)-C(3L) 98.7(1)
C(11)-0(11) 1.210(4) As(1)-0(1D-C(11)  82.6(2) Ci(1D-C(15)-C(14) 119.8(3)
O(1D)--As(1)-C(21) 155.0(1)
Torsion angles

SUD-CD-C12)-C(17)  6.5@) C(11)=S(11)-As(1)-C(21)  176.3(1)
CI(11)-C(15)-C(14)-C(13) 179.3(3)  C(11)-S(11)-As(1)-C(31)

Bis(4-methoxybenzoylthio)phenylarsine 7g

Bond lengths Angles

As()-S(11)  2.286(1)  As(1)-S(21) 2.280(1) S(11)-As(1)-S(21) 88.46(4) O(11)-As(1)--O(21)146.57(8)
As(1)-O(11) 2.708(3) As(1-0(21) 2.731(3) S(11)-As(1)--O(11) 62.28(7)  S(21)>-As(1)--O(21) 62.08(6)
C1-S(I1) 1776(4) CQ1)}-S(21) 1.796(4) S(IH=C(11-0(11) 119.73)  SEH-CRN-0(21) 119.1(3)
CIH-0O(11) 1.223(5) C(21)-0@21) 1.217(5) As()-S(ID-C(11)  90.9(1)  As(1)-SQ1)-C(21) 91.5(1)
As(D-C(31) 1.9564) O(12)-C(18) 1.413(6) As(D)-O(11)=C(11)  87.2(3)  As(1)--0(21)-C(21) 87.4(2)
0(22)-C(28)  1.429(6) SU1-As(1)-C(31)  97.6(1) S(21)}-As(1)-C(31) 98.8(1)

C(18)-0(12)-C(15) 118.6(4) C(28)-0(22)-C(25) 117.6(4)

Torsion angles

S(11)-As(1)-S(21)-C(21) 176.1(1)
SUD-C(1)-C(12)-C(17) 15.8(5)  S(21)-C(21)-C(22)-C(27) 4.9(5)
C(11)-S(11)-As(1)-C(31) C21)-S21)-As(1)-C(31)  78.7(2)

Tris(4-methylbenzoylthio)arsine 8e

Bond lengths Angles
As(1)-S(11) 2.264(5) C(11)-S(11) 1.80(1) S(1D)-As(1)-O(11)  60.4(3)  As(1)-S(ID)-C(11) 93.4(6)
As(1)--O(11)  2.81(1) 1.18(2) SUD=-C(1D-O(1l)  119(1)  As(D)--O(11)-C(11) 86.1(9)

S(HD-As(1)-S(11*)  92.9(2)
Torsion angles
S(I1H)-C(11-C(12)-C(17) 5(2)  S(11)-As(1)}-S(11*)-C(11*) 88.8(6)
*1-Y, -1+X-Y, Z
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Chapter6

Ammonium Diselenoates: Stable Heavy Congeners of Carboxylic
Acid Salts

6.1. Introduction

Since the first synthesis of aromatic dithioic acids and their salts in 1868,! tremendous
amounts of studies on their synthesis and applications have been reported.2 In contrast, the
selenium isologues, i.e., diselenoic acids and their salts have been totally ignored species until
very recently. As their aliphatic derivatives, Jensen noted that the reaction of dialkylzinc with
carbon diselenide zinc diselenoates were proposed as a putative unstable intermediate in the
reaction.3 Very recently, the inner salts having diselenocarboxyl group was isolated as stable
compounds and characterized.* Nevertheless, no example of aromatic diselenoic acids and their
salts has been reported.d

6.2. Results and Discussion

Synthesis. During the course of our studies on a series of chalcogenocarboxylic acid
salts, ammonium selenothioates were synthesized by reacting S-B-trimethylsilylethyl
selenothioates with ammonium fluorides for the first time (eqs 1 and 2).6 A similar approach
might be possible to the synthesis of ammonium diselenoates.

Se
MeszAl  Ar” “OCHs Se
Mg >SH Ar/“\s/\/TMS (1)
Se Se
2
Ar)J\S/\/TMs + R4NF A S NR, )

However, f-trimethylsilylethylselenol 1, (CH3)3SiCH,CH,SeH, which was the key starting
material when the reactions of eqs 1 and 2 were applied to the diselenoates, has not yet been
known. Furthermore, the selenol 1 was expected to be easily oxidized even though 1 was iso-
lated. The, use of bis(fB-trimethylsilylethyl) diselenide 2 was envisaged as an equivalent to
selenol 1. Initially, a variety of metal diselenides (Se/LiBEt3H,7 Se/LiAlH4,8 Se/Li%) were
generated and reacted with in situ generated B-trimethylsilylethyl bromide from carbon
tetrabromide, triphenylphosphine and B-trimethylsilylethanol. As a result, the reaction of lithium
diselenide gave the desired diselenide 2 in 30-57% yields (Scheme 1).

Then, aluminum selenolate, TMSCH,CH,SeAlBuj-i, was generated in situ from bis(f-
trimethylsilylethyl) diselenide 2 and DIBAL-H, and reacted with O-methyl esters 3 in toluene at
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Scheme 1

CBry, PPh3 LioSep

™S T™S - (TMS/\/Se)
/\/OH CH20|2 [ /\/BI' ] CHQC|2/THF 2
0 °C, 20 min 0 °C, 30 min 2
30 °C, 30 min

room temperature for 3—-16 h. The mixture gradually changed from red to green. The purifica-
tion by the column chromatography on silica gel successfully gave diselenoic acid S-
trimethylsilylethyl esters 4 as a blue-green or green oil in low to good yields (Table 1). These
diselenoesters 4 in oil state are unstable, which decomposed to the corresponding selenoic acid
esters (RCOSeCH,CH,TMS) under Ar even at —20 °C within 12 h except for 2-methylphenyl

derivative 4b. Table 1. Reaction of di(B-ethylsilyl)diselenides 2 with O-methyl esters 3
.. . Se
Similarly to the synthesis of ammo-
nium selenothioates the ester 4a was DIBAL-H 3 OCHs 5o
initially reacted with BusNF. The re- (TMS/\/Se) R)J\Se/\/T MS
2 toluene  toluene
action mixture turned yellow green 2 0°C 30°C 4
10 min time
from green but the NMR spectra of the )
. ] entry No. R time (h)  yield (%) color
concentrated residure showed the mix-

. . 1 4a CgHs 3 394 green
ture of ammonium diselenoate S along 5 b 2CHyCeH, s 590 blue-green
with ammonium selenoate 6 (Scheme 3 4c  4-BrCgH, 6 gb green
2). 4 4d  4-CH3;0C¢H,4 12 27° green

¢ Purification Was carried out with chromatography on silica gel.
Scheme 2 b Purification was carried out with HPLC.
Se Se 0
TMS + BugNF F‘/U\ . 4 R/U\ )
H/U\Se/\/ ‘ THE Se™ *NBuy Se™ *NBuy
R = CgHs 0°C 5 6

5:6 =5: 3 mixture

In contrast, the reaction of 4 with Me4NF afforded the corresponding ammonium diselenoates 7
with high purity (Table 2). For example, a CH3CN solution of 4a was added to a CH3CN
suspension of Me4NF. After stirring at O °C for 1 h, the solvent was removed under reduced
pressure. Washing of the residue with EtyO afforded tetramethylammonium diselenobenzoate
7a as green crystalline solid in 59% yield (Table 2). Similarly, other ammonium salts 7b—d were
isolated as green crystalline solids in 47-78% yields, respectively.

The salt 7a was handled under the air without any appreciable change, whereas the salt
7a decomposed when it was dissolved in CH3CN and THF. On the other hand, the introduction
of the methyl group to the ortho position of aromatic ring increased the stability of the salt 7b, no
appreciable change was observed for the salt 7b even when is was dissolved in CH3CN at —20
°C.
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Structure. The molecular Table 2. Reaction of diselenoesters 4 with Me4yNF

structure of 7a was determined by X- Se

Se
ray crystallography. The ORTEP Fk)'J\Se'\/TMS + MedNF CHsCN  R” "Se™ *NMey
4 0°C 7

drawing of 7a is shown in Figure 1.

time
The crystal data are collected in
entr No. R time (h) ield (%)“
Table 3. Selected bond lengths and Y ? d ”
angles are shown in Table 4. This is ! 7a  CeHs ! 39
. 2 7b 2—CH3C6H4 3 68
the first example of X-ray molecular 3 e 4-BrCqH, ) 47
analysis of aromatic diselenoic acid 4 7d  4-CH30CgH, 1 78

salts. Several characteristic features ¢ [solated yields.
are as follows. First, the distances c®e) ¢

between the selenium atoms and the C(5)
hydrogen atoms of the ammonium @
e

ion are longer than the sum of the

van der Waals radii of both atoms, 10 c@ g

and no interaction was observed be- Figure 1. The ORTEP drawing of C¢HsCSe,~ "NMey 7a.
tween diselenocarboxylate group and Hydrogen atoms have been omitted for clarity.

ammonium ion. Second, the diselenoate salt 7a Table 3. Crystallographic Data

is monomeric in the solid state. Third, the dihe- Ta
dral angle of the phenyl group and formula CyH7NSe;
diselenocarboxyl group was 46.0(5)°, and the W 32118
color green
phenyl group does not seem to resonate crystal size (mm) 0.20 x 0.17 x 0.06
diselenocarboxyl group. Fourth, the average bond T (K) 296 )
crystal system orthorhombic
lengths of the two C—Se bonds are 1.830(4) A space group P2,2,2,
and closer to the bond lengths of the ordinary C— Z Ei; g'zgggg
Se double bonds (1.74-1.80 A)!! than those of ¢ (A) 15.748(7)
’ 3
the C-Se single bonds (~1.94 A).12 ; A9 ;334'5(10)
Spectra. Representative spectroscopic  Deycq (g cm™) 1.598
data of 4 and 7 are listed in Table 5. In the 13C A ™™ ) o
ata of 4 and 7 are listed in Table 5. In the F(000) 632.00

NMR spectra, the signals due to the  no.of reflns measured/unique 3045/1764
no. of observations, (I > 2o(l)) 1535

selenocarbonyl carbon atom in 4 were observed RI: wR2 | 0.033; 0.063
at 23715 ppm, whereas the corresponding sig- ~ goodness-of-fit 0.68
final max., min., (Ap, e A7) 1.39; -0.60

nals of diselenoates 7 were shifted to lower fields

by 22.5+0.5 ppm. Two resonances at
about 900 and 1800 ppm in 77Se NMR

Table 4. Selected bond lengths and angles and torsion angle of 7a

Se(-C(1)  1.831(4)  Se(1)-C(1)-Se(2) 124.3(2)
spectra were observed for the sele-  se2) 1) 1.8284)  Se(l »C(1)-C(2) 117.7(3)
nium atoms of the C-Se single and ©(D-C( L4820)  Se-C()-C(2) 118.03)

_ Se(1)-C(1)-C(2)-C(3) 46.0(5)
C=Se double bonds in the case of 4.
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The typical Coupling constants of the Table 5. Spectroscopic Data of Compounds 4 and 7

C-Se bond (17213 Hz) and the C=Se

bond (224+1.2 Hz) were also detected. No. 5Fppm]

On the other hand, only one signal ap-
peared at 1360-1493 ppm when the
esters 4 were converted to diselenoates
7. Interestingly, the linear relationship
was observed between the signals of
the selenium atom forming the double
bond in 4 and those of the selenium

atom in 7 (Figure 2). Furthermore, the

BCNMR? 77Se NMR* 1 goc? UV-Vis [nm]*
6 [ppm] [Hz] T—To* n—mx
4a 2369 897.9,17720 171.9,2233 391 622
4b 2415 901.3,1846.7 174.5,2252 375 627
4c 2342  863.4,1798.1 171.6,2228 394 618
4d 2336 954.6,1652.4 169.2,222.8 366 609
7a 259.3 14333 2135 447 (423)¢ 684 (654)¢
b 263.6 1493.0 208.7 417 (3857 670 (671)¢
Te 256.1 1449.4 2149 453 (433)¢ 690 (692)¢
7d 256.6 1362.6 211.6 452 (448)7 634 (611)4

¢ CDCl3 was used as a solvent for 4, whereas CDCN3 and DMSO-dg

were used for 7. ? The coupling constants were derermined in the Bc

NMR spectra. ¢ THF was used as a solvent. ¢ The UV-Vis spectra were

77Se signals in 4 were in the region of mesured in the solid state.

those of the C=Se bonds. More im-
portantly, the coupling constants be-
tween the selenium and the carbon at-
oms in 7 were larger than 200 Hz,
which indicates that both the car-
bon-selenium bond in 7 possesses
the double bond character in great
depth. In other words, the electrons

Ammonium salts 7

are highly efficiently delocalized on
the diselenocarboxyl group in 7 (eq
3). UV-visible spectra of 7 further
support the double bonding be-
tween the carbon atom and sele-
nium atoms in 7. As for 4, the ab-

sorptions ascribed to m—mt* and n—

1480

[ppm] |

1460

1440

1420

1400

1380

1360

1600

1700

1800

Diseleno esters 4

T* transitions were at 366-394 and  Figure 2. Correlation in 7’Se NMR spectra between 4 and 7.

at 609-627 nm, respectively. The
corresponding absorptions of 7
were substantially shifted to the
longer wavelength.

Se

Se”

1900
[ppm]

5 (""Se NMR in 7) = 379.29 + 0.59502 & ("'Se NMR in 4), RZ = 1.000

X
R Se

()

Calculations. To further explore the properties of the bonding between the selenium

atoms and the carbon atom of 7, ab initio molecular orbital calculation of the diselenoate ion 7a

was performed by using Gaussian 98 programs.!3 Geometry optimizations for 7a were carried
out with the 6-311+G(d,p) basis set at the B3LYP level. The bond lengths, angles, and torsion
angles of the optimized structure are shown in Table 6. The results of Mulliken population

analyses are also shown in Table 7. In the diselenoate ion the negative charge is distributed not
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only to two selenium atoms but also Table 6. Selected bond lengths and angles and torsion angle of 7a and
optimized 7a

to the central carbon atom. In the

e ; Ta optimized 7a
aromatic ring the electrons are fairly
; ; . Se(1)-C(1) 1.831(4) 1.851141
deficient at the ipso-carbon C2. This Se(2)-C(1) 1.828(4) 1.851146
is compensated by the distribution of C(1)-C2) 1.482(5) 1494882
Se(1)-C(1)-Se(2) 124.3(2) 125.3320
the electrons to other carbon atoms Se(1)-C(1)-C(2) 117.7(3) 117.3338
in the aromatic ring. On the basis of SO 118,03 117.3342
Se(1)-C(1)-C(2)-C(3) 46.0(5) 41.7644

molecular orbital calculations three
molecular orbitals, i.e., LUMO, Table 7. Mulliken charges of optimized 7a

HOMO, HOMO of m-orbitals Se(l) -0430450 C@2) 0.996622  H(1) 0.141512

" _ Se( 0430694 COB) 0618517  H(2)  0.098859
HOMO-Danl tet HOMO 1 & | oy oviisy ©W D007 Hp)  qpests

orbitals (HOMO-3) of 7a are visual- C(5)  -0.158581  H(4) 0.098781

b e ) C6) 0264551  H(5)  0.141827
14

ized in Figure 3.14 Interestingly, the e 0242022

next HOMO of m-orbitals is extended
to one side of C(1)-Se(1) bond and
to the other side of C(1)-C(2) bond.
As a result, the atomic orbital of the
central carbon atom highly contrib-
uted to the next HOMO of m-orbit-
als. The LUMO is extended over
the C(1)-C(2) bond.

To compare the bonding of

(a) HOMO

diselenoate ion, bond orders of three
model compounds calculated by
B3LYP/6-311+G(d,p) are shown in
Table 8. The polar nature of the

C=0 group in 8 is clearly seen since

the value is on the order of 1.25 for

(¢) HOMO-3

C=0. In contrast, the values are on

the order of 1.81 for C=S in 9 and  gyoure 3, The molecular orbital of HOMO (a), HOMO-1 (b), HOMO-
that of 1.78 for C=Se in 10. This 3 (c)and LUMO (d) in optimized structure of 7a.

result suggests that the double bond

(d) LUMO

character of two carbon-selenium bonds in diselenoate ions is more important than that of the
carbon-oxygen bonds in carboxylate ions.

Reaction. Finally, the usefulness of ammonium diselenoates 7 as a key starting material
leading to a variety of compounds bearing diselenocarboxyl group was proved by the following
reaction. First, alkylation of 7b with p-phenylphenacyl bromide gave the corresponding phenacyl
ester 11 as stable blue needles (Scheme 3). Second, to generate diselenoic acids, the CF3SO3H
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or HCVEt,O solution was added to a dg-THF suspension of 7b in a NMR tube at -70 °C. As a
result, insoluble salt 7b quickly dissolved in dg-THF, and the light green suspension quickly

changed to green, which was indicative of the S Se

. . . CH— - CHy— - CHy— -
formation of diselenoic acid 12, but low tem- o S Se
perature NMR spectra of the reaction mixture 8 9 10

did not show the signals which could Table 8. Selected bond lengths and angles and Mulliken charges and
be ascribed to 12. Then, to the homo- Bond orders of dichalcogenoate ions CH3CE;™

geneous reaction mixture of CF3SO3H H{ /E1

with 7b in EtoO was added methyl H6—-—/C4—Cs\ -

vinyl ketone at -70 °C, and stirred for H7 E2

30 min at 30 °C to afford y-oxabutyl 8 (E=0) 9(E=S) 10 (E = Se)

. .- Bond lengths A)

diselenoate 13 as a blue oil in 21% E(1-CG3) 1955345 1700155 1847229

yield. These results suggest that E@2)-C@3) 1.256110 1.700155 1.847247
C(3)»-C(4) 1.564930 1.528309 1.520342

diselenoic acid 12 is generated by the
protonation of 7b, but it easily decom- Bond angles (°)

E(1)-C(3)-E(2) 128.9159 126.7373 126.4363
poses. E(1)-C(3)-C(4) 116.2398 116.6168 116.7673
E(2)-C(3)-C(4) 114.8444 116.6168 116.7670

6.3. Conclusion. Mulliken charges (¢)
In summary, we have suc- E() " —0.507466 0722472 —0.465435
E(2) ~0.491307 0722472 -0.465184
ceeded in the first synthesis and struc- (3, 0.152473 0.743714 0.116927
ture analysis of diselenoic acid salts. €® -0.484200 0706945 0588831
H(5) 0.109997 0.133992 0.134212
The selenocarboxyl group in ammo- He) 0.110005 0.137091 0.134212
H(7) 0.110499 0.137091 0.134212

nium salts 7 was close to the double

bond by various NMR spectra, mo- BondOrders

) . E(1)-C(3) 1.25835 1.81031 1.78137
lecular and electronic analysis. E()-C(3) {25445 1 81031 178156
C(3)-C4) 0.92779 1.04157 1.05658
Scheme 3
0 g
OO 4 A
CH;Cly ©:LLS&
C,th CHs 0]
7b — 11: 68 %, blue needles
CF3SO3H Se /\)J\
Et,0 SeH -70 °C, 2h dL
-70°C CHg then 30 °C, 0.5 h
12 13: 21 %, bilue oil

green solution
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6.4. Experimental _

General Procedures. Melting points were measured by a Yanagimoto micromelting
point apparatus (uncorrected). IR spectra were measured on JASCO FT/IR-410 Fourier Trans-
form Infrared Spectrometer. The !H NMR spectra were measured on a JEOL o-400 (399.6
MHz) in CDCl3, dg-THF and CD3CN. Chemical shifts of protons are reported in & values
referred to CHCl3, THF and CH3CN as an internal standard, and the following abbreviation
were used as following: s: singlet, d: doublet, t: triplet, q: quartet, quint: quintet, m: multiplet.
The !3C NMR spectra (100.4 MHz), 77Se NMR (76.2 MHz) spectra were obtained from the
same spectrometer as !H NMR ones. The 77Se chemical shifts were expressed in  values
deshielded with respect to neat MezSe. UV-visible spectra were measured on a JASCO U best
55 or HITACHI U-4000. HPLC performed using a Japan Analytical Industry LC-908 recycling
preparative HPLC apparatus coupled to an RI indicator and a UV detecter (264 nm). HRMS
was measured on a JEOL GCmate II. The mass spectra (MS) were taken on SHIMADZU
GCMS QP1000 (EI mode). Elemental analyses were performed by the Elemental Analysis
Center of Kyoto University.

Materials. Diethyl ether (Et20) and tetrahydrofuran (THF) were distilled from sodium/
benzophenone ketyl prior to use. Acetonitrile (CH3CN) and dichloromethane (CH,Cly) were
distilled over diphosphorus pentaoxide after refluxing for 5 h. Toluene was distilled from cal-
cium hydride. Hexane was distilled from sodium metal. Selenobenzoic acid O-methyl ester!3
was prepared according to the literature. Anhydrous tetramethylammonium fluoride was ob-
tained from the tetramethylammonium fluoride tetrahydrate by removal of the water under re-
duced pressure (150 °C/1:0 mmHg) with stirring for about 1 h. Lithium (pole), p-phenylphenacyl
bromide, selenium powder, tetrabromomethane and triphenylphosphine were purchased from
Nacalai Tesque Inc. DIBAL-H (1.0 M toluene solution) was purchased from KANTO Chemical
Co., Inc. Tetramethylammonium fluoride tetrahydrate, trifluoromethanesulfonic acid and 2-
(trimethylsilyl)ethanol were purchased from Aldrich Chemcal Company. Methyl vinyl ketone
was purchased from Merck KGaA. Silica gel used on column chromatography was run on
silica gel 60 of KANTO Chemical Co., Inc. All manipulations were carried under argon
atomosphere.

X-ray crystallography. Crystal samples were cut from the grown crystals and mounted
on a glass fiber. The crystals were coated with an epoxy resin because they were air sensitive.
Measurements were carried out on a Rigaku/MSC Mercury CCD using a graphite-monochro-
mator with Mo Ko radiation (A = 0.71069 A). The data were collected at 296K. The structure
was solved by a direct method using SHELXS86!6 and expanded using DIRDIF94.17 Neutral
atom scattering factors for neutral atoms were from Cromer and Waber!8 and anomalous disper-
sion effects!? were used. A full-matrix least-squares refinement was executed with non-hydro-
gen atoms. The final least square cycle included fixed hydrogen atoms at calculated positions
for which each isotropic thermal parameter was set to 1.2 times of that of the connecting atom.
All calculations were performed using the teXsan crystallographic software package of Molecu-
lar Structure Corporation.
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Bis(2-Trimethylsilylethyl) diselenide (2). In a 100 mL schlenk tube, lithium (0.160 g,
23.1 mmol) and selenium powder (1.801 g, 22.8 mmol) was stirred at -70 °C in lig. NH3. After
stirring at this temp. for 4 h, the removal of the solvent gave 1.991 g (purity: 75%) of Li>Se; as
a black brown solid. In a 50 mL two-necked round bottom flask, triphenylphosphine (3.294 g,
12.6 mmol) was slowly added to a CH»Cl, (10 mL) solution of (2-trimethylsilyl)ethanol (1.5
mL, 10.5 mmol) and CBr4 (4.165 g, 12.6 mmol) at 0 °C over 2 min, and it was stirred at this
temp. for 20 min. This solution was added to a CH2Cl; (5 mL) suspension of LizSe3 (1.991 g,
purify: 75%) in a 100 mL schlenk tube at O °C through a canula taking over 5 min. Into this,
THF (10 mL) was added dropwise to this mixture by 10 mL syringe at 0 °C over 1.5 min, and it
was stirred at 0 °C for 30 min and then at 30 °C for 30 min. The reaction mixture was poured
onto water, and extracted with ether (100 mL). The organic layer was dried over MgSO4 and
concentrated in vacuo. After addition of hexane (200 mL), the insoluble parts (triphenylphosphine
oxide) were filtered, and the mixture was concentrated in vacuo.. The residue was purified by
distillation under reduced pressure (118-124 °C /0.3 mmHg) to give 1.074 g (57%) of 2 as a
orange oil. Bp: 126-128 °C /0.3 mmHg; IH NMR (CDCl3): 6 0.00 (s, 9H, SiMe3), 0.86-1.02
(m, 2H, SiCHp), 2.90-2.95 (m, 2H, CH;Se); 13C NMR (CDCl3): 8 -1.80 (!J ;3¢.29si = 51.3 Hz,
SiMe3), 19.4 (!J 13¢-29s; = 48.0 Hz, SiCHj), 25.0 (CH;Se); 77Se NMR (CDCl3, Me;Se): &
352.6; Anal. Calcd for CjgH26SesSio: C, 33.33; H, 7.27. Found: C, 33.32; H, 7.27.

Diselenobenzoic acid Se-2-(trimethylsilyl)ethyl ester (4a). In a 30 mL two-necked
round bottom flask, a toluene solution of 1.0 M DIBAL-H (1.2 mL, 1.2 mmol) was added to a
toluene solution (1 mL) of 2 (0.216 g, 0.60 mmol) at 0 °C, and it was stirred at 30 °C for 10 min.
Then, a toluene solution (2 mL) of selenobenzoic acid O-methyl ester (0.199 g, 1.00 mmol) was
added to the resulting mixture at 0 °C, and the mixture was stirred at 30 °C for 3 h. The reaction
mixture was poured onto ice/water mixture, and extracted with hexane. The organic layer was
dried over MgSO4 and concentrated in vacuo. The residue was purified by column chromatog-
raphy on silica gel using hexane (Rf = 0.48) as an eluent to give 0.136 g (39%) of 4a as a green
oil. IR (neat): 3037, 3023, 2951, 1587, 1440, 1410, 1246, 1179, 1154, 1010, 941, 858, 841, 754,
686, 610, 585. 544 cm~!; IH NMR (CDCl3): 6 0.10 (s, 9H, SiMe3), 1.16-1.21 (m, 2H, CHy),
3.40-3.44 (m, 2H, CHy), 7.30 (t, /= 7.9 Hz, 2H, Ar), 7.57 (t, /=79 Hz, 1H, Ar), 795 d, /=79
Hz, 2H, Ar); 13C NMR (CDCl3): 8 -1.72 (SiMe3), 15.9 (CH»), 34.8 (CHy), 125.5, 128.6, 131.6,
154.5 (Cipso), 236.9 (C=Se: 'J 13¢.775¢ = 171.9 Hz, C-Se: 1J j30=7750 = 223.3 Hz); 77Se NMR
(CDCl3, MesSe): 8 897.9 (C-Se, 1J 775.-13¢c = 170.9 Hz), 1772.0 (C=Se); UV-Vis (THF) Amax
(log £): 218 (4.20), 246 (3.71), 323 (3.89), 391 (3.63), 622 (2.15); HRMS Calcd for C;2HgSe>Si:
349.9578. Found: 349.94931.

2-Methyldiselenobenzoic acid Se-2-(trimethylsilyl)ethyl ester (4b). In a 50 mL two-
necked round bottom flask, a toluene solution of 1.0 M DIBAL-H (3.2 mL, 3.2 mmol) was
added to a toluene solution (5 mL) of 2 at 0 °C, and it was stirred at 30 °C for 10 min. Then, a
toluene solution (5 mL) of 2-methylselenobenzoic acid O-methyl ester (0.642 g, 3.01 mmol)
was added to the resulting mixture at 0 °C, and the mixture was stirred at 30 °C for 16 h. The
reaction mixture was poured onto ice/water mixture, and extracted with hexane. The organic
layer was dried over MgSOy4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel using hexane (Rf = 0.30) as an eluent to give 0.638 g (59%) of 4b
as a blue green oil. IR (neat): 3060, 3014, 2951, 1594, 1453, 1412, 1378, 1246, 1154, 1112,
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1010, 950, 933, 845, 744, 695, 621, 571, 495, 441 cm~1; 1H NMR (CDCl3): 8 0.10 (s, 9H,
SiMe3), 1.16-1.20 (m, 2H, CHy), 2.35 (s, 3H, CH3), 3.36-3.41 (m, 2H, CHj), 7.13-7.24 (m,
4H, Ar); 13C NMR (CDCl3): § -1.76 (SiMe3), 15.9 (CHy), 19.7 (CH3), 34.6 (CHj), 123.2,
125.1, 128.6, 130.1, 130.9, 155.8 (Cipso), 241.5 (C=Se: 1J j3¢.775¢ = 174.5 Hz, C-Se: 1 130=775e
= 225.2 Hz); 77Se NMR (CDCl3, Me;Se): 8 954.6 (C-Se), 1846.7 (C=Se); UV-Vis (THF) Amax
(log €): 220 (4.30), 252 (3.75), 324 (3.51), 375 (4.01), 609 (2.50); Anal. Calcd for C13HnSe;Si:
C, 43.10; H, 5.56. Found: C, 43.37; H, 5.51.

4-Bromodiselenobenzoic acid Se-2-(trimethylsilyl)ethyl ester (4c). In a SO mL two-
necked round bottom flask, a toluene solution of 1.0 M DIBAL-H (1.3 mL, 1.3 mmol) was
added to a toluene solution (2 mL) of 2 at 0 °C, and it was stirred at 30 °C for 10 min. Then, a
toluene solution (2 mL) of 4-bromoselenobenzoic acid O-methyl ester (0.280 g, 1.01 mmol) was
added to the resulting mixture at 0 °C, and the mixture was stirred at 30 °C for 3 h. The reaction
mixture was poured onto ice/water mixture, and extracted with hexane. The organic layer was
dried over MgSO4 and concentrated in vacuo. The residue was purified by column chromatog-
raphy on silica gel using hexane (Rf = 0.48) as an eluent to give 0.110 g (26%) of the mixture
containing 4¢ as a green oil. The ester 4¢ was finally purified by HPLC and isolated in 0.034 g
(8%) as green oil. IR (neat): 2952, 1573, 1475, 1391, 1247, 1177, 1073, 1007, 934, 848, 816,
695, 624, 606, 541, 432, 403 cm~!; IH NMR (CDCl3): § 0.10 (s, 9H, SiMe3), 1.15-1.19 (m, 2H,
CH), 3.39-3.43 (m, 2H, CHy), 7.43 (d, J = 6.8 Hz, 2H, Ar), 7.82 (d, J = 6.8 Hz, 2H, Ar); 13C
NMR (CDCl3): § -1.74 (SiMe3), 15.9 (CHy), 35.1 (CHp), 126.5, 126.8, 131.8, 153.0 (Cipso),
234.2 (C=Se: 1J 13¢.775¢ = 171.6 Hz, C-Se: 1J ;30=775. = 222.8 Hz); 77Se NMR (CDCl3,
Me;Se): 6 901.3 (C-Se), 1798.1 (C=Se); UV-Vis (THF) Amax (log €): 233 (4.14), 332 (4.15),
394 (3.82), 627 (2.29); FAB-MS: m/z 427 (M*); HRMS Calcd for C{,H;7BrSe;Si: 427.86129.
Found: 427.86295.

4-Methoxydiselenobenzoic acid Se-2-(trimethylsilyl)ethyl ester (4d). In a 50 mL two-
necked round bottom flask, a toluene solution of 1.0 M DIBAL-H (1.6 mL, 2.5 mmol) was
added to a toluene solution (2 mL) of 2 (0.254 g, 0.70 mmol) at 0 °C, and it was stirred at 30 °C
for 10 min. Then, a toluene solution (3 mL) of 4-methoxyselenobenzoic acid O-methyl ester
(0.313 g, 1.37 mmol) was added to the resulting mixture at 0 °C, and the mixture was stirred at
30 °C for 5 h. The reaction mixture was poured onto ice/water mixture, and extracted with
hexane. The organic layer was dried over MgSOy4 and concentrated in vacuo. The residue was
separated by column chromatography on silica gel [solvent gradient: hexane, hexane/EtyO (20 :
1) to hexane/Et;0 (10 : 1); Rf = 0.50 (hexane/Et70 = 10 : 1)] to give 0.274 g of the mixture
containing 4d as a green oil. The ester 4d was finally purified by HPLC and isolated in 0.140 g’
(27%) as green oil. IR (neat): 2952, 2836, 1656, 1595, 1501, 1460, 1440, 1416, 1304, 1259,
1170, 1116, 1031, 931, 852, 773, 695, 632, 561, 462, 412 cm~!; 'H NMR (CDCl3): § 0.10 (s,
9H, SiMe3), 1.15-1.20 (m, 2H, CHj), 3.40-3.44 (m, 2H, CH)), 3.80 (s, 3H, CH30), 6.79 (d, J =
9.0 Hz, 2H, Ar), 8.08 (d, J = 9.0 Hz, 2H, Ar); 13C NMR (CDCl3): § -1.79 (SiMe3), 16.0 (CH»),
34.2 (CHy), 55.5 (CH30), 113.8, 128.1, 147.1 (Cipso), 163.2, 233.6 (C=Se: 1J 13¢.7750 = 169.2
Hz, C-Se: 1J 13¢=775¢ = 222.8 Hz); 77Se NMR (CDCl3, MesSe): & 863.4 (C=Se, 1J 7750.13C =
170.9 Hz), 1652.4 (C=Se); UV-Vis (THF) Apax (log €): 219 (4.42), 244 (4.25), 366 (4.32), 618
(2.79); EIMS (m/z): 378 (M*); HRMS Calcd for C13H90Se,Si: 379.96135. Found: 379.96072;
Anal. Calcd for C13H200Se;Si0.1CHCIl3: C, 40.32; H, 5.19. Found: C, 40.39; H, 5.17.
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Tetrabutylammonium diselenobenzoate (5). In a 20 mL two-necked round bottom
flask, tetrabutylammonium fluoride (0.36 mL, 0.36 mmol) was added to a THF (1.5 mL) solu-
tion of 4a (0.127 g, 0.36 mmol) at 0 °C. After stirring at this temp. for 1 h, the removal of the
solvent under reduced pressure gave 5 : 3 mixture of tetrabutylammonium diselenobenzoate 5
and tetrabutylammonium selenobenzoate 6 as a brown oil. 'HNMR (dg-THF): § 1.13 (t, /=7.3
Hz, 12H, CH3), 1.54 (sex, J = 7.3 Hz, 8H, CHy), 1.83 (qui, J = 7.6 Hz, 8H, CH3), 3.52-3.57 (m,
8H, CHj), 7.18 (t, J = 7.8 Hz, 2H, Ar), 7.37 (t, J = 7.8 Hz, 1H, Ar), 8.64 (d, J = 7.8 Hz, 2H, Ar);
13C NMR (dg-THF): 6 14.1 (CH3), 20.3 (CHj), 24.8 (CH»), 59.2 (NCHy), 126.4, 126.8, 128.2,
163.0 (Cipso), 256.1 (C=Se, 1J j3¢.775¢ = 214.7 Hz); 77Se NMR (dg-THF, Me;Se): 8 1437.5.

Tetrabutylammonium selenobenzoate (6). 'H NMR (dg-THF): 8 1.13 (t, J = 7.3 Hz,
12H, CH3), 1.54 (sex, J = 7.3 Hz, 8H, CH3), 1.83 (qui, J = 7.6 Hz, 8H, CHj), 3.52-3.57 (m, 8H,
CH,), 7.31 (t, J = 7.3 Hz, 2H, Ar), 7.36 (t, / = 7.3 Hz, 1H, Ar), 8.43 (d, J = 7.3 Hz, 2H, Ar); 13C
NMR (dg-THF): § 14.1 (CH3), 20.3 (CHy), 24.8 (CHjy), 59.2 (NCH>), 126.9, 129.4, 130.3,
169.8 (Cipso), 210.5 (C-Se); 77Se NMR (dg-THF, Me,Se): & 442.2.

Tetramethylammonium diselenobenzoate (7a). In a 20 mL two-necked flask, CH3CN
(2 mL) solution of 4a (0.178 g, 0.51 mmol) was added to a CH3CN (3 mL) suspension of
tetramethylammonium fluoride (0.057 g, 0.61 mmol) at 0 °C. After stirring at this temp. for 1 h,
the reaction mixture was filtered through a glass filter (G4) to separate the insoluble parts and
the solvent was removed under reduced pressure. To this was added ether (5 mL) at 30 °C.
Filtration of the resulting deposits with a glass filter (G4) gave 0.097 g (59%) of 7a as a green
solid. mp. (dec.) 115 °C; IR (KBr) 3047, 2996, 1526, 1482, 1435, 1404, 1285, 1258, 1216,
1173, 1153, 1072, 949, 920, 894, 884, 844,752, 692, 613 cm!; IH NMR (CD3CN): § 3.07 (s,
12H, NMey), 7.11 (t, J = 7.3 Hz, 2H, Ar), 7.30 (t, / = 7.3 Hz, 1H, Ar), 8.10 (d, J = 7.3 Hz, 2H,
Ar); 13C NMR (CD3CN): 8 56.2 (m, NMey), 125.7, 127.4, 128.7, 165.3 (Cipso), 259.3 (C=Se,
1J13¢.775¢ = 213.5 Hz); 77Se NMR (CD3CN, MejSe): & 1433.3; UV-Vis (THF) Apayx (log €):
220 (4.35), 267 (3.85), 309 (3.86), 447 (3.73), 684 (2.23); UV-Vis (solid state, MgO) Amax: 223,
237,260, 303, 324, 364, 423, 654; FAB-MS (nitrobenzyl alcohol matrix): m/z 247 (M-NMe4)
(C7HsSej requires 247); Anal. Calcd for C11H7NSe,*1.5H,0: C, 37.94; H, 5.79. Found: C,
37.98; H, 5.25.

Tetramethylammonium 2-methyldiselenobenzoate (7b). In a 20 mL two-necked flask,
CH3CN (10 mL) solution of 4b (0.638 g, 1.76 mmol) was added to a CH3CN (10 mL) suspen-
sion of tetramethylammonium fluoride (0.170 g, 1.83 mmol) at 0 °C. After stirring at this temp.
for 3 h, the reaction mixture was filtered through a glass filter (G4) to separate the insoluble
parts and the solvent was removed under reduced pressure. To this was added Et;0 (5 mL) at 30
°C. Filtration of the resulting deposits with a glass filter (G4) gave 0.463 g (78%) of 7b as a
green solid. mp. (dec.) 135 °C; IR (KBr) 3008, 2943, 1636, 1523, 1481, 1404, 1235, 1108,
1038, 948, 891, 744, 669, 622, 579, 530, 515, 455,418 cm!; TH NMR (CD3CN): § 2.33 (s, 3H,
CH3), 3.08 (s, 12H, NMey), 6.90-7.02 (m, 4H, Ar); 13C NMR (CD3CN): 8 19.6 (CH3), 56.1 (m,
NMey), 122.2, 125.0, 125.3, 127.2, 130.6, 170.0 (Cipso), 263.6 (C=Se); 77Se NMR (CD3CN,
Me;Se): 6 1478.2; TH NMR (dg-DMSO): 8 2.27 (s, 3H, CH3), 3.09 (s, 12H, NMey), 6.89-6.96
(m, 4H, Ar); 13C NMR (dg-DMSO): 8 19.1 (CH3), 54.3 (m, NMey), 120.9, 123.7, 124.0, 126.3,
129.3, 168.4 (Cipso), 263.6 (C=Se, 1J;3¢.775 = 208.7 Hz); 77Se NMR (dg-DMSO, Me;Se): &
1493.0; UV-Vis (THF) Amax (log €): 219 (4.03), 242 (3.84), 299 (sh), 417 (3.64), 634 (2.32);
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UV-Vis (solid state, MgO) Amax: 228, 250, 321, 385, 611; Anal. Calcd for C;2H9NSe;¢0.25H,0:
C, 42.43; H,5.71. Found: C, 42.26; H, 5.65.

Tetramethylammonium 4-bromodiselenobenzoate (7¢). In a 20 mL two-necked flask,
CH3CN (2 mL) solution of 4¢ (0.053 g, 0.12 mmol) was added to a CH3CN (1 mL) suspension
of tetramethylammonium fluoride (0.012 g, 0.13 mmol) at 0 °C. After stirring at 30 °C for 1 h,
the reaction mixture was filtered through a glass filter (G4) to separate the insoluble parts and
the solvent was removed under reduced pressure. To this was added Et;O (5 mL) at 30 °C.
Filtration of the resulting deposits with a glass filter (G4) gave 0.034 g (68%) of 7¢ a green solid.
mp. (dec.) 105 °C; IR (KBr) 3004, 2924, 1589, 1572, 1543, 1481, 1471, 1403, 1384, 1282,
1259, 1209, 1167, 1096, 1071, 1004, 948, 899, 866, 819, 706, 627, 554, 469, 424 cm-1; ITH NMR
(CD3CN): 8 3.09 (s, 12H, NMey), 7.26 (d, J = 8.3 Hz, 2H, Ar), 8.09 (d, J = 8.3 Hz, 2H, Ar); 13C
NMR (CD3CN): 8 56.1 (m, NMey), 127.6, 130.1, 132.1, 163.7 (Cipso), 256.1 (C=Se, 1J;3¢.
775e = 214.9 Hz); 77Se NMR (CD3CN, Me;Se): 8 1449.4; UV-Vis (THF) Apax (log €): 230
(4.19), 276 (4.15), 358 (sh), 453 (3.46), 670 (2.12); UV-Vis (solid state, MgO) Amax: 224, 234,
297,327, 433, 671.

Tetramethylammonium 4-methoxydiselenobenzoate (7d). In a 20 mL two-necked
flask, CH3CN (2 mL) solution of 4d (0.127 g, 0.33 mmol) was added to a CH3CN (2 mL)
suspension of tetramethylammonium fluoride (0.032 g, 0.34 mmol) at 0 °C. After stirring at this
temp. for 1.5 h, the reaction mixture was filtered through a glass filter (G4) to separate the
insoluble parts and the solvent was removed under reduced pressure. To this was added Et;O (5
mL) at 0 °C. Filtration of the resulting deposits with a glass filter (G4) gave 0.056 g (47%) of 7d
a yellow green solid. mp. (dec.) 95 °C; IR (KBr) 2996, 1591, 1488, 1288, 1250, 1165, 1110,
1028, 948, 888, 828, 632, 556, 488, 453, 425 cmr; 'H NMR (CD3CN): § 3.10 (s, 12H, NMey),
3.76 (s, 3H, CH30), 6.66 (d, J = 9.0 Hz, 2H, Ar), 8.38 (d, J = 9.0 Hz, 2H, Ar); 13C NMR
(CD3CN): § 56.0 (CH30), 56.0 (m, NMey), 112.4, 128.2, 156.5 (Cipso), 162.0, 256.6 (C=Se,
1J13¢.775¢ = 211.6 Hz); 77Se NMR (CD3CN, MejSe): 8 1362.6; UV-Vis (THF) Apax (log €):
234 (4.64), 342 (4.24), 452 (3.96), 690 (2.45); UV-Vis (solid state, MgO) Amax: 240, 350, 448,
692.

2-Methyldiselenobenzoic acid p-phenylphenacyl ester (11). In a 20 mL two-necked
flask, p-phenylphenacyl bromide (0.102 g, 0.37 mmol) was added to CH,Cl, (10 mL) suspen-
sion of 7b (0.124 g, 0.37 mmol) at O °C and this mixture was stirred at this temp. for 1 h. To this
was added hexane (10 mL) at 0 °C and the insoluble parts was filtered off. After removal of the
solvent from the filtrate under reduced pressure, the residue was purified by column chromatog-
raphy on silica gel using CH>Cly/hexane (1:1) (Rf = 0.55) to give 0.115 g (68%) of 11 as blue
needles. mp. (dec.) 102 °C; IR (KBr) 2920, 2851, 1680 (C=0), 1602, 1559, 1484, 1449, 1350,
1314, 1273, 1186, 1114, 991, 952, 933, 846, 816, 760, 743, 693, 558, 442 cm'!; TH NMR
(CDCl3, Me4Si): 8 2.36 (s, 3H, CH3), 4.90 (s, 2H, CHp), 7.15-8.10 (m, 13H, Ar); 13C NMR
(CDCl3): 6 19.8 (CH3), 45.6 (CH»), 123.4, 125.3, 127.2, 127.4, 128.4, 129.0, 129.2, 130.6,
131.1, 134.3, 139.5, 146.4, 154.2, 193.0 (C=0), 238.0 (C=Se); 77Se NMR (CDCl3, Me;Se): &
872.9 (C-Se), 1870.7 (C=Se); UV-Vis (THF) Apax (log €): 221 (4.50), 289 (4.42), 371 (4.05),
601 (2.34); Anal. Calcd for CooH80Ses: C, 57.91; H, 3.98. Found: C, 57.65; H, 4.11.
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2-Methyldiselenobenzoic acid y-oxobutyl ester (13). In a 20 mL two-necked flask,
trifluoromethansulfonic acid (92 ul, 1.04 mmol) was added to a degassed EtpO (7 mL) suspen-
sion of 7b (0.116 g, 0.35 mmol) at -70 °C. The green suspension was immediately changed to
green solution. After addition of methyl vinyl ketone (0.3 mL, 3.64 mmol), the stirring was
continued for 2 h at -70 °C and 0.5 h at 30 °C. The green solution was gradually changed from
green to blue. The reaction mixture was poured onto water, and extracted with EtpO. The
organic layer was dried over MgSO4 and concentrated in vacuo. The residue was purified by
column chromatography on silica gel using EtpO/hexane (1:10) [Rf = 0.53 (hexane/Et;O =1 :
)] to give 0.024 g (21%) of 13 as blue oil. IR (neat) 3413, 3059, 2963, 1714 (C=0), 1477, 1451,
1401, 1362, 1262, 1113, 1035, 951, 935, 867, 848, 801, 748, 704, 666, 621, 555, 505 cm-!; 'H
NMR (CDCl3, Me4Si): 6 2.21 (s, 3H, CH3CO), 2.35 (s, 3H, CH3), 3.11 (t, J = 6.6 Hz, 2H, CH3),
3.56 (t, J = 6.6 Hz, 2H, CH,Se), 7.15-7.26 (m, 4H, Ar); 13C NMR (CDCl3): 8 19.8 (CH3), 29.8
(CHy), 30.8 (CH3CO), 42.1 (CHy), 123.2, 125.3, 128.9, 130.3, 131.0, 155.3 (Cipso), 206.9
(C=0), 241.1 (C=Se); 77Se NMR (CDCl3, MesSe): 8 912.3 (C-Se), 1842.6 (C=Se); EIMS (m/
z): 332 (M+); HRMS Calcd for Cj2H140Se;: 333.93747. Found: 333.93812.

6.5. Reference

(1) Engelhardt, A.; Latschinoff, P. Z. Chem. 1868, 455.

(2) Scheithauer, S.; Mayer, R. In Topics in Sulfur Chemistry; Senning, A., Ed.; Georg Thime
Publischers: Stuttgart, Germany, 1979; Vol. 4. (b) Mayer, R.; Scheithauer, S. In Methoden der
Organishen Chemie; Falbe, J., Ed.; Georg Thime Verlag: Stuttgart, Germany, 1985; Band ES,
Teil 2, p 891. (c) Kato, S.; Murai, T. In Supplement B: The Chemistry of Acid Derivatives; Patai,
S., Ed.; John Wiley & Sons: New York, 1992; Vol. 2, p 803. (d) Murai, T.; Kato, S. In Compre-
hensive Organic Functional Group Transformations; Katrizky, A. R., Meth-Cohn, O., Rees, C.
W., Eds.; Pergamon: Oxford, U.K., 1995; Vol. §, p 545.

(3) Jensen, K. A. Q. Rep. Sulfur Chem. 1970, 5, 45-51.

(4) Nakayama, J.; Kitahara, T.; Sugihara, Y.; Sakamoto, A.; Ishii, A. J. Am. Chem. Soc 2000,
122, 9120-9126.

(5) The incorporation of a selenium atom into Mo and W carbyne complexes has been reported
to result in the formation of Mo and W diselenoates. see: Gill, D. S.; Green, M.; Marsden, K.;
Moore, I.; Orpen, A. G.; Stone, F. G. A.; Williams, 1. D.; Woodward, P. J. Chem. Soc., Dalton
Trans. 1984, 1343—-1347.

(6) Murai, T.; Kamoto, T.; Kato, S. J. Am. Chem. Soc. 2000, 122, 9850-9851.

(7) Gladysz, J. A.; Hornby, J. L.; Garbe, J. E. J. Org. Chem. 1978, 43, 1204—-1208.

(8) Ishihara, H.; Koketsu, M.; Fukuta, Y.; Nada, F. J. Am. Chem. Soc. 2001, 123, 8408-8409.
(9) Klemm, W.; Sodomann, H.; Langmessor, P. Z. Anorg. Allg. Chem. 1939, 241, 281.

(10) Bondi, A. J. Phys. Chem. 1964, 68, 441-451.

(11) Murai, T.; Kato, S. In Topics in Current Chemistry, Wirth, T. Ed.; Springer-Verlag: Berlin,
Heidelberg, 2000; Vol. 208. pp. 177-199.

(12) Pauling, L. The Chemical Bond; Cornell University Press: Ithaca, NY, 1976; pp 135-155.
(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J.
R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.;
Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V,;

89



Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson,
G. A.; Ayala, P. Y,; Cui, Q.; Morokuma, K_; Malick, D. K.; Rabuck, A. D.; Raghavachari, K_;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A_; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J .; Keith, T.; Al-Laham, M. A.; Peng, C.Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M. ; Gill, P. M. W,; Johnson, B. G.; Chen, W.;
Wong, M. W,; Anders, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Gaussian,
Inc.: Pittsburgh, PA, 1998. ‘

(14) Schaftenaar, G.; Noordik, J. H. J. Comput.-Aided Mol. Design 2000, 14, 123.

(15) Segi, M.; Takahashi, T.; Ichinose, H.; Li, G. M.; Nakajima, T. Tetrahedron Lett. 1992, 33,
7865.

(16) Sheldrick, G. M. Crystallographic Computing 3; Sheldrick, G. M.; Kruger, C.; Goddard,
R., Eds.; Oxford University Press, 1985, pp- 175-189.

(17) The DIRDIF94 program system was used: Beukskens, P. T.; Admiraal, G.; Beurskiens, G.;
Bosman, W. P.; de Gelder, R.; Israel, R.; Smits, J. M. M. Technical Report of the Crystallogra-
phy Laboratory; University of Nijmegen; The Netherlands, 1994.

(18) Cromer, D. T.; Waber, J. T. International Tables for X-ray Crystallography; Ibers, J. A..;
Hamilton, W. C., Eds.; The Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.2A.
(19) Ibers, J. A.; Hamilton, W. C. Acta Crystallogr, 1964, 17, 781.

90



Chapter 7

Acyl Carbamoyl Selenides and Related Sulfur Isologues: Synthesis
and X-Ray Structural Analyses

7.1. Introduction

In general, the isolation of carbamic carboxylic mixed acid anhydrides I (E =E’ = O) is
difficult due to the easy equilibrium between the starting compounds (RCOOH and R’NCO)
and product [RC(=0)OC(=0)NHR’]!:2 (Figure 1). Previously, Author’s laboratory reported the
isolation of a series of dithiocarboxylic carbamic mixed acid anhydrides I (E = E’ = S) as crys-
tals by reacting dithiocarboxylic acids with aryl isocyanates.3 Since then, several carbamic
thiocarboxylic mixed acid anhydrides I (E = O, E’ = S) have been reported by Motoki et al.4
However, the synthesis of other carbamic chalcogenocarboxylic mixed acid anhydrides have
not been reported in the literature. This is most likely due to the difficulty of E O
synthesizing chalcogenocarboxylic acids themselves.> Author’s laboratory R/U\E'JLNHR'
successful isolation of selenocarboxylic acids® prompted the author to synthe- I

size carbamic selenocarboxylic mixed acid anhydrides. The Author report E=E'=0
. . . . . . . E=0,FE'=
here the first isolation of carbamic selenocarboxylic mixed acid anhydrides E-F'=S S
and their structures which were determined by X-ray structural analyses.
' Figure 1

7.2. Results and discussion

When a diethyl ether solution of phenyl isocyanate was added to an equimolar amount of
4-methoxybenzenecarboselenoic acid in the same solvent at room temperature, the orange solu-
tion of the selenocarboxylic acid quickly scheme 1
changed to a colorless suspension. Removal ‘
of the solvent and recrystallization of the re- pj\sm +  RNCO %’ RJ\Se/ENHR
sulting residue from dichloromethane/hexane 1 2 3

gave the expected 4-methoxybenzoyl N- RC(O)SeC(OINHR

. . . No. R R' Yield [%]
henylcarbamoyl selenide 3h in 95% yield as

p y y y € 3a CHa CGHS 35
colorless crystals. Similarly, the reactions of 3  +CiH, CeHs 95
. . . . 3c 1-Adamantyl CeHs 78
other selenocarboxylic acids with aryl isocy- 34 CeHs CeH, 99
anates gave the corresponding acyl carbam- %  2CHCeH, CeHs 9
3f 4-CH,CgH, CeHs 93
oyl selenides (3a—g, k-n) in isolated yields 38  2-CH,0CH, CeHs 92
.. 3 4CHOCH, CeH 95

of 35-99% (Scheme 1). In addition, the reac- e °
3i CgHsCO 61
tions with benzoyl and p-tosyl isocyanates 3 4-CH,CeH,SO, o7
. : . 3k 2,6-(CH30),CgH,4 4-CH,CH, 100
proceeded more quickly to give the corre- 31 3Cl26(CHOLCH,  C.H 97
. . . ‘ 3m  4-CgH;CH, CeHs 92
sponding N-benzoyl- 3i and N-(p- Gty oo 03



tosyl)carbamoyl selenides 3j. The structures of the products reported herein were established
by IR and 'H and 13C NMR spectra, and by elemental and X-ray structural analyses.

The resulting mixed acid anhydrides 3 are colorless crystals or colorless oils and are
relatively stable thermally and insensitive toward oxygen. The aliphatic derivatives (3a—c) ap-
pear to be more labile than the aromatic derivatives (3d—n). Acetyl N-phenylcarbamoyl selenide
3a decomposed at room temperature even under an argon atmosphere. Therefore, these ali-

phatic derivatives were not subjected to elemental analysis.

Spectra. Previously, we reported that the NH proton chemical shifts in thioacyl carbam-
oyl sulfides (I, E = E’ = S) appeared at unusually low fields, below & 12, indicating the presence
of an intramolecular C=S---HN hydrogen bond.3 As shown in Table 1, the chemical shifts of the
NH proton appear in the range of 6 9-12, indicative of an intramolecular hydrogen bond be-

tween the carbonyl oxygen and the NH hydrogen. The carbonyl and carbamoyl carbon chemi-
cal shifts are observed in the ranges of 6 194-216 and & 156—

H H
NR' N0
160, respectively. The 77Se NMR signals appear at 8 630—730. /K j\ /K
Thus, these spectral data indicate that 3 exists as structure Ila R™ "se¢ NR

(Figure 2). IIa IIb
However, in the 'H NMR spec- Figure 2
. Table 1 Spectral Data of Acyl Carbamoyl Selenides 3
trum of 3a, two broad signals at §9.15 [—— PPy
and 6991 (pI‘Oton ratio = 1: 10) was Ob" No. R R’ JH (NH) ;,C(O)N ,C(0)Se ,,Se
served, which are attributable to OH and 3a cH, CHs 9.91 1562 2027 6875
) . 3b +C,H, CeHs 10.05 1564 2156 639.1
NH protons, respectively. No appreciable 3 1-Adamantyl CoHs 1010 1568 2153 —
change in the proton ratio was observed 3¢ Ces CoHs 1041 1560 199.7 6484
3e 2-CH,C4H, CeHs 1027 1570 2018 678.4
in the range 20 °C to -60°C. The 13C 3t achcg, CeHs 1045 1563 198.9 6426
. 39 2-CH;0C.H, CeHs 1061 159.3 197.4  708.1
NMR spectra, except for the signals at & 5, 4-CHOCH, CoH, 1051 1564 1971 6327
156.2 (CONH) and 6 202.7 (COSe) in ¥ CeHsCO 1051 1574 1976  —
. 3} 4-CH,C4H,SO, 11.54 157.3 194.8 —
IIaa (Table 2), also show small 81gnals 3k 2,6-(CH;0),CeH, 4-CH,C4H, 10.07 1565 199.9 _
. . 3l 3-Cl-2,6-(CH,0),CqH, CgHs 10.056 1576 1993 726.1
at 6 160.9 and 6 194.6, which are attrib- SOHCH, N 046 1564 1980
utable to the C=N and COSe groups, re- 3" 1-CioH; CeHs 1036 1571 2019  —
spectively. In addition, in 77Se NMR Table 2 Ratio of Tautomers lla and lib
spectroscopy, a small sharp signal is ob- I N
served at & 835. These results apparently JuUok &
R” ~g¢” “O R” “s¢” "NR'
indicate the existence of a tautomer (Ilab) \, , A i b
of Ilaa. In the |H NMR spectra of other  3a cH, CeHs 8 (Naa) 1 (ltab)

. .. 3b  tCH, CeHs 12 (liba) 1 (libb)
selenides (3b, d, h-1), small or negligible Cots CH, 20 (ida) 1+ (lidb)
signals of the corresponding tautomers IIb . 3¢ 2:CHCeH, CeHs 9 (llea) 1 (lleb)

3t 4-CHCH, CHs 30 (lifa) 1 (ifb)
are observed. Table 2 shows the proton ra- 39 2cH,0cH, CHs 50 (liga) 1 (igb)
. . . 3h  4-CH,OCgH, CeHs 30 (lha) 1 (Iihb)
tios of NH in Ila and OH in IIb. We also 3 CIDECHORCH, CoH, 12 (la) 1 (lib)
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obtained 'H and 13C NMR spectra, which indicate the exist- O““H\NR' o™
ence of the tautomers IIIb and I'Vb for the previously reported A~s"No R J\S ANR'
sulfur isologues (I, E= 0, E’ = S4and E, E’ = S3): s b
4-methoxybenzoyl 4 and 4-methoxythiobenzoyl N-(4-methyl-

phenyl)carbamoy] sulfides S (Figure 3). 4-methoxybenzoyl 4 ~H WH

“NR' st
and 4-methoxythiobenzoyl N-(4-methyl-phenyl)carbamoy! sul- j\ /K /U\ i
fides 5 (Figure 3). The proton ratios of IIIa and IIIb in 4 and R™ ~s” 0 R NR'

IVa and IVb in 5 were 4:1 and 20:1, respectively. Iva IVb
Figure 3

X-Ray structure. To confirm the intramolecular hydrogen bond, the X-ray structural
analysis of 3 was carried out. To our knowledge, no structural analysis of acyl or thioacyl
carbamoyl chalcogenides has been described in the literature. After several attempts to obtain
acyl carbamoyl selenides 3 as single crystals, 2,6-dimethoxybenzoyl N-(4-
methylphenyl)carbamoyl selenide 3k afforded suitable crystals for X-ray analysis. The molecu-
lar structure is shown in Figure 4. The final atomic positional parameters are listed in Table 3.
Selected bond distances and angles are shown in Table 4. The C1-O1 [1.204(10) A] and C11-
021[1.20(1) A] distances indicate double bonds. The C11-N1 [1.34(1) /OX], C12-N1 [1.436(9)
A}, C1-Sel [1.935(10) A], and C11-Sel distances [1.965(9) A] are normal, indicating single

Table 3 Crystal Data and Experimental Crystallographic Details for Compounds 3k, 4, and 5

Compound 3k 4 5

Empirical formula C,,H,;NO,Se C,6Hy5NO,S C,sHi5NOLS,
M 378.29 301.36 317.42
Crystal Ssize 0.34 X0.13X0.13 0.20 X 0.20 X 0.30 0.34X0.13X0.13
Color/shape colorless/needie colorless/needle orange/needle
Crystal system orthorhombic triclinic monoclinic
Space group Pna2, P-1 P2,/n

alA 13.976(1) 12.389(3) 4.101(4)

b/A 8.520(1) 15.489(3) 21.076(3)

c/A 13.753(2) 4.132(2) 17.731(3)

ar 91.19(3)

B 90.80(3) 94.65(4)

7° 112.89(1)

V/A3 1637.6(3) 730.1(4) 1527(1)

z 4 2 4

F000) 768.00 316.00 664.00

D./g cm-3 1.534 1.371 1.380
u(MoKo)/cm™? 23.12 2.31 3.51

Temp (°C) 23+1 2311 2311

26 max (°) 55.0 55.0 55.0

Scan Rate (° min-1) 16.0 16.0 16.0

Data Collected +h, +k, +l +h, £k, £l +h, +k, £l

Total data collected, unique, observed
No. of variable

Residuals: R7; wRe

Goodness of Fit

Final diff. map max, min (e A-2)

2170, 1954, 1170 (I > 20(1))
209

0.086, 0.125

1.02

—0.60, 0.55

3502, 3344, 1681 (I > 20()))
190

0.060, 0.086

1.28

-0.24,0.23

4112, 3624, 1158 (I > 20(1))
190

0.092, 0.220

1.09

-0.58, 0.58

“R1=3||F,| - [FJVE|F | (for | > 2.00(1) data ), wR = [(EW(F 2 ~ F 2)2/Zw(F 22)] 2, where w = 1/62(F.2).
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Table 4 Selected bond lengths (A) and bond angles (°) of 3k, 4, and 5

3k

Bond lengths

Se1-C1 1.935(10) N1-H1 0.88
Se1-C11 1.965(9) N1.--O1 2.76(2)
01-Ct 1.204(10) O1--H1  1.89
02-C11 1.20(1) Sel--04 2.959(7)
N1-C11 1.34(1) 0103 2.722(7)
N1-C12 1.436(9)

Angles
Se1-C1-0O1 121.9(6) 02-C11-N1 127.8(8)
C1-Set1-C11 106.0(4) C11-N1-C12 124.7(8)
Se1-C11-N1 116.2(6) N1-H1.-O1 173.0

Torsion angles

Se1-C1-C2-C7 48(1) 01-C1-C2-C3 42(1)
N1-C11-Se1-C1 3.2(8) 02-C11-N1-C12 0(1)
01-C1-Se1-C11 0.5(9) Se1-C11-N1-H1 8

4 5
Bond lengths Bond lengths
$1-C1 1.791(3) N1-C11 1.334(4) $1-C1 1.744(6) N1-C11 1.322(8)
S1-C11 1.817(4) N1-C12 1.422(4) $1-C11 1.844(6) N1-C12 1.448(8)
01-C1 1.218(4) N1-H1 0.85 $2-C1 1.632(7) N1-H1 0.95
02-C11  1.202(4) N1--O1 2.705(3) 01-C11 1.197(7) N1..82 3.062(5)
O1--H1 1.95 S2...-H1 2.58
Angles Angles
$1-C1-0O1 122.8(3) 02-C11-N1 128.4(3) §1-C1-S2 128.0(4) 01-C11-N1 130.3(6)
C1-81-C11 109.3(2) C11-N1-C12  127.5(3) C1-81-C11  114.5(3) C11-N1-C12  126.6(6)
$1-C11-N1 117.2(3) N1-H1--O1 146.0 S$1-C11-N1  117.3(5) N1-H1---82 111.8
Torsion angies Torsion angles
$1-C1-C2-C7 5.0(5) 01-C1-C2-C3 4.8(5) $1-C1-C2-C7 20.6(8) S2-C1-C2-C3 19.6(9)
N1-C11-S1-C1 3.9(3) 02-C11-N1-C12 2.2(6) N1-C11-81-C1 24(7)  O1-C11-N1-C12 5(1)
01-C1-81-Ct1 2.0(4) S1-C11-N1-H1 10 52-C1-S1-C11 6.3(6) S1-C11-N1-H1 54

bond. The O1-N1, N1-H1, and O1-H1 distances are 2.76(2) A, 0.88 A, and 1.89 A, respec-
tively, and the O1-H1-N1 bond angle is 173.0°, indicating the presence of a hydrogen bond
between the carbonyl oxygen (O1) and the NH hydrogen (H1). Torsion angles [3.2(9)° for N1-
C11-Sel-Cl1, 0.5(9)° for O1-C1-Sel1-C11 and 8° for Se1l-C11-N1-H1] indicate that the
selenocarboxyl group and carbamoyl group are in approximately the same plane to give a planar
intramolecular six-membered ring. In addition, the O3-01 [2.722(7) /OX] and O4-Sel [2.959(7)
A] distances are remarkably short compared with the sum [3.04 A for 0-0; 3.42 A for 0-Se’)
[7]) of the van der Waals radii of both the atoms, respectively, suggesting the presence of
nonbonded repulsion and nonbonded attraction.

For comparison with the structures of previously isolated sulfur isologues [RC(=0O/
S)SC(=0)R’], the X-ray structural analyses of 4-methoxybenzoyl 4 and 4-methoxythiobenzoyl
N-(4-methylphenyl)carbamoyl sulfides § were carried out. Their molecular structures are shown
in Figure 4 (b and ¢). Selected bond lengths and angles are shown in Table 3. As expected, they
have an intramolecular six-membered ring structure formed by a hydrogen bond between the
carbonyl oxygen or thiocarbony!l sulfur and the NH hydrogen atoms, respectively. Presumably,
this might contribute to the overall stability of the molecules. Attempts to obtain single crystals
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of the tautomers, IIb, IIIb, and IVDb failed. (a) o

Reactions. The reaction of 3h with
sodium methoxide in diethyl ether readily pro-
ceeded at room temperature to give sodium 4-
methoxybenzenecarboselenoate 6 and methyl

N-phenylcarbamate 7 in good yields (Scheme

2). The reaction with two equimolar amounts ()
of p-toluidine under similar conditions gave N-
4-methylphenyl 4-methoxybenzamide 8 and N-
4-methylphenyl N’-phenyl urea 9 in moderate
yields (Scheme 2). Compound 8 may be formed
by decomposition of 4-methoxyseleno-car-
boxylic acid 4-methylphenylammonium salt [4-
MeOCgH4C(=0)Se~ *NH,CeHgMe-4]. These
results indicate that nucleophiles, such as
alkoxides and amines, preferentially attack the

carbamoyl carbon rather than the carbonyl car-
Figure 4 The structures of 2,6-dimethoxybenzoyl N-(4-
methylphenyl)carbamoy! selenide 3k, 4-methoxybenzoyl N-(4-
methylphenyl)carbamoyl sulfide 4 and 4-methoxythiobenzoyl
7.3. Conclusion N-(4-methylphenyl)carbamoy! "sulfide 5. The atoms are drawn
with 50% probability thermal ellipsoids.

bon in 3.

Selenocarboxylic acids

Scheme 2 MeONa
[RC(=0)SeH] were found to ———— +~ RCOSeNa + RNHCO,Me
rt, 1h, Et,0 6 7

readily react with aryl, acyl, and j\ ﬁ\

arenesulfonyl isocyanates to give R™ "Se "NHR

3h
1 -MeCgH,NH

the corresponding acyl carbamoyl [ e W2 | + -

R = 4-CH,0CH, ct. 7h CH.Cl,  RCNHCH,Me-4 +MeC H,NHCNHR

selenides 3 [RC(=0)Se- R=GHs 8 9

C(=0)NHR’, R’ = aryl, C¢H5CO, and 4-MeCgH4SO>] in good yields. Their tautomers
[RC(=0)Se-C(=NR’)OH] were also detected by !H, 13C, and 77Se NMR spectroscopies. The
structure of 3 [R = 2,6-(MeO),CeH3, R” = 4-MeCgHy4] was characterized by X-ray crystallogra-

o

phy, which showed that this molecule is stabilized by an intramolecular hydrogen bond between
the carbonyl oxygen and the NH hydrogen to form a planar six-membered ring and by nonbonded
interaction of the ortho methoxy oxygen with the carbonyl oxygen or the selenium atoms. 4-
Methoxybenzoyl and 4-methoxythiobenzoyl N-(4-methylphenyl)carbamoyl sulfides (4 and S)
were showed by X-ray crystallography to similarly have a planar intramolecular six-membered
ring formed by a hydrogen bond between the carbonyl oxygen or thiocarbonyl sulfur and NH
hydrogen atoms. The tautomers [RC(=E)SC(=NR’)OH; E = O or S] of 4 and 5 also were de-
tected spectroscopically. The reactions of 3h (R =4-MeOCgHy, R’ = Ph) with sodium methoxide
and p-toluidine gave sodium selenocarboxylate and the corresponding amides and urea as main

products, respectively.
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7.4. Experimental _ v

The 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 instrument.
The |H NMR spectra were recorded on JEOL JNM-GX-270 (270 MHz) and JEOL o.-400 (399.7
MHz) instruments with Me4Si as an internal standard. The 13C NMR spectra were obtained by
use of JEOL JNM-GX-270 (68 MHz) and JEOL o-400 (100.4 MHz) instruments with CDCl; as
an internal standard. The 77Se NMR spectra were obtained by use of JEOL a-400 (76.2 MHz)
instrument with Me)Se as an external standard. Elemental analyses were performed by the
Elemental Center of Kyoto University.

Materials. The following reagents were of commercial grade and used without further
purification: phenyl, 4-methylphenyl; and p-toluenesulfonyl isocyanates, and p-toluidine (from
Tokyo Kasei) and hydrogen chloride (1.0 M solution in diethyl ether) (from Aldrich). Benzoyl
isocyanate,® selenocarboxylic acids,5-6 4-methoxybenzenecarbothioic acid,® and 4-
methoxybenzenecarbodithioic acid!0 were prepared according to the literatures. Dichloromethane
was distilled from diphosphorus pentaoxide and degassed. Diethyl ether was distilled from
sodium diphenylketyl and degassed. Hexane was distilled from sodium metal prior to use and
degassed. All of the manipulations were carried out under argon.

3-Chloro-2,6-dimethoxybenzenecarboselenoic Acid (11). Yellow oil; 'H NMR
(CDCl3): 63.29 (br, 1H, SeH), 3.85 (s, 3H, CH30), 3.91 (s, 3H, CH30), 6.67 (d,J=8.1 Hz, 1H),
7.35(d, J= 8.1 Hz, 1H); 13C NMR (CDCls): § 56.3 (CH30), 62.5 (CH30), 108.1, 119.8, 128.4,
132.2, 152.0, 154.4, 189.7 (CO).

4-Biphenylcarboselenoic Acid (1m). Red solid; IR (KBr): 2290 (SeH) cm-!,15 dec.:
54-56°C; 'H NMR (CDCl3): §4.85 (br, 1H, SeH), 7.38-8.24 (m, 9H); 13C NMR (CDCl3): §
127.8, 127.9, 128.0, 128.9, 129.1, 129.7, 129.8, 131.1, 203.2 (CO).

X-ray Structure Analysis. All measurement were carried out on a Rigaku AFC7R
diffractometer with graphite monochromated Mo-Ka: radiation (A = 0.71069 A). All of the
structures were solved and refined using the teXsan crystallographic software package. The cell
dimensions were determined by a least-squares refinement of the diffractometer angles for 25
automatically centered reflections. Three standard reflections were measured every 150 reflec-
tions, and no decay was detected. An empirical absorption correction (¥ Scan) was applied.
The structures were solved by direct methods (SHELXS86)!! and expanded using DIRDIF94.12
Scattering factors for neutral atoms were from Cromer and Waber,!3 and anomalous disper-
sion!4 was used. A full-matrix least-squares refinement was executed with non-hydrogen atoms
being anisotropic. The final least square cycle included fixed hydrogen atoms at calculated
positions of which each isotropic thermal parameter was set to 1.2 times of that of the connect-
ing atom. Crystal data and measurement description are summarized in Table 3.

- Preparation of Single Crystals. 2,6-Dimethoxylbenzoyl N-(4-methylphenyl)carbamoyl
selenide 3k was crystallized from diethyl ether/hexane (1:1) at 18°C during a period of four
days. 4-Methoxybenzoyl N-(4-methylphenyl)carbamoyl sulfide 4 was crystallized from CH,Cly/
hexane (1:5) at 23°C for three days. 4-Methoxythiobenzoyl N-(4-methylphenyl)carbamoy] sul-
fide § was crystallized from CHCls/hexane (1:2) at 23°C for two days. These crystal samples
were cut from grown crystals, coated with an epoxy resin, and mounted on a glass fiber.
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Synthesis of Acyl Carbamoyl Selenides (3). The synthesis of 4-methoxybonzoyl N-
phenylcarbamoyl selenide 3h is described in detail as typical procedures.

To a solution of sodium 4-methoxybenzenecarboselenoate (0.89 g, 3.0 mmol) in diethyl
ether (10 mL), contained in a 20 mL two necked round bottom flask, 1.0 M hydrogen chloride in
diethyl ether (2.6 mL) was added. The mixture was stirred at 0°C for 10 minutes. Filtration of
the precipitates (NaCl and excess of sodium 4-methoxybenzenecarboselenoate) and removal of
the solvent under reduced pressure (22°C/53.3Pa) gave 0.56 g (2.6 mmol) of 4-
methoxybenzenecarboselenoic acid as yellow solid) [5]. The solid was dissolved into diethyl
ether (10 mL). A solution of phenylisothiocyanate (0.30 g, 2.6 mmol) in diethyl ether (5.0 mL)
was added and stirred at 20°C for 10 min (The color of the solution changed from red to color-
less). Removal of the solvent under reduced pressure (22°C/53.3Pa) gave 0.81 g (95%) of crude
4-methoxybenzoyl N-phenylcarbamoyl selenide 3h as colorless solid. Recrystallization of the
solid from a mixed solvent of dichloromethane (3 mL) and hexane (1 mL) at —20°C during 1
hour yielded 0.46 g (59%) of 3h as colorless needles.

Acetyl N-Phenylcarbamoyl Selenide (3a). Colorless needles (35% yield); dec.: 81°C;
IR (KBr): 3252 (NH), 1715 (COSe), 1682 (CONH), 1557 (NH) cm-!; 1H NMR (CDCl3): I1aa,
02.50 (s, 3H, CH3), 7.15 (t, J = 7.6 Hz, 1H, NHPh), 7.35 (t, J = 7.6 Hz, 2H, NHPh), 7.53 (d, J
= 7.6 Hz, 2H, NHPh), 9.91 (br, 1H, NH); Ilab, 6 2.54 (s, 3H, CH3), 9.15 (br, 1H, OH); 13C
NMR (CDCl3): Ilaa, 6 35.0 (CH3), 119.9, 125.0, 129.2, 137.1, 156.2 (CONH), 203.7 (COSe);
ITab, 635.8 (CH3), 119.9, 124.8, 129.6, 137.4, 160.9 (C=N), 194.6 (COSe); 77Se NMR (CDCl3):
Ilaa, 6 687.5; IIab, 4 835.9. This compound is too unstable to subject in elemental analysis.

1,1-Dimethylethanecarbonyl N-Phenylcarbamoyl Selenide (3b). Colorless oil (95%
yield); IR (Neat): 3246 (NH), 1718 (COSe), 1670 (CONH), 1549 (NH) cm'!; 1H NMR (CDCly):
IIba, 8 1.30 (s, 9H, CH3), 7.14 (t, J = 7.9 Hz, 1H, NHPh), 7.34 (t, J = 7.9 Hz, 2H, NHPh), 7.53
(d, J=7.9 Hz, 2H, NHP#h), 10.05 (br, 1H, NH); IIbb, 6 1.32 (s, 9H, CH3), 7.07 (t, J = 8.3 Hz,
2H), 7.27 (t, J = 8.3 Hz, 1H), 7.53 (d, J = 8.3 Hz, 2H); 13C NMR (CDCl3): IIba, §26.0 (CH3C),
50.8 (CH3(), 119.8, 124.9, 129.1, 137.1, 156.4 (CONH), 215.6 (COSe); 77Se NMR (CDCl3):
IIba, 6 639.1. This compound is too unstable to subject in elemental analysis.

1-Adamantanecarbonyl N-Phenylcarbamoyl Selenide (3c). Colorless crystals (78%
yield); dec.: 103—105°C; IR (KBr): 3229 (NH), 1715 (COSe), 1664 (CONH), 1555 (NH) cm’!;
I'H NMR (CDCl3): 6 1.75 (br, 6H, Ad), 1.97 (br, 6H, Ad), 2.11 (br, 3H, Ad), 7.14 (t, J = 7.7 Hz,
IH, NHPh), 7.34 (t,J="7.7 Hz, 2H, NHPh), 7.55 (d, J = 7.7 Hz, 2H, NHPh), 10.10 (br, 1H, NH);
I13C NMR (CDCl3): §28.0 (Ad), 36.2 (Ad), 38.9 (Ad), 53.1 (Ad), 119.9, 124.9, 129.2, 137.2,
156.8 (CONH), 215.3 (COSe). This compound is too unstable to subject in elemental analysis.

Benzoyl N-Phenylcarbamoyl Selenide (3d). Colorless crystals (99% yield); dec.: 97—
99°C; IR (KBr): 3222 (NH), 1728 (COSe), 1645 (CONH), 1554 (NH) cm-!; 1H NMR (CDCl3):
Ida, §7.18 (t, J = 7.6 Hz, 1H, NHPh), 7.38 (t, J = 7.6 Hz, 2H, NHPh), 7.53 (t, J = 7.9 Hz, 2H,
PhCO),7.61 (d,J=7.6 Hz, 2H, NHPh), 7.69 (t, J = 7.9 Hz, 1H, PhCO), 7.94 (d, J=7.9 Hz, 2H,
PhCO), 10.41 (br, 1H, NH); IIdb, §7.31 (t, J = 7.3 Hz); 13C NMR (CDCl3): I1da, 6 120.0,
125.1, 127.6, 129.2, 129.3, 135.2, 137.2, 138.0, 156.0 (CONH), 199.7 (COSe); 77Se NMR
(CDCl3): I1da, 6 648.4. Anal. calcd for Cj4H|NO5Se: C, 55.28: H., 3.64. Found: C, 55.20; H,
3.57.
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2-Methylbenzoyl N-Phenylcarbamoyl Selenide (3e). Colorless crystals (93% yield);
dec.: 65-66°C; IR (KBr): 3225 (NH), 1718 (COSe), 1662 (CONH), 1549 (NH) cm-!; H NMR
(CDCl3): Ilea, 62.55 (s, 3H, CH3), 7.10-7.80 (m, 9H), 10.27 (br, 1H, NH); Ileb: §2.51 (s, 3H,
CH3), 9.04 (br, 1H, OH); !3C NMR (CDCl3): Ilea, § 20.9 (CH3), 120.0, 124.8, 125.1, 126 4,
129.2, 129.6, 132.3, 133.4, 137.0, 137.1, 157.0 (CONH), 201.8 (COSe); 77Se NMR (CDCl»):
Ilea, 6 678.7. Anal. calcd for C15H3NOSe: C, 56.61; H, 4.12. Found: C, 56.36; H, 4.21.

4-Methylbenzoyl N-Phenylcarbamoyl Selenide (3f). Colorless crystals (93% yield);
dec.: 97-99°C; IR (KBr): 3219 (NH), 1693 (COSe), 1645 (CONH), 1547 (NH) cm-!; 1H NMR
(CDCl3): IIfa, 62.43 (s, 3H, CH3), 7.17 (t, J = 7.9 Hz, 1H, NHPh), 7.31 (d, J = 8.3 Hz, 2H,
CsH4CO), 7.37 (t,J=7.9 Hz, 2H, NHPh), 7.61 (d, J = 7.9 Hz, 2H, NHPh), 7.83 (t, J = 8.3 Hz,
2H, CsH4CO), 10.45 (br, IH, NH); IIfb, §2.42 (s, 3H, CH3); 13C NMR (CDCl3): IIfa, §21.9
(CH3), 120.0, 125.0, 127.7, 129.2, 130.0, 135.5, 137.2. 146.7, 156.3 (CONH), 198.9 (COSe);
77Se NMR (CDCl3): IIfa, §642.6. Anal. calcd for C1sH 3NO,Se: C, 56.61: H, 4.12. Found: C,
56.60; H, 3.90.

2-Methoxybenzoyl N-Phenylcarbamoyl Selenide (3g). Colorless crystals (92% yield);
dec.: 95-97°C; IR (KBr): 3257 (NH), 1707 (COSe), 1614 (CONH), 1556 (NH) cm-!; |H NMR
(CDCl3): Ilga, 64.00 (s, 3H, CH30), 7.04 (d, J = 7.7 Hz, 1H, CsH,CO), 7.08 (t, J = 7.7 Hz, 1H,
CsH4CO), 7.15 (t, J = 7.5 Hz, 1H, NHPh), 7.36 (t, J = 7.5 Hz, 2H, NHPh), 7.59 (t, J = 7.7 Hz,
1H, CsH4CO), 7.63 (d, J = 7.5 Hz, 2H, NHPh), 7.87 (d, J = 7.7 Hz, 1H, CsH4CO), 10.61 (br,
1H, NH); IIgb, 63.93 (s, 3H, CH30); 13C NMR (CDCls3): IIga, § 55.7 (CH30), 112.4, 120.1,
121.1, 124.8, 126.7, 129.2, 129.4, 135.9, 137.4, 159.3 (CONH), 160.2, 197.4 (COSe); 77Se
NMR (CDCl3): Ilga, 6 708.1. Anal. caled for C;sH;3NO3Se: C, 53.90; H, 3.92. Found: C,
53.98; H, 4.08.

4-Methoxybenzoyl N-Phenylcarbamoy! Selenide (3h). Colorless crystals (95% yield);
dec.: 106-108°C; IR (KBr): 3224 (NH), 1728 (COSe), 1645 (CONH), 1572 (NH) ¢cm-!; 1H
NMR (CDCl3): ITha, 6 3.90 (s, 3H, CH30), 6.98 (d, J = 9.0 Hz, 2H, CsH4CO), 7.16 (1, J = 7.8
Hz, 1H, NHPh), 7.37 (t,J = 7.8 Hz, 2H, NHPh), 7.60 (d, J = 7.8 Hz, 2H, NHPh), 7.91 (d, J = 9.0
Hz, 2H, CsH4CO), 10.51 (br, 1H, NH); IThb, §3.86 (s, 3H, CH30); 13C NMR (CDCl3): Ilha,
6 55.8 (CH30), 114.5, 119.9, 124.9, 129.2, 130.2, 130.6, 137.3, 156.4 (CONH), 165.3, 197.1
(COSe); 77Se NMR (CDCl3): ITha, § 632.7. Anal. calcd for C;sH[3NOsSe: C, 53.90; H, 3.92.
Found: C, 53.65; H, 4.02.

4-Methoxybenzoyl N-(Benzoyl)carbamoyl Selenide (3i). Colorless crystals (61% yield);
dec.: 81-83°C; IR (KBr): 3373 (NH), 1769 (COSe), 1642 (CONH), 1574 (NH) cm'!; 1H NMR
(CDCI3): 63.91 (s, 3H, CH30), 7.00 (d, J = 8.0 Hz, 2H, CsH4CO), 7.45 (t, J = 7.8 Hz, 1H,
NHPh),7.58 (t, J=7.8 Hz, 2H, NHPh), 7.93 (d, J = 7.8 Hz, 2H, NHPh), 8.15 (d, J = 8.0 Hz, 2H,
CsH4CO), 10.51 (br, 1H, NH); 13C NMR (CDCl3): §55.8 (CH30), 114.7, 128.3, 128.6, 130.0,
130.5, 131.1, 133.5, 157.4 (SeCONH), 162.7 (PhCONH), 165.8, 197.6 (COSe).

4-Methoxybenzoyl N-(Tosyl)carbamoyl Selenide (3j). Colorless crystals (97% yield);
dec.: 99-100°C; IR (KBr): 3365 (NH), 1719 (COSe), 1646 (CONH), 1509 (NH) cm-!; 'H
NMR (CDCl3): 62.44 (s, 3H, CH3), 3.90 (s, 3H, CH30), 6.98 (d, J = 8.5 Hz, 2H, CsH4CO),
7.35 (d, J = 8.0 Hz, 2H, CsH4S03), 7.84 (d, J = 8.0 Hz, 2H, CsH4S0O»), 8.00 (d, J = 8.5 Hz, 2H,
CsH4CO), 11.54 (br, 1H, NH); 13C NMR (CDCIl3): §21.7 (CH3), 55.8 (CH30), 114.7, 128.5,
128.6, 129.7, 129.8, 135.5, 145.5, 157.3 (CONH), 165.9, 194.8 (COSe). Anal. calcd for

98



C16H15NO5SSe: C, 46.61; H, 3.67. Found: C, 46.74; H, 3.46.
2,6-Dimethoxybenzoyl N-(4-Methylphenyl)carbamoyl Selenide (3k). Colorless needles

(100% yield); dec.: 118-122°C; IR (KBr): 3231 (NH), 1695 (COSe), 1654 (CONH), 1593,
1523 cm-!; 1H NMR (CDCl3): §2.33 (s, 3H, CH3), 3.83 (s, 6H, CH30), 6.58 (d, J = 7.3 Hz,
2H),7.16 (d, J = 6.7 Hz, 2H), 7.35 (t, J = 6.7 Hz, 1H), 7.50 (d, J = 7.3 Hz, 2H), 10.08 (br, 1H,
NH); 13C NMR (CDCl3): §20.9 (CH3), 56.2 (CH30), 104.3, 120.0, 129.6, 133.1, 134.4, 134.9,
156.5, 158.3 (CONH), 199.9 (COSe). Anal. calcd for C;7H{7NO4Se: C, 53.98; H, 4.53. Found:
C, 53.84; H, 4.41.

3-Chloro-2,6-dimethoxybenzoyl N-Phenylcarbamoyl Selenide (31). Colorless crys-
tals (97% yield); dec.: 84-86°C; IR (KBr): 3240 (NH), 1714 (COSe), 1655 (CONH), 1547
(NH) cm-!; 'H NMR (CDCl3): Ila, §3.86 (s, 3H, CH30), 3.95 (s, 3H, CH30), 6.70 (d, J = 9.3
Hz, 1H, C4H>CO), 7.18 (t, J = 7.8 Hz, 1H, NHPh), 7.38 (t, /= 7.8 Hz, 2H, NHPh), 7.43 (d, J =
7.8 Hz, 1H, CsHCO), 7.61 (d, J = 7.8 Hz, 2H, NHPh), 10.05 (br, 1H, NH); IIlb, §3.87 (s, 3H,
CH30), 3.96 (s, 3H, CH30); !13C NMR (CDCl3): Illa, § 56.5 (CH30), 62.7 (CH30), 108.3,
119.9, 120.0, 125.1, 125.5, 129.2, 133.4, 137.2, 152.6, 155.0, 157.6 (CONH), 199.3 (COSe);
77Se NMR (CDCl3): ITla, §726.1. Anal. calcd for C16H14CINO4Se: C, 48.20; H, 3.54. Found:
C, 48.29; H, 3.56.

4-Biphenylcarbonyl N-Phenylcarbamoyl Selenide (3m). Colorless crystals (92%
yield); dec.: 106-108°C; IR (KBr): 3223 (NH), 1693 (COSe), 1655 (CONH), 1517 (NH) cm-!1;
'H NMR (CDCl3): 6 7.17-7.99 (m, 14H), 10.46 (br, 1H, NH); 13C NMR (CDCl3): & 120.0,
125.0, 127.2, 127.3, 127.8, 128.2, 128.8, 129.0, 129.1, 137.1, 139.2, 148.0, 156.1 (CONH),
198.9 (COSe).

1-Naphthalenecarbonyl N-Phenylcarbamoyl Selenide (3n). Colorless crystals (93%
yield); dec.: 87-90°C; IR (KBr): 3234 (NH), 1725 (COSe), 1655 (CONH), 1555 (NH) cm-!;
TH NMR (CDCl3): 6 7.20-8.57 (m, 12H), 10.36 (br, 1H, NH); !13C NMR (CDCl3): 6 120.0,
124.5,124.7, 125.1, 127.2, 128.2, 128.7, 129.0, 129.3, 129.4, 134.0, 134.9, 135.5, 137.2, 157.1
(CONH), 201.9 (COSe). Anal. calcd for C1gH 3NO5Se: C, 61.03; H, 3.70. Found: C, 61.02; H,
3.92.

4-Methoxybenzoyl N-(4-Methylphenyl)carbamoyl Sulfide (4). Colorless crystals; dec.:

136-142°C; IR (KBr): 3209 (NH), 1714 (COS), 1705 (CONH), 1542 (NH) cm-!; 1H NMR
(CDCls): Ila, 62.34 (s, 3H, CH3), 3.90 (s, 3H, CH30), 6.98 (d, J = 8.8 Hz, 2H), 7.17 (d, J = 8.6
Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.98 (d, J = 8.8 Hz, 2H), 10.82 (br, 1H, NH); IIIb, §2.32 (s,
3H, CH3), 3.87 (s, 3H, CH30), 6.94 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.3 Hz, 2H), 7.88 (d, J = 7.7
Hz, 2H), 8.05 (d, /= 7.7 Hz, 2H); 13C NMR (CDCl3): Illa, §21.0 (CH3), 55.7 (CH30), 114.4,
120.2, 124.5, 128.5, 129.7, 130.2, 134.7, 158.3 (CONH), 165.2, 191.9 (COS).

4-Methoxythiobenzoyl N -(4-Methylphenyl)carbamoyl Sulfide (5). Orange needles;
dec.: 120-121°C [3]; IR (KBr): 3282 (NH), 1712 (CO), 1541 (NH), 1248 (CS) cm-!; 1H NMR
(CDCl3): IVa, §2.34 (s, 3H, CH3), 3.88 (s, 3H, CH30), 6.91 (d, J = 9.3 Hz, 2H), 7.17 (d, J = 8.3
Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H), 8.05 (d, J = 9.3 Hz, 2H), 11.51 (br, IH, NH); IVb, §2.31 (s,
3H, CH3), 3.86 (s, 3H, CH30), 6.85 (d, / = 8.8 Hz, 2H), 6.96 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.3
Hz, 2H), 8.10 (d, J = 8.8 Hz, 2H); 13C NMR (CDCl3): IVa, §21.0 (CH3), 55.7 (CH30), 114.0,
120.3, 124.4, 129.5, 129.8, 130.1, 135.1, 158.2 (CONH), 165.0, 224.8 (CSS); IVb, §20.8
(CH3), 55.7 (CH30), 113.5, 120.1, 129.4, 129.5, 134.3, 138.2.
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Reaction of 4-Methoxybenzoyl N-Phenylcarbamoyl Selenide(3h) with Sodium
Methoxide. 4-Methoxybenzoyl N-phenylcarbamoyl selenide 3h (0.17 g, 0.5 mmol) and so-
dium methoxide (0.03 g, 0.5 mmol) were stirred in diethyl ether (5 mL) at 24°C for 1 h. The
solvent was evaporated under reduced pressure to give yellow solid containing sodium 4-
methoxybenzenecarboselenoate 6. To the solid iodomethane (1 mL) was added and the mixture
was stirred at 24°C for 1 h. To the reaction mixture was added diethyl ether (3 mL). The
resulting precipitates (Nal containing methyl N-phenylcarbamate 7) was filtered out. Evapoartion
of the solvent from the filtrate under reduced pressure gave 0.11g (98%) of Se-methyl 4-
methoxybenzenecarboselenoate, which was identifided by comparison of the IR and !H NMR
spectra with those of the authentic sample.

Methyl N-phenylcarbamate 7. m.p.: 43-45°C; IR (KBr): 3321 (NH), 1714 (CO) cm-!;
'H NMR (CDCl3): §3.72 (s, 3H, CH3), 7.02 (t, J = 7.8 Hz, 1H), 7.02 (br, H, NH), 7.25 (t, J =
7.8 Hz, 2H), 7.38 (d, J = 7.8 Hz, 2H); !13C NMR (CDCl3): § 52.1 (CH3), 123.3, 129.5, 128.8,
137.9, 154.3 (CO).

Reaction of 3h with p-Toluidine. To a solution of 4-methoxybenzoyl N-phenylcarbamoyl
selenide 3h (0.26 g, 0.8 mmol) in dichloromethane (10 mL) p-toluidine (0.17 g, 1.6 mmol) was
added and the mixture was stirred at room temperature for 7 h. After evaporation of the sovent
under reduced pressure, diethyl ether (5 mL) was added. Filtration of the resulting precipitates
gave 0.16 g (85% yield) N-4-methylphenyl N’-phenyl urea 9 as colorless needles. Removal of
the diethyl ether from the filtrate under reduced pressure gave 0.11 g (57% yleld) of N-4-
methylphenyl 4-methoxybenzamide 8 as colorless crystals.

N-4-Methylphenyl 4-Methoxybenzamide (8). Colorless crystals; m.p.: 156-157°C; IR
(KBr): 3340 (NH), 1651 (CO) cm'!; 1TH NMR (CDCl3): 6 2.31 (s, 3H, CHj3), 3.83 (s, 3H,
CH30), 6.90 (d, J = 8.8 Hz, 2H), 7.12 (d, J = 8.3 Hz, 2H), 7.50 (d, J/ = 8.3 Hz, 2H), 7.80 (d, J =
8.8 Hz, 2H), 7.95 (br, 1H, NH); 13C NMR (CDCl3): §20.9 (CH3), 55.4 (CH30), 113.8, 120.4,
127.2, 128.9, 129.5, 133.9, 135.6, 162.3 (CO), 165.3.

N-4-Methylphenyl N’-Phenyl Urea (9). Colorless needles; m.p.: 204-205°C; IR (KBr):
3303 (NH), 1635 (CO) cm!; 'H NMR (CDCI3+DMSO-d6): §2.27 (s, 3H, CH3), 6.94 (t, J= 7.7
Hz, 1H), 7.05 (d, / = 8.3 Hz, 2H), 7.24 (t, J = 7.7 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.43 (d, J =
7.7 Hz, 2H), 8.42 (br, 1H, NH), 8.49 (br, 1H, br); !13C NMR (CDCl3+DMSO-d): §20.4 (CH3),
118.1, 118.3, 121.5, 128.5, 129.0, 130.6, 137.0, 139.7, 152.6 (CO).
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Conclusion

The synthesis and structure of Group 14 and 15 element derivatives of
chalcogenocarboxylic acid are described in this thesis. The synthesis, structure, and reactivity
of hitherto diselenocarboxylic acid salts is also described. The important results described in
each chapter are summerized as follows.

In chapter 1 and 2, Group 14 element derivatives of chalcogenocarboxylic acid were
synthesized, and their structures were determined by X-ray crystallography. The nonbonded
distances between the carbonyl oxygen and the tin atom are the shortest in all derivatives. Natu-
ral bond orbital analyses showed that the interactions between the nonbonding orbitals on the
carbonyl oxygen (np) and the 6*\ig orbitals have an influence on the attenuation of the M---O
distances (M = Ge, Sn, Pb) in thiocarboxylate derivatives. A similar interaction weakens in
selenocarboxylates and even more in tellurocarboxylate derivatives. In tellurocarboxylate de-
rivatives, the interaction between the nonbonding orbitals on the carbonyl oxygen (np) and the
VO'*MC orbitals (C = ipso-benzene carbon) play the important rule in the shortening of M---O
distances (M = Ge, Sn, Pb).

In chapter 3, the structures of Group 14 element derivatives of dithiocarboxylates deter-
mined by X-ray crystallography are shown. The dithiocarboxylato ligand in mono derivatives
RCSSMPhj3 is bound to Group 14 elements as monodentate ligand, but those of bis- and tris-
dithiocarboxylato derivatives were bound to Group 14 elements as anisobidentate ligand. There-
fore, the structures around the Group 14 elements in mono derivatives showed a distorted tetra-
hedral, those in bis and tri derivatives showed a skew trapezoidal bipyramidal and pentagonal
bipyramidal, respectively.

Chapter 4 and 5 described the synthesis and structure of Group 15 element derivatives of
thio and dithiocarboxylic acid. In Both derivatives, the distances between the carbonyl oxygen
or thiocarbonyl sulfur and the Group 15 elements (P, As) is shorter than the sum of the van der
Waals radii of both atoms. In arsenic derivatives, the reaction of the bis thio- and dithio car-
boxylate derivatives with piperidine gave the cyclic tetramer (PhAsS)s and the
phenyltrithioarsonate dianion species PhAsS32-.

In chapter 6, the synthesis pathway to the diselenocarboxylic acid salts and their spectro-
scopic properties, reactivity and structures are shown. Initially, the synthetic methods for
diselenocarboxylic acid B-silylethyl esters as a key starting materials are outlined.
Diselenocarboxylic acid fB-silylethyl esters were synthesized by the reaction of aluminum
selenolate, generated from the reduction ofbis(S-silylethyl) diselenide with DIBAL, with
selenocarboxylic acid O-methyl esters. Secondary, the reaction of these esters with tetramethy-
lammonium fluoride gave the diselenocarboxylic acid tetramethylammonium salts. Various
spectroscopic data and X-ray crystallography suggest the double bond structure of the
diselenocarboxyl group in the salts.

102



In chapter 7, the synthesis and structure of carbamic selenocarboxylic mixed acid anhy-
drides was described. The X-ray crystallography showed a planar intramolecular six-membered
ring formed by a hydrogen bond between the carbonyl oxygen and NH hydrogen atoms in solid
state. On the other hand, the tautomers existed at a rate of 10:1 — 20:1 from NMR spectro-
scopic data in CDClI3 solution.
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