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Abstract

The Fourier transform (FT)-Raman and infrared (IR) spectra of triphenyl-, perdeuterated triphenyl-, tris(2-
methylphenyl)-, tris(3-methylphenyl)-, tris(2,4,6-trimethylphenyl)-, tris(2-methoxyphenyl)-, tris(3-methoxyphenyl)-,
tris(3-fluorophenyl)- and tris(4-fluorophenyl)-arsine, -stibine and -bismuthine were measured in the range 3600-100
cm ™. A normal coordinate analysis was performed for all substances using a modified valence force field. This leads
to an unique force field for these compounds, where only the metal depending force constants vary noticeably. It was
also possible to find a relationship between the chemical nature and the position of the different substituent and the
metal-—-carbon stretching force constant. For all substances 'H-NMR, C-NMR and MS data were also given.
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1. Introduction

In 1995 we have published the Fourier trans-
form (FT)-Raman and infrared spectra and the
data of the normal coordinate analysis of
triphenylbismuth and perdeuterated triphenylbis-
muth [1]. In recent times we have expanded the
calculated modified force field to the homologous
compounds triphenylarsine and triphenyistibine
and their perdeuterated species. In order to inves-
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tigate the metal—carbon stretching vibrations and
force constants in detail further different substi-
tuted compounds were synthesized: tris(2-
methylphenyl)-, tris(3-methylphenyl)-, tris(2,4,6-
trimethylphenyl)-, tris(2-methoxyphenyl)-, tris(3-
methoxyphenyl)-, tris(3-fluorophenyl)- and tris(4-
fluoro phenyl)arsine, -stibine and -bismuthine.
Neither complete Raman- and infrared (IR)
spectra data nor normal coordinate analysis of
these species are known. Only few vibrational
information is given [2—4]. Solely vibrational
spectroscopic measurements of halogen substi-
tuted compounds were performed by van der
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Kelen and de Ketelaere [5,6]. They have suggested
an assignment of the vibrational frequencies with-
out model calculations.

Crystal structures are only known for the 2,4.6-
trimethyl substituted species [7-10]. For the other
investigated compounds the structure elements
like bond distances and bond angles have been
approached by comparison with similar molecules
or other substituted phenyl derivatives [11-19].

The aim of this paper is to evaluate the FT
Raman and infrared data of triphenyl com-
pounds, their perdeuterated and methyl-,
methoxy- and fluoro-substituted derivatives of ar-
senic, antimony and bismuth in order to perform
a normal coordinate analysis of the complete
molecules with C, symmetry using a modified
valence force field. The calculated force field
should establish the assignments of fundamental
modes and supply a reasonable and transferable
set of force constants especially the metal-carbon
force constants which are dependent on the differ-
ent substitution at the central metal atom.

2. Experimental

The FT-Raman and FT infrared spectra were
recorded on Perkin-Elmer 1760 x spectrometer
equipment. The 1.064 pym line of a Nd:YAG
(Spectron Laser Systems) was used as exciting
radiation for Raman spectra registration. The
laser power at the samples was 400 mW. A semi-
conductor InGaAs detector operating at room
temperature and additionally, an FTIR spectrom-
eter (Perkin-Elmer 1700) was used in the range
500-100 cm ~! at a resolution of 2 cm~!. Fre-
quency accuracy was about + 2 cm~'. The NMR
spectra were measured on a Bruker AM 400
NMR-spectrometer using TMS as internal stan-
dard and were reported as J. Sample synthesis
and spectroscopic preparation were carried out
under an atmosphere of prepurified nitrogen. All
substances were prepared by the Grignard reac-
tion of MCl; with ArylMgBr in ether as reported
previously [1,20,21]. Only in the case of tris(2,4,6-
trimethylphenyl)metal the normal Grignard pro-
cedure was not successful. In this case
1,2-dibromethane was added to start the reaction.

(CsDs)zAs: m.p. 58°C; “H-NMR (CHCl;): 7.19
(multiplett); *C-NMR (CHCl,): 139.5; 133.6;
128.5; 128. MS: 321: 239: 235 164; 160; 157
(100%); 82: 75; 54.

(CsD5);Sh: m.p. 48°C; “H-NMR (CHCl,): 7.29;
7.18. *C-NMR (CHCl,): 138.3; 136.1; 128.8;
128.5. MS: 369/367; 287/285; 283/281; 205/203
(100%); 164; 160; 82; 123/121; 54.

Tris(2-methylphenylarsine: m.p. 106°C; 'H-
NMR (CDCLy): 7.16; 7.15; 6.96; 6.70; 2.34. 1*C-
NMR (CDCly): 42.58; 137.48; 133.33; 129.93;
128.64; 126.34; 22.03. MS: 348 (100%); 257; 241;
180; 165; 139; 91; 77,

Tris(2-methylphenyl)stibine: m.p. 96°C. 'H-
NMR (CDCly): 7.18; 7.16; 6.95; 6.92; 2.40. *C-
NMR (CDCly): 42.58; 137.48; 133.33; 129.93;
128.64; 126.34; 22.03. MS: 394; 303; 212; 181: 165;
152; 105; 91 (100%).

Tris(2-methyiphenylbismuthine: m.p. 130°C;
'"H-NMR (CDCl,): 7.48; 7.26; 7.20; 6.99; 2.37.
BC-NMR (CDCl,): 143.76; 138.69; 129.95;
128.71; 128.71; 26.39. MS: 482; 391; 300; 209
(100%); 181; 167; 91.

Tris(3-methylphenyl)arsine: m.p. 95°C; 'H-
NMR (CDCl;): 7.14; 7.11; 7.07; 7.04; 2.23. *C-
NMR (CDCly): 139.66; 138.12; 134.45; 130.70;
129.21; 21.47. MS: 348; 255; 241; 182; 166 (100%);
91.

Tris(3-methylphenyl)stibine: m.p. 65°C; 'H-
NMR (CDCL): 7.22; 7.15; 7.13; 7.07; 2.22. 13C-
NMR (CDCls): 138.37; 138.25; 136.98; 133.19;
129.37; 128.65; 21.47. MS: 394; 303; 212 (100%);
182; 167; 152; 91.

Tris(3-methylphenyl)bismuthine: m.p. 64°C; 'H-
NMR (CDCl,): 7.31; 7.20; 7.16; 7.05; 2.23. '*C-
NMR (CDCl,): 138.57; 138.24; 132.58; 128.95;
127.21; 21.47. MS: 482; 391; 300, 209 (100%); 165;
91.

Tris(2,4,6-trimethylphenylarsine: m.p. 169°C;
'H-NMR (CDCLy): 6.66; 2.26; 2.13. '*C-NMR
(CDCl,): 142.83; 137.38; 135.86; 129.51; 23.44:
20.81. MS: 432 (100%); 313; 297; 282; 237; 221;
193; 178; 119; 105; 91; 77.

Tris(2,4,6-trimethylphenyl)stibine: m.p. 134°C;
'"H-NMR (CDCl,): 6.99; 2.36; 2.31. '*C-NMR
(CDCly): 142.21; 140.74; 131.11; 130.91; 24.73;
21.04. MS: 478; 358; 320; 239; 164; 149; 136; 119;
(100%) 105; 91; 77.
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Tris(2,4,6-trimethylphenyl)bismuthine: m.p.
136°C; 'H-NMR (CDCl,): 6.95; 2.30; 2.25. 13C-
NMR (CDCl): 145.90; 137.23; 129.04; 27.78;
20.92. MS: 566; 447 (100%); 327; 237; 222; 209;
192; 119; 105; 91; 77.

Tris(2-methoxyphenylarsine: m.p. 198°C; 'H-
NMR (CDCL): 7.3; 6.88; 6.82; 6.71; 3.75. 13C-
NMR (CDCl,): 62.01; 134.22; 129.89; 128.50;
121.27; 110.18; 55.72. MS: 396; 287. 273; 257, 214;
182 (100%); 168; 152; 107; 91.

Tris(2-methoxyphenyl)stibine: m.p. 185°C; 'H-
NMR (CDCl,): 7.32; 7.12; 6.88; 6.82; 3.76. *C-
NMR (CDCly): 162.78; 136.71; 130; 126.84;
121.85; 109.61; 55.63. MS: 442; 335; 305; 289; 228;
214; 168; 121; 107 (100%); 81.

Tris(2-methoxyphenyl)bismuthine: m.p. 165°C;
'H-NMR (CDCl,): 7.45; 7.31; 6.99; 6.87; 3.76.
BC-NMR (CDCly): 159.84; 129.81; 128.15;
122.05; 114.20; 55.05. MS: 530; 423; 316 (100%);
209; 108; 77.

Tris(3-methoxyphenyl)arsine: m.p. 110°C; 'H-
NMR (CDCL): 7.17; 6.83; 6.82; 6.76; 3.64. *C-
NMR (CDCl,): 159.6; 140.82; 129.54; 126.01; 119;
114.09; 55.11. MS: 396; 287, 273; 257; 214 (100%);
182; 171; 139; 128; 107.

Tris(3-methoxyphenyl)stibine: m.p. 88°C; 'H-
NMR (CDCL,): 7.18; 6.94; 6.92; 6.78; 3.64. 13C-
NMR (CDCly): 159.71; 139.29; 129.74; 128.5;
121.47; 114.3; 55.09. MS: 442; 335, 228; 214
(100%); 184; 171; 128; 107; 92; 77.

Tris(3-methoxyphenylbismuthine: m.p. 70°C;
'H-NMR (CDCly): 7.18; 7.00; 6.99; 6.79; 3.64.
BC.NMR (CDCl,): 159.84; 129.81; 128.15;
122.05; 114.20; 55.05. MS: 530; 423; 316; 300; 209
(100%); 92; 77.

Tris(3-fluorophenyl)arsine: m.p. 40°C; '"H-NMR
(CDCl,): 7.77 (multi); 7.22. *C-NMR (CDCl,):
166.24; 136.21; 131.50; 131.35; 120.01; 114.53.
MS: 360; 263; 245; 190; 170 (100%); 150; 95; 75.

Tris(3-fluorophenyl)stibine: m.p. 33°C; 'H-
NMR (CDCly): 7.82 (mult); 7.31. C-NMR
(CDCl;): 165.24; 134.12; 132.61; 131.81; 114.99;
114.71. MS: 406; 311; 216 (100%); 190; 170; 140;
95; 75.

Tris(3-fluorophenyl)bismuthine: m.p. 69°C; 'H-
NMR (CDCl,): 7.38; 7.36; 7.31; 6.91. *C-NMR
(CDCly): 164.02; 157.31; 132.80; 132.07; 123.88;
115.17. MS: 494; 399; 304; 209 (100%) 95; 75.

Tris(4-fluorophenyl)arsine: m.p. 74°C; 'H-NMR
(CDCly): 7.20; 7.20. *C-NMR (CDCl,): 163.41;
135.28; 134.63; 116.01. MS: 360; 263; 245; 190;
170 (100%); 150; 95; 75.

Tris(4-fluorophenyl)stibine: m.p. 91°C; 'H-
NMR (CDClL): 7.31; 6.95. C-NMR (CDCl,):
163.50; 132.94; 121.71; 116.23. MS: 406; 311; 216
(100%); 190; 170; 140; 95; 75.

Tris(4-fluorophenylbismuthine: m.p. 92°C; 'H-
NMR (CDCly): 7.64; 7.00. *C-NMR (CDCL,):
162.85; 149.59; 139.14; 117.97. MS: 494; 399; 304;
209 (100%); 190; 96; 75.

3. Results and discussion

Normal coordinate analysis is carried out by a
computer program developed in our research
group, based on the program by Shimanouchi
[22]. The program Prometheus© follows the GF-
Matrix method according to Wilson et al. [23] and
works on a normal PC under MS-Windows®©. For
each substituent the three homologous molecules
with different metal central atoms (arsenic, anti-
mony and bismuth) were calculated in one step.
The vibrational problem was set up in internal
coordinates, in-plane and out-of-plane vibrations
were also calculated in one step.

3.1. Normal coordinate analysis

In the first step a model calculation was per-
formed for the one phenyl ring system. After the
optimisation of this molecular skeleton the com-
plete molecules as three ring systems were calcu-
lated. It has been shown [1] that the normal
coordinate analysis of the whole molecule leads to
a triple degeneration of the normal vibrations
which were calculated by the simplification of the
one ring system. The calculated wave numbers
and assignments for all molecules (except for the
normal triphenyl species) are shown in Tables 1
and 2.

Because we are not able to make reliable in-
frared measurements < 100 cm ! we have not
listed the ring—metal-ring deformation and the
skeletal torsion wave numbers and force con-
stants. For the vibrations of the methoxy substi-
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Table 3
Force constants set for the phenyl ring system

C. Luadwig et al. / Spectrochimica Acta Part A 33 (1997) 23632372

Force constant® Value Force constant® Value
Sy v(MP-C) ¢ fis v(C-O)/v(C-C), 1.858
£ w(C-0) 6.538 fie M(C-C)/»(C-C},, ~0.300
/i w(C-H) 4.979 fir HC=-C)w(C-O), 0.423
i 3(C-M-C) d fis  v(C-H)/»(C-C) 0.034
f« 6(C-C-C) 1.143 fio W{C-H)/6(C-C-H) ~0.096
fo o(C-C-—-M) ¢ Sro W(C-C)/(C-C-C) 0.490
13 8(C-C-H) 0.501 S v(C-C)/6(C-C-H) 0.219
S (C,-M-C-C) 0.484 Sz v(M-C)/d(C-C-M) ¢

fo  t(H/C-C-C-C/H),;, 0.456 faz S(C-C-C)/8(C-C-C) 0.094
fro t(H/C-C-C-C/H),p; 0.330 fra 6(C-C-C)/é6(C-C-H) 0.058
S ¥(C3—M) out-of-plane wag ¢ frs  (C3-M)/y(Cs—H) 0.085
fi2 1(C3—H) out-of-plane wag 0.290 fre 7(C3-H)/¥(Cy—H) 0.029
fi3 y(C,H-C) out-of-plane wag 0.058 frr t(C-M-C-C,)/r(H/C-C~-C~C/H) 0.030
fis v(C-H)/¥»(C-H), 0.062 Sz t(H/C-C-C-C/H)/t(H/C-C-C-C/H) 0.065

2 Force constant dimension: valence 102 N m™!; deformation 10~'® N m; valence/valence 10> N m ~': valence/deformation 10-3 N;

deformation/deformation 1071 N m.

® M = arsenic, antimony, bismuth.

¢ Values for the different molecules see Table 5.
4 For the 6(C-M-C) force constant see text.

Table 4
Force constants for the different substituents

Force constant®

Force constant®

Methyl-substituted derivates Value Fluorine-substituted derivates Value
v(C-CHy) 4.601 v(C-F) 6.198
J(C-C-CHjy) 0.804 6(C-C-F) 0.862
y(C3—CHj;) out of plane wag 0.532 7(C;-F) out of plane wag 0.615
¥(C-CH,)/6(C—C—CHy,) 0.132 W(C-F){6(C-C-F) 0.005
Methoxy-substituted derivates

wC-0) 5.812 y(C5-0) out-of-plane wag 0.854
v(0-CH,;) 6.310 7(C/C-0O-CH,) 0.547
4(C-C-0) 0.578 v(C-0)/6(C-C-0) 0.034
6(C-0-CHjy) 0.745 ¥(0O-CH,)/6(C-0-CH,) 0.010

2 Dimensions see Table 3.

tuted molecules the wave numbers < 100 cm !
are given, but they were not used for the force
constants calculations. Since we were mainly in-
terested in the ring vibrations we have calculated
the methyl group as a single point mass. The
mean difference between the observed and the
calculated wave numbers for the set of 27 sub-
stances is about 0.8%.

3.2. Force constants

The set of force constants of the ring system as
the result of the normal coordinate analysis can
be found in Table 3. These force constants are in
good agreement with the corresponding set of
force constants published for triphenylbismuth
[1]). In Table 4 the force constants for the different
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Table 5
Metal-carbon force constants

Substances Force constants?

Arsine v(As-C) 6(C-C-As) y(C5-As) out-of-plane v(As-C)/d(C-C-~As)
Triphenyl- 2.458 1.041 0.947 0.499
Tris(2-methylphenyl)- 2.397 1.247 1.153 0.705
Tris(3-methylphenyl)- 2.360 1.207 1.015 0.381
Tris(2,4,6-trimethylphenyl)- 2.242 1.014 0.960 0.888
Tris(2-methoxyphenyl)- 2.355 1.060 0.935 0.619
Tris(3-methoxyphenyl)- 2.601 1.023 0.987 0.524
Tris(3-fluorophenyl)- 2.894 0.795 0.972 0.412
Tris(4-fluorophenyl)- 2.522 1.104 1.001 0.563

Stibine v(Sb-C) 6(C-C-Sb) y(C;-8b) out-of-plane v(8b-C)/é(C-C~Sb)
Triphenyl- 2.070 1.078 0.939 0.503
Tris(2-methylphenyl)- 2.001 1.284 1.145 0.709
Tris(3-methylphenyl)- 1.949 1.323 1.008 0.523
Tris(2,4,6-trimethylphenyl)- 1.885 1.080 0.960 0.857
Tris(2-methoxypheny!)- 1.970 1.075 0.923 0.620
Tris(3-methoxyphenyl)- 2.234 0.978 0.984 0.517
Tris(3-fluorophenyl)- 2.580 0.814 1.108 0.510
Tris(4-fluorophenyl)- 2.134 1.143 0.994 0.567

Bismuthine ¥w(Bi-C) J(C-C-Bi) y(C;~Bi) out-of-plane v(Bi~C)/6(C~C-Bi)
Triphenyl- 1.662 1.055 0.929 0.499
Tris(2-methylphenyl)- 1.601 1.261 1.135 0.705
Tris(3-methylphenyl)- 1.544 1.222 1.010 0.550
Tris(2,4,6-trimethylphenyl)- 1.480 1.091 0.929 0.724
Tris(2-methoxyphenyl)- 1.560 1.060 0.950 0.651
Tris(3-methoxyphenyl)- 1.822 0.987 1.001 0.499
Tris(3-fluorophenyl)- 2.161 0.900 1.052 0.563
Tris(4-fluorophenyl)- 1.726 1.186 0.984 0.569

2 Dimensions see Table 3.

substituents are listed. But the main focus of our
research lies in the force constants which are
directly assigned to the metal--carbon bond. These
force constants are affected by the nature and the
position of the substituent (Table 5).

3.3. Metal—carbon stretching vibrations

With the exception of the substituents in 2
position fluorine- and methoxy substituents raise
the metal—carbon force constants noticeably. In
comparison with these substituents the methyl
substituents decrease the metal—carbon force con-
stant. The systematical comparison of all metal—
carbon valence force constants for the investigated

compounds is shown in Fig. 1. It can be seen that
the difference between the force constants for
arsenic, antimony and bismuth is about the same
for the different substituents. The force constants
for the triphenyl- and the perdeuterated-triphenyl
species are identical as was shown for the triphenyl-
bismuth [1].

As an example of the characteristic change of the
carbon-metal force constant the FT-Raman spec-
tra of perdeuterated triphenylstibine (Fig. 2) and
tris(3-fluorophenyl)stibine are shown (Fig. 3). For
two selected vibrations the LX-drawings are also
illustrated (amplitude factor 50).

For the unsubstituted triphenylstibine com-
pound the antimony—phenyl ring stretching vibra-
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Fig. 3. FT-Raman spectrum of (m-FC.H,),Sb (KBr disc).

tion can be found at 214 cm~!. The antimony-
carbon stretching vibration ( f(v(Sb-C)) = 2.07 102
Nm ~!) shows a potential energy distribution with
v(Sb—~C) (68), whereas the Sb-C-C deformation
character is only 5%, Thus, this vibration mode can
be interpreted as a characteristic stretching vibra-
tion, as shown in the LX-drawing (Fig. 2). The
antimony—carbon deformation vibration at 275
cm ! was calculated with a potential energy distri-
bution with 6(C—C-Sb) (70) and v(Sb-C) (4). In
contrast to this, the antimony—carbon force con-
stant for the 3-fluoro-substituted compound rises to
2.58 10> Nm ~! and the antimony-carbon stretch-
ing vibration should be found at higher wave
numbers. Therefore, the Sb—C-C deformation
mode should be shifted to a lower frequency because
of the larger mass of the fluorine substituent. This
effect can be observed in the FT-Raman spectrum
of tris(3-fluorophenyl)stibine. The stretching vibra-
tion was found at 245 cm ~'. The potential energy
distribution has been calculated with v(Sb—C) (55)
and §(C-C-Sb) (15). For the deformation mode
which can be observed at 215 cm ~! the calculation
yields a potential energy distribution with 6 (C-C-
Sb) (70) and v(Sb—C) (6).
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