HETEROORGANIC DERIVATIVES OF SULFUR-CONTAINING HETEROCYCLES.
28.% CALCULATION AND INTERPRETATION OF VIBRATIONAL SPECTRA
OF THIENYL DERIVATIVES OF GROUP IVB ELEMENTS
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The frequencies and forms of the normal vibrations were calculated for trimethyl(2-
thienyl)-substituted silane, germane, and stannane molecules. An interpretation of
the results of an experimental study of the IR spectra and Raman spectra of compounds
with the general formula RpMMef4-pn (R = 2-thienyl,M=S8i, Ge, Sn,n = 1...4) is given.

The vibrational spectra of heteroorganic derivatives of thiophene were investigated in
{2-4], In order to obtain the most nearly complete interpretation of the vibratiomal spectra
of heteroorganic derivatives of thiophene we calculated the frequencies and forms of the nor-
mal vibrations for trimethyl(2-thienyl)-substituted silane, germane, and stannane molecules.
The solution of the vibrational problem was accomplished using the method of fragmentary cal-
culation by means of the programs from [5]. The force fields of the -M(CHi)s fragments were
taken from [6-8]. The force field of the thiophene molecule was used as the zero approxima-
tion of the force field of the thienyl fragment [9, 10]. The starting field was refined by
solution of the inverse vibrational problem for the thiophene molecule and three of its deu-
terium~substituted compounds with Cp, symmetry by the method of successive congruence. Good
agreement is observed between the experimental and calculated (by means of the force field ob-~
tained) frequencies in the series consisting of thiophene and six of its deuterium-substituted
compounds; the average deviation was 6 cm™*.

The numbers of the natural vibrational coordinates used in the calculations are indi-
cated in Fig. 1. We introduced a total of 53 coordinates: Qi, Qis, Qsus Qi7s Qies Quis, Qzo0,
Q215 Qzz2s 93, Gus 9s, d2s 91es 93s, dses 937, Qass 23, J24, and qzs — the coordinates of
stretching of the bonds; ag, 010, @115 ¥a1, Quss %uas Brzy Bis, Biu, Bss Baa, Bazs Bass Baz,
B2s, B2ss Baos B3a1s Yzes Y27s Y7s Y32, Yso, €6, and e€as — the coordinates of the change in the
angles; Pue, Pus, Ps1, and psz — the out-of-plane coordinates of deviation of the bonds from
the plane of the ring; Xso and xss — the out-of-plane coordinates of the change in the dihe-
dral angle that characterize the bending of the ring. The rotations of the methyl groups rel-
ative to the M(;)—C(Me) bonds and the rotation of the ring relative to the M(;)~Cr bond were
not taken into account. The solution of the vibrational problem was carried out under the as-
sumption that the molecules of the monothienyl derivatives have Cg symmetry. The numbering
of the atoms and the selected directions of the vectors of the bonds are shown in Fig. 2. The
thienyl fragment and the M(1)=C(14)- M(1)~C(s). amd C(s)~H(10) bonds lie in the plane of sym-
metry. The M(1)—C(s) and C(y6)— S(1s) bonds are cis oriented. The geometrical parameters of
the molecules necessary for the calculation were taken from [11-13].

Vibrational Spectra of 2-Thienylsilanes RpSi(CHs)4-pn (n = 1-4)

The IR and Raman spectra were measured for the mono- and dithienylsilanes; we have only
the IR spectra at our disposal in the case of the tri- and tetrathienylsilanes. The vibra-
tional problem was solved for the trimethyl(2-thienyl)silane molecule (see Table 1). The val-
ues of the experimental frequencies were determined for the ligquid state of the substance.

The spectra of the entire series of 2-thienylsilanes (Table 2) were interpreted on the
basis of the results of the solution of the vibrational problem and an analysis of the

*See [1] for communication 27.
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Fig. 1. Natural vibrational coordinates of monothienyl-
substituted compounds of the RM(CH;)s type.

Fig. 2. Numbering of the atoms and selected directions
of the vectors of the bonds in molecules of the RM(CHi)s

type.

experimental data from measurement of the standard intensities, the degree of depolarization
of the lines in the Raman spectra, and the absolute intensities of the IR bands.

Three very weak overlapped bands that belong to the stretching vibrations of the C-H bonds
of the thienyl fragment were recorded in the short-wave region of the IR spectra of 2-thienyl-
silanes. Their intensities increase with an increase in the number of rings in the molecules,
while the frequencies change only slightly. The q2s and q;, coordinates change most markedly
in the spectrum of trimethyl(2-thienyl)silane at the vibration with a frequency of 3106 cm™*;
the gqz3 coordinate makes the principal contribution to the potential energy of this vibration.
In the Raman spectrum the line of this vibration is one of the most intense and is polarized.
At the vibration with a frequency of 3078 cm™ ' the hydrogen atom is shifted markedly along the
C(1e)~H(2) bond; a considerably smaller shift is noted for the H(zo) and H(is) atoms. Theqzs
coordinate makes the predominant contribution to the potential energy of the vibration. All
three coordinates of stretching of the ring C—H bonds change markedly at the vibration with a
frequency of 3062 cm™'; the H(z0) atom experiences the greatest shift.

Two intense bands with frequencies of 2898 and 2959 cm™* belong to the stretching vibra-
tions of the C-H bonds of the methyl groups. With a decrease in the number of methyl groups
in the 2~thienylsilane series one observes a decrease in their intensities., In the Raman spec-
trum of trimethyl(2-thienyl)silane the v(C—H) (CHs;) stretching vibrations show up in the form
of two intense lines; the first line is polarized completely (p 0.03), while the second is de~
polarized (p 0.86).
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TABLE 1. Interpolation of the
thienyl) silane Molecules

Vibrational Spectra of Trimethyl (2~

IR spec- Raman SAPGC' Tyoe of | Vealcs | Formof vibration®®(PED of the vibrations
znrl‘_ml’ Vs i;‘iml’ Vs ?:ry‘;ne- P— with respectto the symmetry coordinates, %)%
1 2 3 4 5
3106 3102 A’ 3099 | 9x({C—H) (83}, g2e{C—H) (14}
3078 3075 A 3066 | g25(C—~H) (75), qas(C—H) (19}
3062 3062 A’ 3054 | g24(C—H) (66), gos(C—H) (24), (%)
2959 2057 347 3A" | 3%2977 | g(C—H) (CHa) (100)
3X2976
2898 2893 247, A" 2><'§88§ 7(C—H) (CH;) (100)
1502 1500 A 1512 530(C-—C—H) {19}, Pa(C=C-—H) (14),
Q2(C=C) (25), Qu(C= C) (39)
1408 3% 347, 34" 3><11%% a(H—C—H) (CHs) (100)
2% 1408
1404 1404 A 1397 | B3 (C=C—H) (25), Bs(C=C—H) (23),
Qu(C—C) (17}, Q0(C=C), Bar(C=C—H) (12}
1326 1323 A 1326 | Pag(C=C—H) (31}, Qx(C=C) (33), Qis(C~S5)
(10), Qx(C=C) (12), B2 (C=C—H),
31 ==l
1265 1265 247, A” 1261 | B(H—C—Si) (96), o(H—C—H)(CH;)
1252 1254 1260
1255
1216 1217 A 1227 | B3 {C=C—H) (24), B(C=C—H) (11},
Bao(C=C—H), Bas(C=C—S8i), Qu(C=C) (27),
Qis(C—8) (23)
1083 1088 A 1080 | B3{C=C—~H) (30}, Pa(C=C—H) (25),
Bai (C=C—H) (10), Qis(C—S) (12),
Qu{C=C) (8) _
1052 1057 A 1050 | Bas{C=C—H) (14), Qy(C—C) (52),
Bai (C=C—H) (11), Q{C=C) (13)
994 997 A 997 | y2r(C=C—S) (35). ﬁao(C C—H) (10},
Qn(Cr—Sl) (7) Qis{C—8), y26(C=C—S) (28),
Q2 (C=-C) (10)
900 905 a7 916 | ps2(C—H) (70), pse(C—H) (29)
860 860 A 853 | Q10(C—S8) (47), v(C=C~S) (10),
B (C=C—H), Q;s(C—S) (8), Qu(C—C) (5),
_ Biz(H—C—Si) (8)
— g4 4% A" 835 (()égs()c—ﬁ) (48), pwu(C—H) (25}, ps{(C—H)
840 — 347, 3A" | 2%870 H—C—Si) (CHy) (90
5863 B( i) (CHs) (90)
2% 824 s
A 761 | Qis(Si—C) (34), Q(Si—C) (17), st( —8)
(1), Br(H—C—Si) (8), Fus(H—C—Si)
758 755 A 758 | Qas(Si—C) (76}, Bua(H—C—Si) (12),
fas (H—C—-S1) (5) _C—H), 0w(C—S) (21)
— A’ 756 | Bs1(C=C—H), PBs(C=C— 18(C—
750 Qalstsl—C) (15), 3‘bxg(c-—s) (16), ys(C=C—S)
(8), yor(C=C~S5) (B)
705 02 a 696 | ps(C—H) (78), po(C—H) (20)
642 647 A 631 Q,(Sl—C) (45), Qu5(Si—C) (18), Qur(Si—C)
616 Y 602 | (e85 50, Sele=c—5) (1),
={_ ‘y —
615 e lC=C—1), @i (5i=C) (17), Qus(Si—C) (10)
575 — A” 583 | w53 (63), ps1, %50 (36), pas
484 486 “X ’ 486 Mso (73), Pst, Pas, *sa (16), Pas
o 382 ! 382 Si—Cp  (43), yar (C=C—S8) (10),
' e Isy . vzf(clé Si—C) (15)
085 A 295 | Pas(C=C—Si) (24), Vs2(C.—Si~C) (59)
280 A" 283 | yao{Cpe—Si—C) (38), ew(C—Si—C) (27), xs
A e | B CS O o) oo,
! 41 g i— v —
VZQ(C —Si—Cy (10), 7Qn C —Si) (12)




TABLE 1. (Continued)
1 1 2 ‘ 3 | 4 l 5

. 212 A” 193 | €59(C—Si—C) (67), yao(Cp—Si—C) (13),
P51 (Cy—51) (9), ®s3 (5)
A 188 | £5(C~Si—C) (45), v1(Ce—Si—C) (44),
Bas (C=C—Si) (10}, ysa(Cp—Si—C)
A 129 | y53(Cp—Si—C) (40), Bss(C=C—Si) (40),
y7(Cp—Si—C)" (13)
A7 106 | psi (Cp—Si) (69), vao(C —Si—C) (31)

1*Here and in Tables 3 and 5, the coordinates that change most
markedly for a given vibration are presented.

2%Here and in Tables 3 and 5, the results of calculation of
the potential energy distribution (PED) of the vibrations with
respect to the vibrational coordinates are presented in paren-
theses; when several equivalent coordinates exist, only one
of them is indicated.

3%The umbrella vibrations of the methyl group are overlapped
with the intense line with a frequency of 1404 cm™t.

“*The weak depolarized line with a frequency of 846 cm ' was
assigned to the out-of-plane vibration of the C-H bonds of the
thienyl fragment.

In the IR spectrum of RSi(CHs)s the weak band with a frequency of 1502 cm ' belongs to
the in-~plane deformation vibration of the thienyl fragment; the length of The C=C bonds and
the angles that are formed by the C—H bonds with the skeleton of the ring change markedly at
this vibration. The Q2 and Qa0 coordinates make the principal contribution to the potential
energy of the vibration. In the Raman spectrum the line of the described vibration is very
weak and depolarized. On passing to dimethyldi(2-thienyl)silane the absolute intensity of the
IR band increases by a factor of two, while a corresponding line is not recorded in the Raman
spectrum.

The umbrella vibrations of the methyl groups in trimethyl(2-thienyl)silane have a fre-
quency of 1408 cm™'. 1In the IR spectrum the band of these vibrations is overlapped with the
band of the ring in-plane vibration (1404 cm™*). The intensity of the band with a frequency
of 1408 cm™* decreases with a decrease in the number of methyl groups in the examined series
of molecules; in the spectrum of methyltri(2-thienyl)-silane the band with a frequency of 1404
cm™' is considerably more intense, while the deformation vibrations of the CHs group show up
in the form of a weak ''shoulder" of the contour of this band. In the Raman spectrum of RSi-
(CHs)3 the line of the deformation vibrations of the methyl groups is completely overlapped
by the most intense line with a frequency of 1404 cm *.

This line belongs to the in-plane deformation vibration of the ring at which the Bs, and
Bso angular coordinates and the coordinates of stretching of the double (Qzo) and single (Qzi1)
bonds change markedly. It follows from the calculation of the potential energy distribution
(PED) that the angular coordinates make the principal contribution to the potential energy of
this vibration, in agreement with the fact that the degree of depolarization of the line is
rather high (p = 0.5); however the high value of the standard intensity of this line consti-
tutes evidence for significant changes in the Qzo and Qa2 coordinates. On passing to dimethyl-
di(2-thienyl)silane the standard intensity of the line of the vibration under discussion in-~
creases by a factor of more than two, its contour contracts, and the degree of depolarization
changes only slightly (p = 0.54).

The strong polarized line (p = 0.17) with a frequency of 1323 cm™' in the Raman spectrum
of trimethyl(2-thienyl)silane belongs to an equal extent to both deformations of the C=C-H an~
gles of the thienyl fragment and to changes in the lengths of the C=C and C—S bonds. The fre~-
quency of this ring vibration does not change with an increase in the number of thienyl frag-
ments in the 2-thienylsilane series, the integral intensities of the bands in the IR absorp-
tion spectra increase additively, and the increase in the standard intensities of the lines
does not obey the additivity rule and proceeds more rapidly.

The. intense band at 1252-1265 cm ' in the IR spectrum of trimethyl(2-thienyl)silane has
an unsymmetrical contour, and the corresponding line in the Raman spectrum also has an
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TABLE 2. Principal Frequencies in the Vibrational Spectra of 2-

Thienylsilanes
RSi(CHy)s R,Si (CH), RsSICH;| R,81
TS T - ! =
3 - 3] aman - H
Assignment %Eﬁ, %ﬁ; X}\:)e,c Irel é’iﬂ Erurln , As\;;z’ac Ire1 c'éfp gL >~
) - - —
g om | em wg, 123 87
g(C~H) 3106 3102 100 { 3103 3098 80 | 3103 | 3088
g(C—H) 3078 3075 65 | 3078 3071 55 | 3077 | 3077
9(C—H) 3062 3062 30 | 3063 3058 30 | 3062 | 3064
q(C~—H) (CHJ) 2059 2957 90 | 2961 2956 35 2958 -
q(C—H) (CHjy) 2898 2893 190 | 2900 2895 65 | 2900 —
B(C=C—H), Q(C=C) 1502 1500 2 | 1501 — —_ 1498 | 1491
a{H—C~—H) {CH3) 1408 — — | 1406 — - —_ -
B(C=C—H), Q(C—-C) — 1404 220 — 1402 260 | 1404 | 1402
B({C=C—H), Q(C=CQ) 1326 1323 100 | 1326 1323 100 | 1326 | 1324
a(H—C—H), 1265 1265 5| — — - =1 =
B (H—C—Si) (CHj) 1252 1254 10 | 1253 1252 5 | 1257 | —
B(C=C~—H), Q(C=C),Q(C—S) | 1216 1217 40 | 1216 1214 40 1217 | 1212
B(C=C—H) 1083 1088 30 | 1087 1083 35 1087 | 1082
Q{C~C), B{C=C—H) 1052 1057 30 | 1053 1051 30 1057 | 1056
y(C=C—-35), Q(C—C) 994 997 10 998 994 8 1001 | 100t
p(C—H 900 905 2 900 898 2 904 | 912
Q(C-S), y{C=C-9) 860 860 25 853 853 35 852 | 851
p{C—H) — 846 20 830 834 8 836 | 837
ﬁ(H—C—Sg) (CHy) 840 - — 840 -— — 783 | ~—
B (H—C—Si) (CHy) — — — | 807 — - =] =
(Si—C) 758 755 20 780 779 8 — —_
Q(C—S), y(C=C—S) — 750 20 | 750 748 25 | 749 | 748
p(C—H) 705 702 25 | 708 706 10 | 710 | 717
Q(Si—C) 642 647 15 677 676 20 725 | —
v(C=C—-S8) 616 615 260 623 622 155 640 | 650
%® 575 — — 577 576 2 577 | 877
*® 484 486 2 487 486 4 495 | 507
Q(Si—Ct) — - — 433 — - 448 | 453
Q(Si—Cy) - 382 50 — 362 30 — —
B(C=C—Si) —_ 285 25 — 303 8 — -
e( C—Si'—C) - 280 20 —_ 250 15 — -
v(Cr—Sl_—C) —_ 212 80 — 233 30 — -
p(C,.—Si) - — - | - 207 3/ | — | -
e(CE—Si—Cy) - - I 142 0] — | —

unsymmetrical contour; this is due to splitting of the deformation vibrations of the CHs; groups.
The intemsity of the band of deformation vibrations decreases with a decrease in the number
of methyl groups, and the contour becomes symmetrical.

We assign the intense band with a frequency of 1216 cm™' in the IR spectrum of RSi(CHs)s
to the complex in-plane deformation vibration of the thienyl fragment; the H(ai). H(is), and
H(z0) atoms, as well as the C(ia4), C(18), and C(.7) atoms of the skeleton of the ring, are
shifted markedly at this vibration. Three coordinates — Qz2, Bs:, and Q;s —make approximately
equal contributions to the potential energy of this vibration, while the contribution of the
Bzo coordinate is appreciably lower. In the Raman spectrum a narrow partially polarized line
corresponds to this vibration. The frequency of the vibration under consideration does not
change in the entire series of 2-thienylsilanes.

The vibration with a frequency of 1083 cm™' belongs primarily to deformation vibrations
of ring C-H bonds; at this vibration the Bso, Bzs, and Bsi angular coordinates change most
markedly, and the principal part of the potential energy of vibration belongs to them.

The weak band with a frequency of 1052 cm * in the IR spectrum of RSi(CHs)s belongs to

the complex in-plane vibration of the ring. The Heis) and H(z,) atom and the C(is), C(;y),
and C(1s) atoms of the thienyl fragment are shifted appreciably. The Qa; coordinate experi-
ences the greatest. change, and it makes the principal contribution to the potential energy of
this vibration. In the Raman spectrum the line of this vibration is weak and has a rather
low degree of depolarization (p ~ 0.3). With an increase in the number of thienyl fragments
in molecules of the R,Si(CHs3)4-pn series the absolute intensity of the IR band of the vibra-
tion under discussion increases, but it remains the weakest among the bands of the in-plane
vibrations of the ring.
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A change in the internal angles of the coordinates of the ring occurs at the vibration
with a frequency of 994 cm™*, and the v;7(C=C~8) coordinate changes most markedly. The C(i4)
atom is shifted appreciably, which leads to a change in the length of the C(1A>—Si bond; the
Q:» coordinate makes a small contribution to the potential energy of this vibration. The band
of this vibration in the IR spectra of 2-thienylsilanes is intense, while the line in the Ra-
man spectra is very weak and depolarized.

A very weak band that lies on the wing of the intense band of pendulum vibrations of methyl
groups was recorded in the IR spectrum of trimethyl(2-thienyl)silane at 900 em™*. In the Ra-
man spectrum in this region one observes a very weak line with a frequency of 905 em Y. Ac-
cording to the results of the calculation, the out-of-plane vibration of the thienyl fragment,
which is characterized by deviation of the C(ia)~H(2:) and C(i7)~H(az0) bonds from the plane
of the ring, should appear in this region. The ps. coordinate makes the greatest contribu-
tion to the potential emergy of this vibration. In the spectrum of tetra(2-thienyl)silane
has a frequency of 912 cm™?*. .

The vibration with a frequency of 860 cm™' is related to the number of in-plane vibra-
tions of the thienyl fragment. The band of this wvibration in the IR spectrum of trimethyl(2-
thienyl)silane is overlapped with the band of pendulum vibrations of the CHs groups; in the
Raman spectrum the line of this vibration is partially polarized and weak. The Qis coordi-
nate makes the principal contribution to the potential emergy of vibration. A small (Av ~
10 cm™ ') decrease in the frequency of the vibration under consideration is noted with an in-
crease in the number of thienyl fragments.

In the Raman spectrum of trimethyl(2-thienyl)silane the weak depolarized line with a fre-
quency of 846 cm™ ! was assigned to the out-of-plane vibration of the C-H bonds of the thienyl
fragment; in the IR spectrum the band of this vibration is completely overlapped by the more
intense band of pendulum vibrations of methyl groups; a band of medium intensity is recorded
in this region in the IR spectra of the remaining compounds of the series. The p.s coordi-
nate makes the principal contribution to the potential energy of vibration; the p4es and ps2
coordinates make approximately equal contributions. All three hydrogen atoms H(zo), H(z21),
and H(1s) are shifted perpendicularly to the plane of the ring.

The very intense band with a frequency of 840 cm™' in the IR spectra of RSi(CHs)s be-
longs to the pendulum vibrations of the methyl groups. In the Raman spectra this vibration
does not appear. In the IR spectrum of dimethyldi(2-thienyl)silane we assign the two intense
bands with frequencies of 840 and 807 em™! to the deformation vibrations of methyl groups,
while in the spectrum of methyltri(2-thienyl)silane we assign the band with a frequency of
783 cm”' to them.

The doubly degenerate stretching vibration of the Si—C(Me) bonds in the vibrational spec~
trum of trimethyl(2-thienyl)silane has a frequency of 758 cm '; the band of this vibration is
very intense and has an unsymmetrical contour, since it is superimposed on the band on the in-
plane vibrations of the thienyl fragment. The corresponding line in the Raman spectrum is
weak and completely depolarized. In the spectrum of dimethyldi(2-thienyl)silane the unsym-
metrical vibration of the Si—C(Me) bonds has a frequency of 780 cm™'. The band of this vibra-

tion in the IR spectrum is very intense, while the line in the Raman spectrum is very weak
and depolarized.

Intense bands with a frequency of 750 cm™ ' are recorded in the IR spectra of 2-thienyl-
silanes; partially polarized lines, which we assign to in-plane vibrations of the thienyl frag-
ments of the molecules, are observed in the Raman spectrum in this region. In the IR spec-
trum of trimethyl(2-thienyl)silane the band of this in-plane deformation vibration is com-
pletely overlapped with the band of stretching vibrations of Si—C(Me) bonds. Calculations
shows that the coordinates of stretching of the C—S bonds, viz., Qis and Q,s, make the prin-
cipal contribution to the potential energy of the vibration under discussion. Because the fre-
quency of the deformation vibration of the ring skeleton (756 cm *, type A') is close to the
frequency of the stretching vibration of Si—C(Me) bonds (761 cm™*, type A') "mixing of the
forms'" of vibrations occurs, which distorts the pattern of distribution of the potential en-
ergy over the vibrational coordinates.

The very strong band with a frequency of 705 cm™' in the IR spectra of RSi(CH;)s belongs
to the out-of-plane deformation vibrations of the C—H bonds of the thienyl fragment; in the
Raman spectra the weak depolarized line belongs to this vibration. The H(19) and H(z0) atoms
are shifted perpendicularly to the plane of the ring, and the contribution of the pss coordinate
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TABLE 3. Interpretation of the Vibrational Spectra of the
Trimethyl (2-thienyl)germane Molecule
ggec- Raman spec- | Type of v Form of vibration (PED of the vibrations
trum, |trum, Av, iymme calc> with respect to the symmetry coordinates,
v, eyt em Ty em™ %)
1 2 5 3 5
3107 3106 A 3108 | ¢us(C—H) ( 3), gas(C—H) (14)
3079 3075 A 3075 | ¢:5(C—H) (74), q;:( C—H) (20)
3061 3060 A 3062 | ga4(C—H) (65). gus(C—H) (24), gu{C—1) (2)
2082
- 2081
2978 2977 34’, 347 | 22979 (C—H) (CHy) (98)
2978
2977
2910 2907 247, A7 | 3X2908 | o(C—H)(CHs) (98)
1502 - A .. 1508 550(%=C H) (18), By (C= C——H) (15),
1329 Cu(C=C) 39}, on(C— 25)
, » | 2% 1398
140" — (34,347 551304 | «(H—C—H) (CHy) (92)
1392
—* 1404 A 1404 | fiay(C=C—H) (22), ﬁ,(C C—H) (23),
P (C=C—H) (10), Qu(C—C) (17},
'\'2(;(C=C—S) \’o-(c C—S) QQD(C C) (8)
1326 1324 A 1326 | Pon(C=C—H) (33), QulC=C) (31), Qs(C--S)
(11), Qu(C=C) (12), Bsu(C==C—H) (3).
521 (C==C—H)
— 1251 1261
1242 1245 247, A" iggﬂ B(H—C—Ge) (98), a(H—C—H) (CHy)
4
1216 1217 A 1222 | f.,(C=C—H) (25), Pw(C=C—-H) (11),
f.ﬂ(c C—H), Pas(C=C—Ge), Qz(C=C) (27),
Q.3(C—=S) (22)
1082 1083 A’ 1077 | By (C=C—H) (33), Ba(C=C~—H) (21), ]
psi (C=C—H) (11), st(C——S) (12), yo(C=C-5),
QZJ(C=C) (6 Q"l —C)
1045 1048 A 1048 | Poo(C=C—H) (17}, Bsi(C= c H) (10).
Qe (C—C) ( 4/) Q (C=C) (1)
970 971 A 977 | \r(C=C—S) (3)2°Qn —Ge) (8),
1m(C=C=S5) (25), B T,
Qis(C—S) (8), Qa(C—C) (1"). (529 —Hj,
ﬁ:x(C=C—‘H)
8952 - A" 903 09 ( —H) p4g(c H) (39}
849 851 A’ 853 | Q0(C—S) (58) stC C—S) (1s),
Bz (C=C—H), Qu{C—C) (8), Qis(C—=S) (5)
- 8343 A 829 | p2(C—H) (37), ps(C—H) (39), pu(C—H) (24)
837
828 - 24°, A" | 2%835 | B(H—C—Ge) (CH,) (90)
762 760 247 | 2x769 | B(H—C—Ge)(CHs) (90)
742
747 748 A 756 | Bs1{C=C—H), P3(C=C—H) (5), Qis(C—S) (30},
(Qx;»(C—S) {22), vos(C=C—S) (16), y27(C=C—S5).
703 - A 696 | 0is(C—H) (78), pea(C—H) (20)
629 630 A’ 632 | y2e(C=C—S) (44), y»(C=C—S) (28),
Q17(Ge—Cy) (10}, Bz (C=C—H). Qiz(C—S) (8)
A’ 612 | Q5(Ge—C) (60) Q. (Ge—C) (39)
606 607 a 820 | GGe—0) (s
573 573 A’ 563 | Qi(Ge—C) (60), Qis(Ge—C) (31
— —* A” B77 | #ss (60), #so (40)v 05 (C—H)
480 476 A” 478 | #sp (69), xs3 (24), psi(C—H) (6)
292 A 295 | Q,7{Ge—C.) (56), Bas (C=C—Ge) (20).
Y27(C—-C~r5) (8)
237 A 223 | y52(C r—Ge—C) (41) Bas{C=C—Ge) (38),
| Qn((T—Go) (10), ¥ {C=C—=8) (5)




TABLE 3. (Continued)

{ 9 | 3 ‘ + 5
#5 A7 221 | psi(C,—Ge) (28), vao(Cy—Ge—C) (42), s (20),
de—-e—C)()
A" 196 | £25(C—Ge—C) (89), yvs0(Cp—Ge—C) (5)
90 v 194 Ea (C—Ge—C) (98) H(c ~Ge—C)
A7 181 % —Ge—C) (81), es(C~Ge—C},
Y32 e——C) (15
109 4 115 | ys2(Cp—Ge—C) (54), Bus(C=C—Ge) (27),
v (ComGe—C) (13)
g | A~ 97 | psi(Ca—Ge) (57), yao(Cp—Ge—C) (43)

*The band of the umbrella vibrations of the methyl group at
1408 cm™ ' is overlapped with the band of the in-plane de-
formation vibrations of the thienyl fragment.

2%0n passing from monothienylgermane to tetrathienylgermane
the frequency of the vibration increases to 908 cm™*.

3%0n passing from monothienylgermane to tetrathienylgermane
the frequency of the out-of-plane vibrations remains un-
changed.

“*Overlapped by the stretching vibrations of the Ge—C(Me)
bond.

S*Qverlapped by the line with a frequency of 237 cm™*.

to the potential energy of vibration is the principal one. With an increase in the number of
rings in the series of 2-thienylsilanes one notes a certain increase in the frequency of this

vibration; in the IR spectrum of tetra(2-thienyl)silane the corresponding band has a frequency
of 717 em™*.

The completely symmetrical stretching vibration of the Si—C(Me) bonds in the spectrum of
trimethyl (2-thienyl)silane has a frequency of 642 cm *. The integral intensity of the IR band
of this vibration is somewhat lower than the intensity of the band of the analogous vibration
in the spectrum of trimethyl(2-furyl)silane; the standard intensity of the line of the com-
pletely symmetrical v(Si—C) (Me) vibration in the spectrum of trimethyl(2-thienyl)silane is an
order of magnitude lower than in the spectrum of trimethyl(2-furyl)silane [14]. On passing
to dimethyldi(2-thienyl)silane the frequency of the completely symmetrical vibration of the
Si—C(Me) bonds increases to 677 cm *; the line of this vibration in the Raman spectrum is very
weak and polarized. The v(Si—C) (Me) stretching vibration in the spectrum of methyltri(2-thi-
enyl)silane has a frequency of 725 cm™!.

The most intense line in the Raman spectrum of trimethyl(2-thienyl)silane is the line
with a frequency of 615 cm™'; we assign at which the internal angular coordinates v.¢ and va»
change most markedly. The frequency of the deformation vibration increases with an increase
in the number of thienyl groups in the molecule and reaches 650 cm™* in the spectrum of tetra-
(2-thienyl)silane; the relative intensity of the line of the vibration under discussion decreases.

We assign the weak band with a frequency of 575 cm™! in the IR spectrum of trimethyl(2-
thienyl)silane to the out-of-plane deformation vibration of the thienyl skeleton. The ¥ss,
Ps1s Xsos and pss coordinates change most markedly at this vibration; the xss and ¥so cocordi-
nates make the greatest contribution to the potential energy. A corresponding line was not
observed in the Raman spectrum. The frequency of the vibration under discussion remains un-
changed with the addition of thienyl fragments.

The band with a frequency of 484 cm™* in the IR spectra of RSi(CHs)», was also assigned
to the out-of-plane vibration of ring, which is characterized by a significant change in the
Xsos Ps1s Pus, and Xss coordinates. The xso coordinate makes the principal contribution to
the potential energy of vibration. A very weak depolarized line corresponds to this vibra-
tion in the Raman spectra. With an increase in the number of thienyl fragments in the mole-
cules of the examined series one notes an increase in the frequency of the out-of-plane de-
formation vibratiomns to 507 cm™' in the spectrum of tetra(2-thienyl)silane.

The stretching vibration of the Si—C(;s) (Si~C,) bond appears in the Raman spectrum of
trimethyl(2-thienyl)silane with a frequency of 382 ecm~!. The line of this vibration is rather
intense, broad (6§ 9.5 em™*), and polarized (¢ 0.17). An analysis of the form of this vibra-
tion shows that, in addition to the Q,,(Si—Cr) coordinate, the internal angular coordinate of
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the thienyl fragment vz,(C=C—8) and the angular coordinates y,{(Cy—Si—C) and y.,(Cr—Si—C) of
the trimethylsilyl fragment change appreciably. The Q;, coordinate makes the principal con-
tribution to the potential energy of this vibration. On passing to dimethyldi(2-thienyl)si-
lane the frequency of the completely symmetrical vibration of the Si-Cy bonds decreases to
362 cm™', the half width of the line increases by a factor of more than two (& 24.7 em™ ),
and the degree of depolarization changes only slightly (p 0.13). Similar broadening of the
line of the completely symmetrical vibration of the Si—C, bonds was also observed in the pre-
viously investigated spectrum of dimethyl(2-furyl)silane [14]. The unsymmetrical vibration
of the Si—Cr bonds appears only in the IR spectrum of dimethyldi(2-thienyl)silane with a fre-
quency of 433 cm ' in the form of an intense band; a line of an unsymmetrical vibration is not
observed in the Raman spectrum. The unsymmetrical doubly degenerate vibration of the S$i~Cy
bonds in the vibrational spectrum of methyltri(2-thienyl)~silane has a frequency of 448 cm *.
We assign the band with a frequency of 453 em™' in the IR spectrum of tetra(2-thienyl)-silane
to an unsymmetrical vibration of Si-C, bonds.

The weak depolarized line with a frequency of 285 cm™ ' in the Raman spectrumof trimethyl-

(2-thienyl)silane belongs to the deformation vibration, which is characterized by a change in
the C=C—8i and C,—Si~C angles, which lie in the plane of symmetry of the molecule. The vyj2
coordinate makes the principal contribution to the potential energy of this vibration.

A complex vibration with a frequency of 280 cm™ ' appears in the Raman spectrum in the
form of a weak depolarized line. The angular coordinates of the —Si—C(a) skeleton (Y7, Yusos
€6, £39) and the out-of-plane coordinates of the ring fragment (s, ¥5;) change at this vibra-
tion; 65% of the potential energy is associated with the angular coordinates, while 28% is as-
sociated with the out-of-plane coordinates.

The broad, intense, depolarized line with a frequency of 212 cm” ' belongs to the deforma-
tion vibrations of the trimethylsilyl fragment.

The calculation shows that yet another two lines, one of which belongs to the deforma-
tion vibration characterized by a change in the B;s (C=C—Si) and ysz(Cy—Si—C) coordinates,
the other of which belongs to a vibration characterized by deviation of the C,—8i bond from
the plane of the ring (ps,), should be observed in the low-frequency region of the spectra of
RSi(CHs)s; however, we were unable to record the corresponding lines in the experimental Ra-
man spectrum.

Vibrational Spectra of 2-Thienylgermanes RnGe(CHs)4—p (n = 1...4)

The Raman and IR absorption spectra of mono- and dithienylgermanes were measured, and the
IR spectra were obtained for tetrathienylgermanes. The vibrational problem was solved for
the trimethyl(2-thienyl)germane molecule (see Table 3). Using the results of the solution of
the vibrational problem and the experimental data obtained we assigned the principal frequen-
cies in the spectra of 2-thienylgermanes (Table 4),.

Stretching vibrations of C—H bonds of the thienyl fragment appear in the high-frequency
region of the spectra. The frequencies of the lines of these three vibrations in the spectra
of 2-thienylgermanes and 2-thienylsilanes coincide within the limits of experimental error.

The stretching vibrations of the G-H bonds of the methyl groups in the spectra of 2-thi-
enylgermanes appear with frequencies of 2910 and 2980 cm™*, which is 10-20 cm™! higher than
in the corresponding 2-thienylsilanes. The frequencies of the umbrella vibrations of the methyl
groups in the spectra of 2-thienylgermanes and 2-thienylsilanes are identical. In the IR spec-
trum of trimethyl(2-thienyl)germane the band of umbrella vibrations has a frequency of 1408
cm” ' and is markedly overlapped with the band of in-plane deformation vibrations of the thienyl
fragment, whereas in the spectra of dimethyldi(2-thienyl)- and methyltri(2-thienyl)germane it
is completely overlapped by the band of ring vibrations. In the Raman spectra the line of the
ring vibration (1404 cm™ ') is one of the most intense and completely overlaps the line of the
deformation vibrations of the CH; groups. In the IR spectra of RGe(CHjz)as the band with a fre-
quency of 1242 cm™! is also related to the deformation vibrations of the methyl groups, and
the contour of this band is unsymmetrical. Similar splitting was also observed in the spec-
tra of RSi(CHas)s. With a decrease in the number of methyl groups in the examined series of
molecules splitting vanishes, the intensity of the band of deformation vibrations decreases,

and the frequency increases to 1248 cm *.

The frequencies of the in-plane deformation vibrations of the thienyl fragment at 1045~
1502 cm ! in the spectra of 2-thienylgermanes and 2-thienylsilanes are close to one another.
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TABLE 4. Principal Frequencies in the Vibrational Spectra of 2-Thienyl

germanes
{ RGe(CH:)s RoGe(CHe). R;GeCH; | R.Ge
. > |Raman - o IR - !> |IR spec-
sssigment 87 R e r ey |47 [foman zmee |y 187 v,
8 cn”? WEDRPE 0Nt
P_‘“_, o 1 E5E |5 g
a(C—I1) 3107 | . 3106 85 | 3105 3098 90 | 3103 | 3090
g(C—H) 3079 3075 60 | 3077 3073 55 | 3076 | 3077
g(C—H) 3061 3060 30 | 3062 3060 30 | 3061 | 3067
g(C—H) (CHy) 2978 2977 85 | 2980 2981 40 | 2981 —
¢(C—H) (CHy) - 2910 2007 220 | 92910 2605 100 | 2911 —
B(C=C—H), Q(C=C) 1502 - — | 1301 1498 5 | 1500 | 1496
o (H—C—H) (CH;) 1408 - :
B(C=C—Hj, Q(C—C) — | 1404 215 | 1404 1402 320 | 1402 | 1400
B(C=C~H), Q(C=C) 1326 1324 100 | 1326 1324 100 | 1326 | 1326
o (H—C—H) — 1251 25 | — — — —_ —
B (H—C—Ge) (CHj) 1242 1245 20 | 1243 1247 15 | 1248 —
B(C=C—H), Q(C=C), 1216 1 1217 35 | 1215 1215 35 | 1215 | 1215
Q(C—S)
B (C=C—H) 1082 1083 40 | 1082 1081 40 | 1081 1079
B(C=C—H), Q(C—C) 1045 | 1048 25 | 1052 1048 20 | 1052 | 1052
y(C=C—S), Q(C—C) 970 971 10 | 975 973 10 | 978 | 982
o (C—H) 895 —_ — | 898 900 2 | 901 908
Q(C—8), y(C=C—S) 849 851 55 | 849 850 55 | 849 | 850
p(C—H) - 834 5 | 832 834 5 | 832 834
B(H-—C—Ge) (CH;) 828 — — | 808 _— - 800 | —
B(H—C—Ge) (CHy) 762 - — | 785 — - — —
Q(C—3), y(C=C—S) 747 748 15 | 747 748 25 747 | 748
p(C—H) 703 - — | 705 708 5 708 | 714
y(C=C—S8) 629 630 100 | 630 629 75 | 631 633
Q(Ge—C) 606 607 80 | 614 613 30 _ —_
Q(Ge—C) 573 573 335 | 587 587 120 | 603 —
% —_ —_ — | 573 - - 572 | 571
% 480 476 5 | 482 481 2 | 481 | 475
Q(Ge—Cy) - 292 70 | - 984 25 | — -
v(Cr—Ge—C) - 237 40 | — 255 7 — -
B(C=C—Ge) - 190 160 | — 217 20 — —
£(C—Ge—C) — 109 10 | — 200 25 — —
p(C,~Ge) — - - | = 185 25 | — —

The frequency of the complex deformation vibration of the ring, which is characterized by a
change in internal angular coordinates Y., and Y.e, decreases appreciably; it is 20-25 cm '
lower in the spectra of 2-thienylgermanes than in the spectra of 2-furylsilanes. The inte-
gral intensities of the corresponding bands in the IR spectra and the standard intensities of
the lines in the Raman spectra that belong to in-plane vibrations differ only slightly in the
spectra of 2-thienyl-substituted germanes and silanes.

The out-of-plane deformation vibration of the C(;s)—H(z:) and Ca7)y—H(z0) bonds in the IR
spectrum of trimethyl(2-thienyl)germane appears with a frequency of 895 cm™*; with the addi-
tion of thienyl fragments one notes an additive increase in the frequency of this vibration to
908 cm~* in the spectrum of tetra(2-thienyl)germane.

The band with a frequency of 849 cm ! in the IR spectra of RGe(CHs;)s belongs to the in-
plane deformation vibration of the thienyl fragment, at which the Q,5(C—8) and y2¢(C=C—S) co-
ordinates change most markedly. With an increase in the number of rings in the molecules of
the examined series of 2-thienylgermanes the frequency of this vibrations remains unchanged,
in contrast to the series of 2-thienylsilanes.

The band of the out~of-plane deformation vibration in the IR spectrum of trimethyl(2-
thienyl)germane is overlapped completely by the intense broad band of pendulum vibrations of
the methyl groups; in the Raman spectrum, in which pendulum vibrations do not appear, the weak
depolarized line with a frequency of 834 cm™' belongs to the out-of-plane vibration. In the
spectra of the remaining compounds of the series of 2-thienylgermanes the frequency of the out-
of-plane vibration under discussion remains unchanged.

Pendulum vibrations of CHs; groups appear only in the IR spectra of 2-thienylgermanes.
The two intense broad bands with frequencies of 828 and 762 cm°‘ in the spectrum of
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1234

TABLE 5.

Interpretation of the Vibrational Spectra of the
Trimethyl(2-thienyl)stannane Molecule

‘Iii“;;:ec\:)-, Etra:‘am;? SAP\?::- zyyr}l)n:egf Veales Fc‘arm of vibration (PED of the vibrétions .
cm™ ! cm try en- 1 with respect to the symmetry coordinates, %)
2 3 4 b
3105 3100 A 3108 | g23(C—H) (83), goy(C—H) (14)
3073 3069 A 3075 | ges{C—H) (74), q;u(C H) (20). gu{C—H)
3052 3052 A 3062 | g2 (C—H) (65), gos(C—H) (24), g23(C—H) (9)
2991
2990
s aan 2989
2984 2081 347, 34 9ggg | 4(C—H)(CHs) (98)
2987
2986
s am 2918
2918 2913 24, A” | 9xcq17 | 9(C—H) (CHy) (98)
1497 1496 A 1503 | P30 (C=C—H) (19), 531 (C=C~H) (14), Q»(C=C)
(38), Qn(C=C) (28
1397
2%1395 | .
1405* — 341, 3A” 1393 | a(H—C—H)} (CH;} (98)
1392
} 1390
1398 1395 A 1401 | P (C=C—H) (24), PBa(C=C—H) (22),
P (C=C—H) (11), Qo {C—C) (18), Qu(C=C)
6), Q22(C=C); \_’25(C=C—5)y vor (C=C—S)
1320 1319 A 1323 | Pos(C=C—H) (32), Qu(C=C) (30), B3 (C=C—~1)
%ﬂ) Bar (C=C—H), Qn(C=C) (14), Qis(C~S)
1213 1213 A 1222 | Bs(C= C—H) (22), Ba(C=C—H) (10),
By (C=C—H), Qun(C=C) (23), Qu(C—S) (19),
[525 C-—'Sl’l)
1191 1194 24, A” | 2x 1215 | B{H—C—Sn) (98), a(H—C—H)(CH,)
1213
1078 1078 A 1075 | Byo(C=C—H) (36), Pa(C=C—H) (20),
Ps: (C=C—-H) (9), Qis(C—S) (l11), Qu(C~C)
{11), y2r(C=C~S), Q2(C=C) (6}
1048 1046 A 1048 | Pa(C=C—H) (18) 531(C C—H} (10}, Qu{C—C)
{48), Qu(C=C) (
945 047 A 948 | y2r(C=C—S) (35). \sU(C C—S) (28),
Qr(Cr~Sn), Qu(C—=S) (12), Qu(C—C) (9),
Qa(C=C), (5), Bs(C=C—H) (5}, fos(C= C—~H)
— 900 A" 901 | pue(C~H) (70), ps2(C—H) (30)
845 846 A 852 | Qie{C—=S8) (58), Q{C—C) (B}, y(C=C~S)
(14), Qis(C—=S) (7)
823 - A7 8§19 | ps2(C—H}) (60), pss(C—H) (17), pu{(C—H} (17)
774 — 247, A7 790 | B(H—~C—Sn)(CH,) (90)
X782 .
745 748 A 756 | Pa(C=C—H), Ps(C=C—H), Qis(C—S) (30),
%;(C—S) (23), vos(C=C—3) (16), ygr(C=C~S)
720%* — A, 247 v 2x726 | B(H—C—Sn) (CHy) (90)
700
703 697 A" 698 | nes(C—H) (80), pe(C—H) (I7)
— 623 a4 613 | v:s(C=C—S) (42), vy2r(C=C—S) (38},
Qur(Sn—C.) (6), Qis(C—=S) (5)
570 —_ A” 577 | a3 (60), %z (40)
. A 542 | Q,(Sn—C) (33}, Qu5(Sn—C) (67)
534 535 e 542 | Os(Sn—C) (100) "
513 515 A 512 Ql(Sn—C) (67), Qi5(Sn—C) (33)
473 478 A 474 | s (66), psi(C—~H) (5), s (29)
—_ 247 A 252 | Qu(SnC ) (50), Bos(C=C—5n) {34),
47 199 m(Srr*s?E)—(gn() (Cx—Sn—C)
- y 05 —Sn —Sn— (43), % 18)
- 190 4’ 198 | a(ComSn—C) (1) Bor(CaC —-Sn) % s
Qi7(Sn~—C) (35), Yz7(C C—S) (9), st(C S) (3)
A’ 144 sb(C—Sn—C) {8}, v7( r—Su—C) (88),

va2(Ce—Sn—C) (27



TABLE 5. (Continued)

i ‘ 2 ' 3 j 4 l ‘ 5
— 152 A 142 | &(C—Sn—C) (89), y7(Cr—Sn—C) (10),
\’ee(Cr‘Sﬂ—C)
4 142 | £ (C—Sn—C) (96)
_ 00 | A 101 | y22{Cr—Sn—C) (58), Pue(C=C—Sn) (24)
v (C =—=Sn—C) (9)
_ - 47 89 | ps(Ce—Sn) (50), y4(Cr—Sn—C) (48)

*In the spectra of dimethyl- and di(2-thienyl)stannane and
methyltri(2-thienyl)stannane the umbrella vubrations of the
methyl group are overlapped with the bands of the in-plane de-
formation vibrations of the ring.

**The band of pendulum vibrations of the methyl groups is over-
lapped by the band of out-of-plane vibrations.

trimethyl(2-thienyl) germane belong to them. In the spectrum of dimethyldi(2-thienyl)germane
the bands of pendulum vibrations are shifted in the long-wave direction and are recorded with
frequencies of 808 and 755 cm™'. In the spectrum of methyltri(2-thienyl)germane the band with

a frequency of 800 cm™ ' belongs to the vibrations under discussion.

The in-plane deformation vibration of the ring, at which the coordinates of stretching
of the C—S bonds and angular coordinates y.e and vy, change most markedly, in the spectra of
RGe(CHs)s has a frequency of 747 ecm™*. With the addition of thienyl fragments the frequen-
cies of the corresponding lines and bands remain unchanged.

The out-of-plane vibration, at which the H(;s) and H(zo) atoms are shifted perpendicu-
larly to the plane of the ring, has a frequency of 703 cm™ ' in the spectrum of monothienyl-
germane; the very strong broad band in the IR spectrum belongs to this vibration, while a cor-
responding line is not observed in the Raman spectrum.

In the Raman spectrum of trimethyl(2-thienyl)germane the line of in-plane deformationvi-
bration of the ring, which is characterized by a change in the yv.6(C=C—S) and vya27{C=C-S) an-
gular coordinates, is one of the most intense. This vibration has a frequency of 629 cm *,
which is 13 ecm™* higher as compared with the frequency of the ring vibration in trimethyl(2-
thienyl)silane; the frequency of the vibration remains virtually unchanged with an increase
in the number of ring fragments in the series of 2-thienylgermanes, while this change is 34

cm™! in the 2-thienylsilane series.

We assign the intense depolarized line (p 0.86) with a frequency of 607 cm™' in the Ra-

man spectrum of trimethyl(2-thienyl)germane to the doubly degenerate stretching vibration of

the Ge—C(Me) bonds. In the spectrum of dimethyldi(2-thienyl)germane the unsymmetrical vibra-
tion of the Ge—C(Me) bonds shows up in the form of a weaker, depolarized (p 0.86), broad (& ~
10 cm™ '), line with a frequency of 613 cm *.

The very intense polarized (o 0.09) line with a frequency of 573 cm™' belongs to the com-
pletely symmetrical stretching vibration of Ge—C(Me) bonds in the Raman spectra of RGe(CHs)s.
In the spectrum of dimethyldi(2-thienyl)germane the symmetrical vibration of the Ge—C(Me) bonds
has a frequency of 587 cm™ ', and the line of this vibration is very intense and polarized (p
0.16). We assign the v(Ge-C) (Me) stretching vibration in the IR spectrum of methyltri(2-thi-
enyl)germane to the band with a frequency of 603 cm™*.

According to the calculation, the out-of-plane deformation vibration of the thienyl skel-
eton, which is characterized by a change in the %53 and %0, coordinates, in the spectra of RGe-
(CHs)s has a frequency of 577 cm™!; however, stretching vibrations of Ge—C(Me) bonds show up
very actively in this region of the experimental Raman and IR absorption spectra, which hin-
ders the assignment. On passing to R:Ge(CHs). the bands of the stretching vibration are shifted
to the short-~wave region, while the out-of-plane vibration is recorded in the IR spectra in
the form of a weak band with a frequency of 573 cm™'. A corresponding line was not observed
in the Raman spectra. The frequency of this out-~of-plane vibration does not change with an
increase in the number of rings in the molecules of the 2-thienylgermane series.

A second out~of-plane vibration, which is associated with bending of the thienyl skele-
ton, in the spectra of 2-thienyl-germanes is recorded with a frequency of 480 cm™'. In con-
trast to 2-thienylsilanes, the frequency of this vibration in the spectra of 2-thienylgermanes

does not depend on the number of thienyl rings.
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TABLE 6. Principal Frequencies in the Vibrational Spectra of
2-Thienylstannanes

RSn(CHs); R,Sn(CHs)s RsSnCH;| R,Sn
- -
- | - o
. b t I IE =1 §
Assignment E gﬁ Irel EH §¢° Ire1 ?_, bu
e | 8 o | B2 or_ | §7
o n< gs < gs Qe
%s ;:g.. N < % -~ In Q n o
= £ B I EEREE
¢{C—H) 3105 | 3100 | 110 | 3103 1 3098 85 3102 | 3090
g(C—H) 3073 | 3069 80 | 3073 | 3069 55 3073 | 3073
¢{C~H) 3052 | 3052 40 | 3056 | 3052 30 3058 | 3060
g(C~H) (CH,) 2984 | 2981 70 | 2988 | 2983 20 2990 —
q(C—H) (CHj;) 2918 | 2913 | 200 | 2922 | 2921 45 2925 —
B(C=C~H), Q(C=0) 1497 | 1496 8 | 1496 | 1494 5 1493 | 1493
o (H—C—H) (CH; 1405 ] — | — | — | — | — — _
B(C=C--H), Q(C-C) 1398 | 1395 | 240 | 1397 | 1395 | 270 1394 | 1393
B({C=C~H), Q(C=C) 1320 | 1319 | 100 | 1321 | 1320 | 100 1320 | 1322
B(C=C—H), Q(C=C), 1213 | 1213 50 | 1214 | 1213 35 1214 | 1215
Q(C—S
B (H—C—Sn), 1191 [ 1194 | 126 [ 1195 | 1199 35 1202 —
o (H—~C—H) (CH,)

(C=C~H 1078 | 1078 50 | 1079 | 1079 40 1078 | 1076
Q(C—C), B(C=C~—H) 1048 | 1046 | 925 | 1040 | 1047 | 20 | 1049 | 1050
y(C=C— 945 | 947 20 948 947 15 952 959
n(C— — | 90| 5 %00 90| 5| 903 907
Q{C—S), y(C=C-Y) 845 | 846 65 845 846 50 844 84}7
p(C— 83 — | — | 87| — | — 828 | 833
B (H—C—Sn) (CHy) 774 | — | — | 82| — | — 757 | —
Q(C—S), y(C=C~S) 745 | 748 | 90 | 744 | 748 | 20 743 | 745
B (H—C—Sn) (CHy) 7200 — | — | — | — 1. = - _
p(C—H) 703 | 697 10 705 700 2 707 713
v{(C=C-S) —_ 623 | 120 623 | 624 | 140 625 627
% 570 —_ — 570 —_— _ 568 567
Q(Sn—C) 534 | 535 | 190 540 540 50 — —
Q(Sn—C) 515 | 515 | 640 524 | 5251 190 536 —_
*® 473 478 8 473 | 476 5 473 473
Q(Sn—Cr) - e —_ 255 | 20 - -
Q(Sn—Cr} —_ 247 | 120 | — | 245 | 45 — _
£ (C—Sn—C) — 190 60 — 198 5 — —
\~(Cr-——Sn--C) — 152 | 280 — 174 20 — —
B(C=C—5Sn) — L= — | — | 144! 10 - | =
p(C—Sn) \ .

The stretching vibration of the Ge—Cy bond in trimethyl(2-thienyl) germanes has a frequency
of 292 em™'. The line in the Raman spectrum is weak, broad (6 8.9 cm™!), and polarized (p
0.16). In the Raman spectrum of dimethyldi(2-thienyl)germane the very broad (§ 21.8 em™*) po-
larized (p 0.12) line with a frequency of 284 cm™' belongs to the symmetrical stretching vi-
bration of Ge~Cy bonds. A line of unsymmetrical vibration could not be recorded; it is pos~

sibly located in the wing of the line of the symmetrical vibration (approximate frequency Av ™
300 em™tY). '

In the Raman spectrum of trimethyl(2-thienyl)germane the line with a frequency of 237
cm * can be assigned to a deformation vibration associated with a change in angular coordi-
nates ysz and Bze. The calculation shows that a line of a complex vibration described both
by a change in the angular coordinates of the skeleton of the GeC;(Me) group and by a change
in the out-of-plane coordinates of the thienyl fragment should be found in the same region
(Aveale = 221 em™®). It is possible that the line with a frequency of 237 em™® in the exper-
imental spectrum is a "double" line.

The very intense, broad, depolarized line with a frequency of 190 cm™?

longs to the deformation vibration of the GeC; (Me) skeleton.

undoubtedly be-

We assign the weak line with a frequency of 109 cm™! to a deformation vibration associ-

ated with a change in the C=Cy~Ge and Cy~Ge—C(Me) angles, which lie in the plane of symmetry
of the molecule.

A line of an out-of-plane vibration characterized by deviation of the Cp~Ge bond from
the plane of the ring could not be detected in the wing of the exciting line.
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Vibrational Spectra of 2-Thienylstannanes RpSn(CHs)4-pn (n = 1...4)

The Raman and IR spectra were measutéd For t¥imethyl(2-thienyl)- and dimethyldi(2-thi-
enyl)stannane, while the IR spectra were obtained for methyltri(2-thienyl)- and tetra(2-thi-
enyl)stannane. The vibrational problem was solved for the trimethyl(2-thienyl)stannane mole-
cule; the results of the solution are presented in Table 5. The principal frequencies in the
vibrational spectra of the entire series of 2-thienylstannanes were assigned (Table 6).

As compared with 2-thienylsilanes and 2-thienylgermanes, for the frequencies of the vi-
brations of the C—H bonds of the thienyl fragment in 2-thienylstannanes one should note a
slight tendency for a decrease (Av = 2-9 cm™!).

The stretching vibrations of the C—H bonds of the methyl groups in 2-thienylstannanes
are recorded with frequencies of 22920 and 2985 cm™*, which is 10-15 cm™' higher than for the
corresponding 2-thienylgermanes.

We assigned the weak band with a frequency of 1405 em™* in the IR spectrum of trimethyl-

(2-thienyl)stannane to the deformation vibration of the methyl groups. Umbrella vibrations
of CHs groups were not identified in the spectra of dimethyldi(2-thienyl)stannane and methyl-
tri(2-thienyl)stannane; the band of these vibrations is evidently overlapped with the band of
the in-plane deformation vibration of the ring (v ~ 1404 cm™'). The deformation vibrations
characterized by a change in external angles B(H—C-Sn) in the spectra of 2-thienylstannanes
have a frequency of 1191-1202 em™'. Pendulum vibrations of methyl groups do not appear in the
Raman spectra of 2-thienylstannanes. We assign the bands with frequencies of 774 and 720 em™?
in the IR spectrum of trimethyl(2-thienyl)stannane to these vibrations, while we assign the
bands with frequencies of 762 and 757 ecm™® in the IR spectra of dimethyldi(2-thienyl)- and
methyltri(2-thienyl)stannane, respectively, to these vibrations.

For the in-plane deformation vibrations of the ring at 1045-1500 cm™* on passing from 2-
thienylgermanes to 2-thienylstannanes one notes a decrease in the frequency of the vibrations
that does not exceed 8 ecm *. As in the case of the transition from M = Si to M = Ge, just as
when Ge is replaced by Sn, a substantial shift to the low-frequency region (Av = 25-30 cm !)
is observed for the bands of the complex deformation vibration of the ring, which is associ-
ated primarily with a change in the internal angles (coordinates yz¢ and vas).

For the bands of the in-plane and out-of-plane vibrations of the thienyl fragment that
have a frequency below 945 cm™* one also notes a slight shift of 3-8 cm™! in the long-wave
direction.

In the IR spectrum of trimethyl(2-thienyl)stannane the band of pendulum vibrations of
the methyl groups with a frequency of 720 cm™' is almost completely overlapped by the more in-
tense band of the out-of-plane vibration with a frequency of 703 em™!. An in~plane deforma-
tion vibration of the ring with a frequency of 623 cm™' does not appear in the IR spectra of
RSn(CH3)s; the intensities of the corresponding bands increase with an increase in the number
of thienyl fragments. One of the most intense lines in the Raman spectra of 2-thienylstan-
nanes belongs to this vibration.

The very intense polarized line (p = 0.1) with a frequency of 515 cm™' in the Raman spec-
tra of RSn(CHs)s undoubtedly belongs to the symmetrical stretching vibration of Sn—C(Me) bonds.
The completely depolarized (p 0.86) rather intemse line with a frequency of 535 cm™* belongs
to the unsymmetrical doubly degenerate vibration of these bonds. On passing to R,Sn(CHs),
the frequency of the symmetrical stretching vibration of the Sn—C(Me) bonds increases to 525
em™ ', while that of the unsymmetrical vibration increases to 540 cm™*. The line of the sym-
metrical vibration is polarized (¢ 0.17), while the line of the unsymmetrical vibration is de-
polarized (p 0.86). The overall standard intensity of the lines of these vibrations decreases
virtually additively with respect to the number of Sn—C(Me) bonds on passing from mono- to
di(2-thienyl)stannane. We assign the band with a frequency of 536 cm™* in the IR spectra of
R3SnCH; to the stretching vibration of the Sn—C{(Me) bond.

The weak polarized line (p 0.23) with a frequency of 247 cm™ ' in the Raman spectrum of
trimethyl(2-thienyl)stannane belongs to the stretching vibration of the Sn—Cy vibration. In
the Raman spectrum of dimethyldi(2-thienyl)stannane the line of the symmetrical stretching vi-
bration of the Sn—Cy, bonds has a frequency of 245 ecm™*; it is polarized (p 0.20) and very broad
(6 16.5 em™'), and its standard intenmsity is more than twice the intensity of the v(Sn—Cy)
line in the spectra of RSn(CHs;)s. The partially polarized (p 0.5) line with a frequency of
255 em™* belongs to the unsymmetrical vibration of the Sn—C, bonds.

1237



Thus we have interpreted the vibrational spectra of 12 heteroorganic derivatives of thio-
phene. A slight tendency for a decrease in the frequency in the order M = Si, Ge, Sn is ob~
served for the bulk of the in-plane and out-of-plane vibrations of the thienyl fragment. The
greatest shift in the long-wave direction (Av = 50 cm™') was noted for the bands of the in-
plane deformation vibration, which is characterized by a change in the angles (coordinates
Y2 and yvz7). The form of the heteroring has a slight effect on the frequency of the vibra-
tions of the M(CHs)4.n fragment, and the observed frequencies of the CH; groups in the corre-
sponding spectra of the heteroorganic derivatives of thiophene and furan virtually coincide.
The frequencies of the stretching vibrations of the M~Cy bonds in the 2-thienyl derivatives
are lower than in the 2-furyl derivatives; this is explained primarily by a kinematic factor.

EXPERIMENTAL
H

The IR spectra were obtained with a UR~-20 spectrometer at 400-4000 em™*. The crystal-
line compounds were investigated in the form of potassium bromide pellets. The Raman spectra
were obtained with DFS-12 and DFS~24 spectrometers. The lines of a cadmium (440 nm) or argon
(488 nm) laser were used as the exciting lines. Samples of powdery substances were first ground
and placed in capillaries. The relative intensities of the Raman lines (Iye]) are presented
with allowance for the sensitivity of the photomultiplier (FEU-17, FEU-79).
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