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All the fundamental frequencies observed in IR and Raman spectra have 
been assigned to the normal modes of the molecule (C,H,),Pb (C3H5 = cyclo- 
propyl). The calculated force field is compared to that of (C,H,),Hg and the 
C-metal stretching force constants are discussed along with those of Me4Pb 
and Me,Hg; The similarity of the spectra of cyclopropyllead and cyclopropyl- 
mercury proves that the vibrations of cyclopropyl structural units are isolated 
in both molecules_ 
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Introduction 

The molecular spectra of the cyclopropyf derivatives of Al [l], Ga, In f2] and 
also Sn and Hg [2,31, have been studied previously. Tetracyclopropyllead 
(Cpr,Pb), obtained by Juenge and Houser 143 in 1964, has not yet been inves- 
tigated by vibrational spectroscopic methods, and so we have examined its IR 
and Raman spectra, assigned the normal modes, and derived the force field 
parameters. To aid in the assignments the results of vibrational analysis of di- 
cyclopropylmercury (Cpr*Hg) and of tetramethyllead (Me,Pb) have been used_ 

Experimental 

Tetracyclopropyllead was made from cyclopropyhnagnesium bromide and 
PbCl, in THF 141. It was distilled from the reaction vessel during 50 h at 90% 
and redistilled at 50°C and lo-* mmHg; n g 1 5510. Its mass spectrum, measured . 
on an LBK 9000 S spectrometer at 70 eV, showed fragmentation patterns showing 
the spacing of the groups of lines corresponding to the cyclopropyl molecular 
weight and the splitting of the four cyclopropyl units: viz. 372, 331, 290, 249, 
208 and 41. 



Theijretical treatment - 

The vibrational analysis was based on the standard GF matrix method of 
Wilson.‘The CpriPb mblecule, containing 33 atoms, has 93 vibrational degrees 
of’freedom, with a symmetry .depending,on the-mutual sterk position of the 
cy&opropyI units; the highest possible symmetry being-I&, c&responding-to 
the:ring-arrangement shown in Fig. 1: The 89 normal-modes are distributed 
between irreducible representations of the Dzd group according to the formula 
I’ = 13 Al + 9 A2 + 13 Bl + 10 Bz + 22 E, The B, and E.representations are IR- 
active and result in 32 IR-active modes; the A I, B1, B, and E representations arc 
Ramaq-active and are~refkcted in 58 active modes. 

s3=%(U, + a,* ag fcG,) 

.~ 23 = %cq, - mu,- cd3 i a&, 

w3= V2car - a, f ax- a,~ 

l-3 = %(cr, +- cf2- a,- cx,I 

Fig. 1. The internal coordinates of t+e Cpi4Pb molecule. 



187 

TABLE 1. 

STRUCTURAL PARAlMETERS OF Cpr4Pb 
- ____-~ 

Bond -. ~mz~ w A.rde Degrees 
-- 

C-Pb 2.303 C-C-C 60 
C-C 1.514 H-C-Pb 116.5 
C-H 1.082 H-C-C 117.12 

H-C-H 116.5 
c-Pb-c 109.48 

___-___---- 

The structural data for Cpr,Pb necessary for constructing the G matrix, listed 
in Tab. 1 (see also Fig. I), were derived from the geometric parameters of 
Cpr,Hg and Me4Pb molecules, for the cyclopropyl unit and the C-Pb bond. 
The 36 stretching coordinates, i.e. the 4 stretching C-Pb, 12 stretching C-C 
and 20 stretching C-H, as well as the 54 angle deformation coordinates, form 
the internal coordinates set. The deformational coordinates include 6 deforma- 
tional C-Pb-C, 8 deformational Pb-C-H and 40 deformational C-C-H coor- 
dinates. The total of 90 internal coordinates also comprises one redundant coor- 
dinate belonging to the set of six of the deformational C-Pb-C type. The 
choice of coordinates for the cyclopropyl unit was made as before [5] and in a 
manner very similar to that used by Duncan in his work on cyclopropane 163. 
The numberiig of internal coordinates and their relations with the symmetry 
coordinates are shown in Fig. 1 and in Tab. 2. 

The choice of the force field was made as follows. For the initial force field 
of the cyclopropyl ring the values estimated for CprzHg [ 53 were used these are 
similar to those used by Duncan [6] for cyclopropane. The force field for the 
structural fragment containing the Pb centre was taken to be the same as that 
in Me4Pb [73, the calculations were performed using the authors’ VIBRAN program 
written for the ODRA-1204 computer. 

The results of calculations of the initial force field are listed in Tab. 4. To 
achieve better agreement with the experimental data a convergence of the theoret- 

TABLE2 

S~~~~IETRYCOORDINATESOFCP~~P~ 

The symbOls oftheintemalcoordinatesrelateto Fig-'- 

- - - 

s1 
S2 

S3 

S4 

55 

=i3 

=7 

S8 

S9 

SIO 

511 
S12 

s13 
s14 
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~tiXp3&IME&ALANDCkCtiATEDFREQUENCIESFORTHECpr&MOLECUhZ Dqd<~rn‘-~) AND 
TEIEIR POTENTIALE~~GY~~ISTRI~~~~NVAL~S 

.Er;pedinental -~. .. . Ca.Ic&t~d PEDvalues 
-__-- 

RZiIWIl -IR :Initial Final Earn. 
.._ 

3066 
3066 
3OS6~ 
2999 

2999 : _- 

2907 

2907 
- 

2907 
2862 

2862 
2862 

1458 
1458 
1458 
1437 

- 

1437 

1229 
- 

1229 
1193 

1193 

1053 
- 

1053 
1028 

- 

1028 
394 
994 
994 

862 
862 
862 
862 
862 

862 
- 

812 
812 

784 
. . 

784 

3067 
- 

3067 

3003 
- 
- 

2900 

-2900 

2900 
- 
- 

2863 
- 

2863 
- 

1461 
1461 
1439 

- 
- 

- 

1232 
- 
- 
- 

1190 
1190 
1105 

1105 

1057 
- 
- 

1031 
- 
- 

338 
998 
- 
- 

870 

870 
- 

870 
870 
- 

- 

813 
- 

790 
- 

3009 3025 B2 
3009 3025 A1 
3009 3025 E 

2092 3009 E 

2992 3009 
2992. ioos 

Bl 
A2 

2975 2932 A1 
2975 2832 B2 
2975 2932 E 
2941 2S28 E 

2927 2328 A2 
2927 2928 Bl 
2941 2875 B2 
2941 2875 A1 
2927 2875 E 

1430 1467 A1 
1458 1467 B2 
1429 1466 E 
1378 1451 E 

1378 1451 -42 

1378 1451 BI 
1310 1363 E 

1310 1363 B2 
1310 1361 -41 
1188 1244 E 
1140 1244 -42 
1140 1244 B I:; 
1191 1192 AI- 
1185 1187 B2.: 
1140 1186 E 

1006 1169 B2 
1006 1169 -41 
1179 1169 E 

1024 1097 E 
1079 1098 -42 
1080 1096 B1 
1006 1037 E 
1024 1037 -42 
1024 1037 B1 
954 984 E 
954 984 B2 
954 984 A1 
900 885 -41 
891 882 B2 
896 882 E 
766 874 -41 
756 870 B2 
890 869 E 

890 814 A2 
893 814 B! 
778 814 E 

782 791 A2 
756 790 E 

778 778 Bl 

50S5.4986 
6tiS.4996 
5OS5.49S6 

5295.4696 
5265.45% 
5w.45.56 
5086; 49S.5 

50S6.49S5 
5oSp. 49r25 
5496. &Ss 

52S6.45.% 
52S6.45% 
98S4 
9&4 
sssq 

45Sll. 41SlO 
45S11.41s1o 
46sll* 43Si0 

45--11.25Sl3 
60~x1 
61~1 I 
25SlO. 23sl2..8Q 
30Sl,.26sl2.20Slo 

3Oql. 25.q2.20SlO 
2%1o.-19613. f2.q 

3=10.25914 
32Slo. 25Sl4 
63~2. 27.~3 
6!?~2.27.s3 
63s~. 28.~3 

28qo. 23Sl2.17Sli 
28~10.23sll. 19~21 

28~12.25913 

2*13.l3~10. I%12 
29Sl!&2&13.21910 
29sl2.286l3.21S10 
27s~. 27913 
38s13,25tr2. 12~10 

3~13.25.912.12s10 
30S14.25~12.22%a 

2-f~13.25~12.2=14 

27-~3.25s12.2%4 

60514 
60~14 
54~3.27~2 
43S3.22.Q 
51S3.26S2 
5‘h3,27s2 
36s~. 32slO 

35~10.33~2 
6OSl0.35~2 
45~2.29~14' 
5Os2.29614 

48~2.29% ~. 

Tableconthued 

~_-...._-.- 



ESperimeIltal Calctited PEDvalues 

Raman IR Inii.ia.I Final SYlll. 

460 
460 
441 

270 
256 
225 
- 

196 

458 385 
440 380 
- . 363 
- 211 

219 
211 

- 135 
147 

- 157 
- 67 

51 
57 

- 55 
---.---------- 

458 B2 61sl.3Osg 
455 E 57Sl.359 
431 Al caS~,31S9 

244 Al 7%9 
226 32 56sg 
224 E 62sg.33sl 

131 4 47sg,44s>g 
116 E 58+3.24% 
9.9 a =% 
56 Bl 52SlO,3~f$ 
56 B2 55s7,4lsg 
53 E 5&s,29sg 
50 Al 87s, 

ical and experimental frequencies was carried out. A modification of some force 
constants was allowed, particularly of those most susceptible to perturbation 
(see the procedure described in ref. 5). The iteration was ended when the rate 
of convergence appeared to be negligible at an acceptable level of change in the 
force constants_ The frequency values for the final force field parameters are 
listed in Tab. 3. The L matrix elements and the PED values were used to inter- 
pret the respective frequencies, the latter being given for the most characteristic 
symmetry coordinates. 

Results and discussion 

In spite of the large number of degrees of freedom, because of the high 
symmetry of the Cpr,Pb molecule, the Raman and IR spectra are very clear; 
they show only a hmited number of bands, about 20 in both types of the spec- 
trum. This corresponds approximately to t.he number of modes in one cyclo- 
propyl unit, and proves that the corresponding frequencies in the various cyclo- 
propyl rings have the same value. A similar feature was observed in the spectra 
of Cpr,Hg [ 51. Both the IR and Raman spectra of Cpr4Pb and Cpr,Hg show strong 
similarity, which can be explained by assuming: (i) a very limited influence of 
the metal atom on the vibrations of the cyclopropyl group and/or (ii) a lack 
of interaction between the cyclopropyl rings. The latter case would result in the 
remarkable similarity between the spectra of the molecules containing two and 
four cyclopropyl rings. One would then expect that for Cp,Pb every observed 
band corresponds to four normal modes. 

C-H stretching vibrations. In the region of ea. 3000 cm-‘, the four well shaped 
bands having almost the same frequencies in Rarnan and in IR: appear at 3066, 
2998,2907,2862 cm-’ (3067,3003,2900,2863 cm-‘, the IR frequencies are 
always given in parentheses, unless otherwise stated). The 3066 cm-’ band 
contains a shoulder on its longwave side, while the (2663 cm-‘) band, in more 
precise measurements was found to be a doublet. The twenty C-H normal modes 
are expected m this region, as they are arranged in five groups corresponding to 
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the ‘C-_H modes.of the cyclo’propyl unit. The shift of some bands towards lower 
frequencies, by ca. 150 cm:’ with respect to cyclopropane, is almost the same 
as with CprzHg. The vibrationaI analysis of the species in question alone is of no 
h&pin a.&igning a shifted band to a mode of the proper C-H bonds. It seems, 
however, that the bond most susceptible to perturbation is a-CH, with its vibra- 
tions ascribed to the lowest band, i.e. to 2862 (2863) cm-‘. The mode in 
.que$ion is isolated, so it does not mix with the modes of other C-H bonds 
remaining within the cyclopropyl unit. Some au*hors [2,8] consider this as 
an overtone of the 1430 cm-’ band, but its intensity seems much too high for 
this. 

C-H deformational and C-C skeletal vibrations. The highest frequency in 
this region corresponds to the scissoring motion of CH2 in cyclopropane. AI1 

-I Cpr,Pb frequencies above 1400 cm have therefore been identified as scissoring. 
The frequency at 1458 (1461) cm-’ originates in their symmetric combination; 
when one takes into account the two CH1 groups in the cyclopropyl unit, 
scissoring contributes ca. 40%, with the lower frequency, at 1437 (1439) cm-‘, 
corresponding to their asymmetric combination_ In the former band the cu-CH 
deformation mode also participates with a significance value of 40%. The next 
band, at 1229 (1232) cm-‘, is assigned to the mode composed of both the 
deformational symmetrical cu-CH bond mode and the deformational vibrations 
of the P-CH2 groups, the former being predominant. It is noteworthy that every 
experimental maximum corresponds to the four normal modes which represent 
the same frequency, two of them degenerate as a result of symmetry. The next 
band observed at 1193 (1190) cm-’ presents a purely skeletal stretching vibration, 
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contribution being as much as 91%. The characteristic feature of the cycle-. 
propyl -unit vibrations is the.absence of- well separated twisting modes. IJsuaUy 
.$hese twisting-modes participate in the other deformation modes of the CH2 
group,li.e., in those of the wagging @d rocking type; they also~ mix with those 
of the deformational type involving the or-CH bond. Such a feature is also typical 
of the (1105 cm-‘) band, as its vibrations show a significant contribution not 
only of twisting modes but also of a-CH deformations. The latter do not exhibit 
any Char&z&istic frequency -either, but usually mix with other deformational 
modes- The next bands appearing both in Raman and in IR, at 1053 (1057) 
cm-’ and at 1028 (1031) cm-‘, are interpreted mainly as the wagging modes. 
The neighbouring 994 (998) cmTi band is highly delocalized over the entire 
cyclopropyl ring and corresponds to the wagging, twisting and rocking modes, 
participating jn 22, 25 and-30%, respectively. The 862 (870) cm-’ band exhibits 
the character of the deformational skeletal mode of the cyclopropyl ring; a 
similar mode in Cpr,Hg appears at a slightly lower frequency, i.e. at 835 cm-‘. 
The range near 800 cm-l, which contains the two bands at 812 (813) cm-’ and 
784 (790) cm-‘, is typical of the rocking modes, although these of the skeletal 
deformational type also participate in it to some extent. 

The, bands in the 1450-750 cm-’ region, show no frequencies representing 
a higher degree of character distinction_ The calculations show that the higher 
frequency modes refer to scissoring, while those of the lowest frequency relate 
to the rocking modes, very much as in the cyclopropane molecule. 

The skeletal modes of the Pb(C), structural fi-agment. In this region no acci- 
dental degeneration of frequency, so common in the region containing charac- 
teristic cyclopropyl unit frequencies, was observed_ The interactions among the 
internal coordinates of the Pb(C)4 fragment, both kinetic and dynamic, are 
strong enough to cause the splitting of the band. Particular attention should be 
paid to the intense band at 441 (458) cm -I. It shows an absorption shoulder 
both in the Raman and in IR which allow observation of the two C-Pb stretchin 
modes-which helps in drawing conclusions regarding the symmetry of the Cpr,Pb 
molecule_ The region under consideration also includes the deformational modes 
of the C-C-l% angle, with the 8 coordinates corresponding to the 8 normal 
modes of the frequencies calculated between 244 and 100 cm-’ _ The fcur maxim 
were observed in this region experimentally, three of them belonging to the 
same broad band; the possibility could not be excluded, therefore, that this 
region might contain some additional maxima as well. Unfortunately we have 
no experimental IR data for this region. The assignment of Raman bands to the 
proper normal modes is difficult. Assuming & symmetry, the modes allowed 
in this region were as follows: 244, 226, 224 and 116 cm-‘. Torsional modes 
should appear there as well, arising from both the rotation of the cyclopropyl 
ringsaround the C-Pb bonds and the C-Pb-C angle deformation. The fre- 
quencies of the latter are similar to those in Cpr,Hg [53 below 100 cm-‘. 
Although it was easy to interpret the observed maxima in the range above 
300 cm-’ for the mercury compound, it was much more difficult in the case of 
the Cpr,Pb molecule. The corresponding assignments, presented above, are this 
to some extent hypothetical. 

The force field. Of the 78 force constants introduced, 48 were kept constant 
and equal to the corresponding values for the cyclopropane molecule. After 
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modification the force constants have values rather close to those in the initial 
stages, confirming the correct choice of the stretching force field. 

Most conspicuous is the change in the cr-CH stretching force constant_ In cyclo- 
propane it is equal to 5.217 mdyn/A, the same value characteristic in Cpr,Pb 
with the fl-CH bond. However, in the case of a(-CH it decreases to 4.858 mdyn/A. 
Modification in the stretching force constant of the C-C bond adjacent to 
C-Pb also appeared necessary, since it was 4.096 mdyn/_&, compared with 
4.291 mdyn!A for cyclopropane. The decrease in the stretching force constant 
of the C-C bond opposite to the (Y-C atom was not as marked, f = 4.117 mdyn/A_ 
Changes also appear in the diagonal force constants for the angle coordinates 
C-C&-H when compared with those corresponding to C-CD-H and to cyclo- 
propane..The respective values are: 0.795, 0.898 and 0.840 mdyn/A_ 

The C-Pb bond interacts with only one adjacent C-H bond and with the 
three C-C bonds. The respective values are: 0.035 (with CH), 0.179 (with 
adjacent CC), and -0.007 mdyn/A (with opposite CC)_ The initial stretching 
C-Pb force constant, 1.900 mdyn/A, had to be modified to 1.953 mdyn/A_ It 
then became higher than the correspondin, m force constant in the Me,Pb mole- 
cule by 0.053. The values for Cpr,Hg and Me*Hg [7] are equal to 2.091 and 
1.920 mdyn/A. Assuming that the value of the force constant is related to the 
bond strength, the latter would increase for the compounds under consideration 
in the following order: Me,Pb < Me,Hg < Cpr,Pb < Cpr,Hg. 

The force constants referring to the interaction between the stretching C- 
metal-C--metal coordinates, and to the interaction of the latter with the 
bending C-metal-C coordinates, should also be mentioned. Their values for 
the cyclopropyl derivatives of lead are, respectively, 0.137 mdyn/A, 0.133 mdyn 
(for that of mercury: 0.075 mdyn/A and 0.00 mdyn [5]). The C-Pb bond 
appears to be less covalent in the Cpr,Pb molecule than is the C-Hg bond in 
Cpr*Hg, taking into account the corresponding stretching force constants. The 
more limited stability of the former compound supports this opinion A quan- 
tum chemical analysis of this problem would be useful and, although the 
necessity of considering the participation of the d- and f-type orbitals of the 
metal creates difficulties the calculations are now in progress in this laboratory_ 
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