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SUMMARY 

The infra-red and Raman spectra of dicyclopentadienyltin(II) and its methyl- 
cyclopentadienyl analogue have been recorded and the observed bands assigned in 
terms of the “local” symmetry of the angular sandwich molecules. Proton magnetic 
resonance, mass and tin-119m MGssbauer spectra of bis(methylcyclopenta&enyl)tin- 
(II) are also reported_ 

INTRODUCTION 

In sharp contrast to -the vast preponderance of organotin(IV) compounds, 
known organic derivatives of divalent tin, for which spectroscopic, i.e. tin-l 19m MGss- 
bauer isomer shift data, or structurtil confirmationis available, are as yet restricted to di- 
cyclopentadienyltinZ*3 
fluoride adducts*, 

and its methylcyclopentadienyl analogue3, their boron tri- 
monocyclopentadienyltin chloride and -bromide5, bis(phenyl- 

barenyl)tin6, and the unusual tin@)-benzene complex, (C,H,)Sn(AlCI,), - C,H,‘. 
Moreover, the properties pf tin(II)-carbon bonded compounds are vastly different 
to the rather inert a-bonded skeletonl*s characteristic of the higher bxidation state. 

An electron diffraction study.has corroborated the earlier suggestion based on 
in&a-red3*lo*’ 1 and dipole moment l2 data that dicyclopentadienyltin posse&es an 
angular sandwich structure in which the planar C,H, rings are centrally a-bonded 
(pseudo 7~) to the central metal atom, which is approxiuizitely spz-hybridised. The lone 
pair of electrons therefore occupies an orbital with directiontil character, and this has 
been illustrated by its use as a ligand in complex formation*. ?his mode of bond& 
may be compared with the local&d a-bonding of the ‘puckered, diene-type C5 &gs 
of tin(IV) cyclopentadienyls’3*i ‘. The i&a-red spectra of dicyclopebta$ienj;Itin an& 
-lead have been the subject of coritroversy 3*10V11. In order to resolve this debate,.we 
report in this paper the infra-rql and &man spectra Of the for&q compoufi_d &d its 
methylcyclopentadienyl analogue, togethei with related proton ma&&c resonance, 
mais, and tin-119m tiijssbauer spectral data. 

*For-Part1seeref.L .. . . 

. . 
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All manipulations were carried out under an atmosphere of dry argon or nitro- 
gen. The organotin(I1) compounds were prepared as described previouslyl; and su- 
blimed or distilcd in uacuo just before use. Infra-red spectra were recorded as nujol or 
h+ocarbon oil mulls, and as a carbon tetrachloride solution or liquid fii using a 
Pe&in-Elmer 521 spectrometer calibrated with polystyrene fti and water vapour. 
Raman spectra were recorded using a Cary 8.1 instrument equipped with a helium- 
neon laser. Proton magnetic resonance studies were performed using a Varian HA-100 
instrument. Mass spectra were recorded at 70 eV by an AEI MS9 instrument. 

RESULTS AND DISCUSSION 

In this study we shall assume that the angular sandwich structure determined 
for dicyclopentadienyltin in the vapour phase9 is preserved in both the solid and in 
carbon tetrachloride solution. Also we shall assume that bis(methylcyclopentadienyl)- 
tin possesses similar gross structural features. The highest possible overall symmetry 
for these molecules will therefore be Czo. 

Using the approximation of “local” symmetry the fundamental modes may be 
divided into two types: (i) ring vibrations, and (ii) vibrations associated with the tin 
atom. We shall consider first the vibrations associated with the cyclopentadienyl and 
methylcyclopentadienyl rings each in turn, and later the skeletal modes of both mole- 
cules which involve the metal atom. 

Ring modes of the cyclopentadienyl ring 
On the basis of C,, “local” symmetry, the twenty-four normal vibrations of the 

isolated C5H5 unit are distributed as 

3A1+A2+4E1f6E2 

of which ten (2A, + A, + 3E, + 4E,) will be in the plane of the ring and four (A, + E, + 
2E,) perpendicular. The description of these modes is given in Table 1. 

T’he observed. infra-red and Raman bands are listed in Table 2. No gross 
changes are apparent in going from the solid phase to a carbon tetrachloride solution. 
The assignment of the observed bands in this study are considerably aided by analogy 
with previous assignments of the spectra of 7c-cyclopentadienyl_metal carbonyl com- 
plexes’ **16 and ferrocenel’, which have been confirmed by deuteration studies. 

The five CH stretching modes [vl (A,), v5 (El), vg (E2)] are readily assigned to 
the two bands at ca. 3100 cm-’ in both the infra-red and the Raman. Polari&tion 
studies of& similar two bands present in the Raman spectrum of Ir-cyclopentadienyl- 
manganese tricarbonyl has unequivocfly shown that the hi&her frequency band is 
the A, mode in that case16_ In the present case, the intensity of the higher frequency 
bed in the Raman is subst&ially greater ‘than the band at lower energy, and so is 
also assigned to the t&ally symmetric A, mode, vl_ 

fie qiipg breathing mode vg, also A,, is easily identified ai a Strong band in 
both the i&a-red and *an at 1116 cm-l. The remaining stretching vibrations. to 
be assigned are the two CC stretching modes vg of El symmetry, which should be 
active iri both the i&a-red and Ram&n, arid viz of E, symmetry which should exhibit 

: 



DERIVATIVES OF DIVALENT Ge, Sn AND Pb. II 155 

Raman activity only. The E1 mode occurs as a strong band at 1430 cm-l in both the 
infra-red and Raman. It would be tempting to assign the Raman band of medium‘ 
intensity at 1354 cm-l to the E2 mode. However, by analogy with previous assign- 
ments16*17, this vibration is expectedto occur at higher energy than the El mode, and 
the weak band at 1534 cm- ’ in the i&a-red appears to be the most likely candidate. 

Six CH bending modes are expected for C 5v symmetry. Of these, three will be 
in the plane of the ring [v,(.4,), vg(&), Vet] and three perpendicular to the rixig 
[v2(A1), v,(EI), v1 1 (E,)]. Intense bands at 757 and 790 cm-’ in the i&a-red and 
similar weak bands in the Raman are immediately identified as v2 and v7 respectively, 
although occurring to substantially lower energy of the same fimdamentals in cyclo- 
pentadienylmetal carbonyl complexes Is.1 6. The third out-of-plane CH bending mode 
is expected to occur at x 1050 cm- l, and is assigned to the weak infra-red and Raman 
active band at 1063 cm-‘. Of the three in-plane modes, only the E, mode (vs) is easily 
recognised, and is assigned as a strong infra-red and weak Raman band at ca. 1000 
cm-l. From previous studies l5 - ” the two other in-plane CH bending modes are 
expected in the regions : AZ, 1200-1250 cm- I, E 2 z 1180 cm-l. These modes may not 

TABLE 1 

DESCRIPTION OF RING MODES ON THE BASIS OF “LOCAL” SYMMETRY 

Cd% Me&H, 
(C,” “locaP symmetry) (C,, “locar symmetry) Description 

ofmode 
Species Acriuity Y Species Activity Y 

Al 
Al 
A, 
A2 
El 

E, 

El 

El 

E2 

EZ 

E2 

E2 

E2 

E2 

ISR 
%R 
RR 
Inactive 

IRYR 

KR 

%R 

=YR 

R 

R 

R 

R 

R 

R 

1 A, 
2 B2 

3 A, 
4 Bt 
5 -4, 

Bl 
6 Al 

B, 
7 -42 

B2 

8 -4, 

Bl 

9 ‘4, 
B, 

10 A, 
I& 

11 ~42 

B2 

12 Al 
B1 

13 Al 
B, 

14 A, 
B2 

1 
2 
3 
.4 
Sa 
5b 
6a 
6b 1 
7a 

1 7b” 
8a 
8b 1 
9ab 
9b 1 

10a 
lob= 1 
lla 
llb 1 
12a 

1 12b 
13a 

1 13b 
14a 
14b 

CH stretch 
CH bend i 
Ring breathing 
CH bend 11 
CH stretch 

CR bend 11 

CHbend I 

CC stretch 

CH stretch 

CH bend 11 

CH bend I 

CC stretch 

CCbend)j 

CC bend _L 

u Becomes CMe out-of-plane bending mode. b Becomes CMe stretching mode. ’ Becomes CMe in-plane 
bending mode. 



31qis .. ._ 
-3084 rn~ 3061w- 

: 

1739 w 
1631 w 

1460w 
1431 s 1424 m 

1363 m 
1354 m 

1118 s 1112 m 
1063 w 1059 w 
100s w -1003 s 

959 w 
914w 

886 w 890 w 

837 w 
796 w 792 s 
738 w 751 s 

664~ 

39Oovw 
3105 vv)v 
3080 ww(sh) 

2260 vvw 

1745 ww (br) 
1640 vw(br) 

1429 m 
1382 VW 
1369 VW 

1170 ww 
1116 mw 
1064 VW 
1005 s 

893 ww 

838 VW 
790ws 
757 ws (br) 

664~ 

240s 

3930 VW 
3100 m(sh) 
3090 m 
2959 w 
2922 w 

2870 VW 

2852 VW 
2700 ww 
2490 vvw 
240s vvw 
2265 vvw 
222s vvw 

2198 vyw 
2120 ww 
2065 ww 

1905 vvw 
1754 vw(br) 
1634 mw(br) 
1534 vw(br) 
1465 vw (sh) 
1429 vs 
1378vw 
1365 VW 
1358 VW 
1342 VW 
1294 vvw 

1263 VW 
1161 vvw 
1114 vs 
1062 w 
1011 vs 

961 VW 

890 vw(sh) 
870 vw(sh) 
841 w 

695 vvw 
667 VW 
649ww 

600 m@r) 

__ -. 

vl, CH stretch Al 
vj, vg, CH stretches El, Ei 
1534+1429=2963 
3100-172=2928; 
3090-172=2918 

.. 2x1429=2858; 
.3100-242=2858 
3090-242=2848 
1429+1263=2692 
1534+961=2495 
1429+961=2388 
1263+1011=2274 
1429+790=2219; 
2 x 1114=2228 
1429+757=2186 
1114+1011=2125 
1114+961=2075; 
1062+1011=2073 
1114+790=1904 
961+790=1751 
1114+544=1658? 
viz, CC stretch E2 

vs, CC stretch E, 

1114+242=1356 
1161+172=1333 
1114+172=1286; 
544+757= 1301 
vs, CH bend 11 A2 
vl,,, CH bend 11 Ez 
vg, Ring breathing Al 

vll, CH bend I E, 
vs, CH bend ii El 
790+172=962 
757+172=9?9 
vI1. CC bend 11 E,? 
1114-242=872 

va, CH bend I El 
v2, CH bend 1. Al 
1263-S44=719? 
1429-757=672 
1429-790=639 
790-172=618; 
757-172=585 
vl.+. CC-bend I E,? 
Asymr~metal-ring stretch 
Spm_ metal-+ing stretch . . 

~544vw. 
242:s: ...,.. . 260 m(br) 
172p -1: . . 1 _. 

.“In ~~l;~w.=‘~e&~m~=~&&um we& mAmedium, ms- 
_ ’ .(sh) 1 sh+3ei, (br) = brti?d.“Re&.ll. ..- 

medium strong s = strong,. v G very, 
.- .. L. 

.- r._- -_’ .: _._ - .. 
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be -assi&ned uneqtiivocally;- and skictiy according to. C& sekction rules. both shd;lld 
.be inactive in the i&a-red and only the E, mode should exhibit Ram& activity_ 
We&bands at 1263 cm-l (v4, AZ) Gd 
probable chcices. 

x1170.cm-’ (viO, J&) appear to b&the most 

The two remaining fundamentals to be assigned are v13 Ad iIb; the in-plane 
and -out-of-plane CC bending vibrations respectively. Both these modes are of E2 
symmetry, and so are strictly forbidden in the i&a-red. They have previously been 
assigned in the ranges 90&950 cm-r and 480-620 cm- ’ respectively”- “.: Weak 
infra-red bands at 914 and 960 cm-’ may be assigned to the v13 mode, however they 
may equally well be combination bands. The band at ca. 890 cm- ‘, which is -also 
present in the l&man, is preferred for this mode, although this also may be accounted 
for as a combination. The out-of-plane mode is tentatively assigned to the weak band 
observed previously by Fritz”, but not by us, at 544 cm-‘. This band was assigned by 
Fritz as the antisymmetric metal-ring tilt mode, but this fundamental is to be expected 
at much lower energy l6 A summary of the assignments for (C,H,),Sn together with . 
those for related compounds is given in Table 3. 

TABLE 3 

SUMMARY OFTHEASSIGNMENTS OFTHERINGVIBRATIONS OF(CsH&SnANDRELATED 
COMPOUNDS 

Species Frequency 
No. 

(C&fs),Sn” (C&)WCO),” (C,H,)NiNOC (CJ%),F~ 

Al *I 3100 3126 3110 3099 

VZ 757 849 807 810 

v3 1114 1113 1115 1108 

-42 V4 1263 1264 1240 1200-1260 

El V5 3090 3098 3058 3080 

v6 1011 1012 1004 1007 

y7 790 834 895 850 

V.S 1429 1425 1425 1410 

E2 y9 3090 3098 3058 3085 

vi0 1161 1152 1178 1180 

Vll 1062 .1062 1050 1050 

y12 1534 1520 1560 1560 

813 886 934 880 900 

VI* 544 487 500 500 

“This work_ *Ref. 16. cRef. 18. dRef. 17. 

Ri& modes of the methylcyclopentadienyl ring 
Although the isolated methylcyclopentadienyl ring is nominally of the C, 

molecular point group, if the methyl group is considered as a point mass, the symme- 
try is raised to C,,. On this basis, the fourteen normal modes of the cyclopentadknyl 
ring become twenty-four normal modes, distributed among the symmetry species as : 

9A,+3A2+8B1+4B2 : 

as the degeneracyof the El and-E, modes under CsD symmetry is removed. The de& 
cription of the twenty-four normal modes is given in Table 1, ,which also indi.cates 

. . 
. 
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.. their origin to -the fbdamentals of-the unsubstituted ring. The. modes v7b, vsa and 
v,o,:ihen.become-the-o~t-of-plane and in-ph&e CMe bending.and-CMe stretching 

: vibrations respectively. In addition, there will be nine internal modes of vibration of 
the methyl-group. These are described in Table.4. 

: :- 
TABLE 4 .. -. 

~~EsCR&~N OF TNTnxNti vn3RATIoNs OF THE METHYL GROUP 0~ -n-IF M~C~H~ 

RING. 

SpeCifS ACrioity 

4 %R 

A2 -R 

B, IR;R 

B2 R,R 

! Frequency number. 

nP DescCptionbfnwde 

1 CH stretch 
2 HCH bend 
3 Me torsion 
4 CH stretch 
5 HCH bend 
6 CMe wag 11 
7 CH stretch 
8 HCH bend 
9 CMe wag J_ 

The observed infra-red and Raman bands together with polarisation data are 
listed in Table 5. The most profitable approach to the assignment of the fundamental 
modes of the MeC$I, rings of bis(methyIcycIopentadienyI)tin is to use the assign- 
ments for the unsubstituted ring, utilizing the inequality rule of Whiffen and Steelelg. 
The assignment of the vibrational spectra of dimethylferrocene2’ and some (methyl- 
cyclopentadienyl)meta12 l carbonyl complexes have been assigned in a similar way. 
It is worthwhile mentioning here that, since no vibration of the rigid methyl group is 
attributable to an A, species, the inequality rule may not be applied to this species, 
and the observed frequency for (MeC,H,),Sn should resemble corresponding 
frequencies in (C,H,),Sn. 

First of all we shall consider vibrations associated with the methyl group, 
described in Table 4. The three CH stretching modes (A, + B, + B2) may be immedi- 
ately assigned to the two bands in the infra-red at 2965 and 2925 cm- ‘. The latter band 
occurs as a polarised btid in the Raman and so is assigned as the A1 mode, m, . Parker 
and Stiddard21 have similarly assigned the lower frequency band to the A, mode by 
analogy with dimethylferrocene and toluene. The three HCH bending modes (A 1 + 
B i + B,) should occur in the region 1370-1500 cm- I_ A suitable candidate for the A1 
mode is the weak band at ca. 1380 cm- ’ which is polarised in the Raman. The B1 and 
B2 modes, m5 and m8, are to be expected at higher frequency. In dimethylferrocene 
and MeC,HiMn(CO), these modes have been assigned to bands at ca. 1460 cm-’ 
and ca. -1480 cm-’ 1 respectively. Of the bands available in this region, the Xi-a-red 
and depola.risedRaman band at 1482 cm-’ is assigned to the & mode, ms, on account 
of its greater intensiq than the weak shoulder at 1492 cm-‘. The choice for the B1 
mode-lies between weak bands at 1458 cm- ’ and 1448 cm- ‘. The latter may be assign- 
ed to the bigher frequency baud Three methyl bands remain to be assigned : the in- 
plane and out-of-plane CMe wagging modes, m6 (B,) and m, (&), and the Me torsion 

: 

.._ :- 
._ : 



3102~ 

m80dp . . 

2927 p 

2860 

1483 w dp 

1406 VW dp 
1383 w p 

1260 VW dp? 

1230 s p 

1114wp 
1062 w dp 
1043mp 

930wp 

813 vw 
773 w dp 

634wp 
606vw 

563 vw 

320 w dp 

237 s dp 
171wp 
113 m dp 

3920 w 
3100 w 

3080 w 
2965 w 

2925 m 
2897 mw 
2860~ 
2632 vvw 
1735 ww(br) 
1680 ww(vbr) 
1620 vw(br) 
1607 vw 
1571 vw(br) 
1526 VW 
1492 w(sh) 
1482 m 
1458 w(sh) 
1448 w 
1408 vw 
1378 w 
1358 vw 
1332 vvw(sh) 
1294 vvw 
1260 ww(br) 
1236 vw(sh) 
1229 m w 
1163 vvw 
1117 vvw 
1062 w 
1042 m 

1026 m 

1010 w(sh) 
976 vvw 
939 vw(sh) 
928mw 

898 w 1 885 w 
847 w(sh) 
813 YS 
767 ws(br) 
688 ww(sh) 
673 w 
630 vvw 
610 w 
585 vw(br) 
561 w 
368 vvw 
319 mw 
295 m(sh) 

TABLE 5 

OBSERVED VIBRATIONAL SPECTRA OF BIS(METHYLCYCLOPENTADIENYL)TIN,= 

Ramrm (liquid) Znfa-red (liquidjilm) Assignment 

CH stretch A, ; Ye, vja 

CH stretch B, ; vSb, vgb 

CH stretch B,, Bt ; m,, m, 
CH stretch A,, m, 

_ 

CC stretch Al, qz3 

CC stretch B,, vrzb 

HCH bend B,, m8 
HCH bend B,, m, 
CC stretch A,, vs, 
CC stretch B,, o,,,, 
HCH bend A,, m, 

CH bend B,, v,? 

CMe stretch A,, vg, 

U-I bend II Al, vlo. 
CH bend II B,, vsb 
Ring breathing A,. vj 
CMe wag II B,, me 
CMe wag -I_ B,, m, 
CH bend I AZ. vl,,? 
CH herd I B,, vllb? 

CH bend I] A,, v6, 

cc bend ii B,, v13b 

CC bend _L A,, vlJn 
CH bend II A,, ~70 

CH bend 11 B,, v2 

CC bend Bz. vldb 

CC bend A,, vldn 
Ring tilt? 
CMe bend B,, vlOb 
Ring tiIt? 
Antisymm. tin-ring stretch 8, 
Symm. tin-ring stretch Al 
Ring-tin-ring def. B, 

0 ~ cm-’ ; w = weak, mw = medium weak, = medium, ms = medium stro& s = strong, v = very(sh) = 

shoulder, (br) = broad, p = polar&d, dp = depolarised 
I 
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mode (A;). Thislatter mode, strictly inactive inthe i&a-r&l for C2; symmetry, is ex- 
pected to occur at a frequency below 250 cm-r, outside- the range of this study, 
although the Raman band at 113 cm- ’ cannot be ruled out. Bands at 1062 w, 1042 m, 
1026m and 1010 w(sh) cm-’ in the i&a-red may be considered for m6 and mg. 
A single band at 1046 cm- ’ has been assigned to both modes in MeCsH&ln(C0)321, 
whilst for dimethyIferrocenezO bands at 1037 cm-’ and 1053 cm-’ have been assigned 
as the B1 and B2 modes respectively. The band at 1043 cm- ’ is polarized in the-man 
and hence is assigned to the ring breathing mode (A,) v3. The very weak shoulder at 
1010 cm- ’ is probably too low for a wagging mode, whilst the weak i&a-red and 
depolarised Raman band at 1062 cm- ’ is probably the ring in-plane CH bend, vs,,_ 
The CMe wagging modes are therefore assigned to the medium intensity band at 
1026 cm- ‘_ 

Three of the ring modes, vYb, vg, and vlOb, are associated with the rigid methyl 
group. The CMe stretch, vga (Al), is assigned to the strong band at 1229 cm-l, which 
also occurs as a strong polarised Raman line, consistent with previous assignments’ ‘. 
The band at ca. 320 cm-’ in both the infra-red and Raman, absent in the spectra of 
(C5H5)$n has similarly been assigned to the in-plane CMe bending mode, vlOs. The 
out-of-plane bend, v,~, has been assigned to a band at 217 cm- 1 in toluenezl, and is 
not assigned in this present work. 

The remaining ring fundamentals may be assigned using the assignments for 
(C,H,),Sn and utihzing the inequality rule. The ring CH stretching modes, 2A, +2B, 
(Vl, v 5213 Y5by vgb) are assigned to the two bands observed in both the i&a-red and 
Raman at 3080 and 3100 cm- ‘. The assignment by previous authors2 1 of the higher 
frequency band to the A, modes is confiied in the present case by the polarisation 
properties of the bands. 

As stated above, the ring breathing mode, v~, is readily assigned to the infra-red 
and polarised Raman band at 1042 cm- ‘. This is significantly lower than that in the 
unsubstituted ring, indicating appreciable interaction between this mode and the 
CMe stretching vibration. Two other CC stretching vibrations, vs and v12, need to be 
assigned. These modes, originally El and E, modes respectively in (CsH5)& 
become split into A, and B, compounds under C,, symmetry. For vs, the inequality 
rule predicts the range 1534-1429 cm-’ for the Ai species, and 1429-1263 cm-’ for 
the Bl species. Of the band of the higher range, only the weak features at 1492 (sh) and 
1448 cm- ’ remain unassigned. In the lower range, a band at 1408 cm- ‘, which is also 
present as a depolarised Raman line, seems to be the obvious choice for the B, mode. 
This would then make the band at 1448 cm- ’ the most suitable candidate for the Al 
mode. The v12 mode was assigned to the band at 1534 cm-’ in (CsH&Sn. The in- 
equality rule therefore predicts the ranges 3090-1534 and 15341429 cm- ’ for the Al 
and B1 respectively. Bands at 1609 and 1558 cm - l have been assigned to these modes 
in dimethylferrocene20, whilst in MeC,H,Mn(CO), ‘I, bands attributable to these 
modes have not been observed but have been estimated to occur at 1600 and 1500 
cm-l respectively_ Of the several bands available in the spectrum of (MeC,H,),Sn, 
those at 1607 and 1526 cm- 1 have been assigned to the Al and Bl modes by comparison 
with dimethyIferrocene20. 

The four in-plane CH bending modes belong to the symmetry species 2A,- 
(vsz0 vroa)+ ml (vq, v&_ Application of the inequality rule would place the Al modes, 
vlCa andv,;, in the ranges 1161-1114 cm:’ and loll-886 cm-’ respectively. In these 
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ranges, only two polarised Raman bands, 1114 and 980 cm-‘, have not yet been 
assigned, thepolarised band at 1043 cm- ’ having been assigned to the ring breathing 
mode v,_ These-bands are therefore assigned to the modes vlOa a&v,; respectively. 
The B1 modes are, however, not so easily assigned. The inequality rule predicts the 
ranges 1161-1011 cm-r for vsb and 1263-1161 cm-’ for v4. In the former range, only 
the weak i&a-red band at 1062 cm- ‘, depolarised in the Raman, is unassigned, and 
so is assigned as v&. Bands in the latter range occur at 1260,1236,1229 and 1163 cm- ‘. 
The band at 1229 cm- ’ has already been assigned as the CMe stretching mode vga. 
The band at 1260 cm- ’ also occurs as a depolarised line in the Raman, and so is the 
preferred assignment for v4. 

The remaining in-plane vibration to be assigned is the CC in-plane bending 
mode, v13_ In CIU symmetry, this mode becomes split into A,(v,,,) and B,(v,~~) 
components, for which the inequality rule predicts that v13a should fall below 886 
cm-l and v13b should he in the range loll-886 cm-l. Bands at 851 cm-’ (A,) and 
892 cm- l (B,) have been assigned to these modes in dimethylferrocene; corresponding 
to the 885 cm-’ band in ferrocene itself 2o In the present case, the choice appears to _ 
lie between the three weak features in the infra-red at 847,885 and 898 cm- i, the low 
frequency band being assigned as v13a_ 

Bending vibrations perpendicular to the ring belong to the symmetry species 
Al and B,. As noted above, the inequality rule does not apply for the A2 modes, and 
those fundamentals should closely resemble those in the unsubstituted ring. Thus the 
out-of-plane CH bending mode v,= is readily located as a strong infra-red and weak 
Raman band at 813 cm-‘. The A2 modes should strictly be inactive in the infra-red 
and the intensity of this band may indicate some lowering of the symmetry of the ring 
from C2”. The other out-of-plane CH bending mode of A, symmetry vlla should 
occuratca.l062cm-‘,thepositionofv,, in (CsH,)$Sn. The weak i&a-red andRaman 
band at 1062 cm-l in the spectra of (Me&H,),& has already been assigned as the 
in-plane mode v~,,, but it is conceivable that both modes occur at this frequency. 
However in MeC,H,NiN022 and dimethylferrocene2*, this mode has been assigned 
to bands at 967 and 1002 cm-l respectively, and so the weak feature at 1010 cm- ’ is 
not unreasonable in the present case. Of the two remaining out-of-plane CH bending 
modes, both B2, the mode v2 is immediately assigned as the intense infra-red band at 
767 cm-l, whilst the inequality rule places the position of v1 ii, in the range 790-1062 
cm-’ . In this range, only weak features at 976,939(sh) cm- ’ and one of the two bands 
at 898 and 885 cm- r (the other already having been assigned to v1 sb) remain unassign- 
ed_ In several (methylcyclopentadienyl)metal carbonyl complexes, this mode was 
thought2’ to occur in the range 989-982 cm- I_ In the present case, the assignment 
of vllb is at best tentative, the best candidate probably being the band at 976 cm- ‘. 

Finally, the out-of-p!ane CC bending modes need to be assigned. This mode, 
v14, was tentatively assigned to a band at 544 cm-r in (C,H,),Sn. In (MeCSH4)$Sn 
this mode becomes split into two components of the symmetry species A2 and B,. 
In dimethylferrocene these have been assigned to 597 and 632 cm- ’ respectively, 
whilst in toluene they occur at 408 and 464 cm - ’ ‘I. The A, mode should occur near 
544 cm-‘, and is assigned as the weak infra-red and Raman band at 561 cm- ‘. The 
choice for the B, mode lies between the i&a-red bands at 585,610 and 630 cm- ‘, the 
two latter bands also occurring in the Raman. The 630 cm-’ band is probably too 
high to be associated with a band at 544 cm-‘, and so vr& is assigned to the band at 
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.S$v&R~. OF THE’ ASSI@hENTS OF THJZ I@& +IBR&tid& OF (Mt+I&Sn AND 
&EL&~D COMPOUNDS 

. 
:- ._ 

‘species _ (MeC,H&Sn _ MeC&NiN& -(MeC,H.,),Fg ‘. ” 

A, :_ 3100 
3100 
a7 
1448 
1229 
1117 
1042 
928 
847 

v(Me) 2925 
6(Me) 1380 

B, 3080 
3080 
1526 
1408 
1260 
1062 
898 or 885 
319 

2965 
1458 
1026 

vMe 2965 
6Me 1482 
SMe -1026 

4 

976 
767 
610 

1010 967 
813 819 
561 7800r 639 

3090 
3090 
1610. 
1452 
1225 

1042 
928 
849 

2911 
1385 

3106 
3106 

(1560) 
1385 
1237 
1025 
888 
344 

2941 
1460 
1056 

975 
802 
624 
354 

2973 
1481 
1056 

3087 
3087 
1609 
1440 
1229 
1106 
1025 
919 
851 

2922 
1384 

3087 
3087 
1558 
1373 
1207 
1115 
892 
328 

2950 
1464 
1037 

975 
811 
632 

(217) 
2966 
1478 
1053 

1002 
833 
597 

a Ret 22. b Ref. 20. 

610 Cm-‘. A s ummary of the assignments of (MeCSH,),Sn is given in Table 6, to- 
gether witlj those of the related molecules MeC5H,NiNOz2 and dimethylferrocene’0. 

NonGimJ skeletal modes 
wuming the C, rings td be rigid, nine skeletal modes (3A 1 + 2Ai + 2B1 + 2I3,) 

~invoiving-the tin atom will be expect&d for .angular dicyclopentadienyhnetal com- 
pounds .eder Cl0 symmetry.. The description of these modes is given in Table 7. . . 

%km& attributable to the ring tilting&odes (2A 1 + B, + Bt) htive not-be& ob- 
..&&xl in (C,H&k. However,-in (MeC,H&Sn, the bands at 368 ww and 295 m(ih) 
cm-.’ in the in&a-red could &long to such vibrations. In the analogous.ferrocenes, the 
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TABLE7. 

DESCRIPTION OF THE NON-RING SKELETAL MODES FOR ANGULAR DICYCLOPENTADI- 
ENYLMETAL COMPOUNDS 
Udder C,, symmetry. 

De&ption of mode Species Actiuity Frequency No. 

Symmetric met&ring stretch Al %R RI 
Torsion Al R2 

Antisymm_metd-ring stretch B2 ;R R, 
Torsion -4, R Ra 

Symmetric ring tilt 

AntisylML ring tilt 

B, 

{ 
IR,R. R; 

Al 
2: 

R6 
R? 

IR.R R. 
Ring-metal-ring def. IZ/R RQ 

symmetric and antisymmetric modes have been reported to &cur at ca. 380 cm- 1 and 
ca_ 495 cm- l respectively; and CsHSNiNO and MeCsH4NiN0 the ring tilting mode 
occurs at 252 and 298 cm-’ respectively. 

In the Raman spectra of both compounds two bands at ca. 240 s cm- 1 and ca_ 
170 w-m cm-l were observed. The higher frequency band was also observed in the 
i&a-red spectra, but an accurate measurement was not possible, since it occurred on 
the very limit of this study. Polar&&on studies for (MeC5H&Sn show that the band 
at 171 cm- ’ belongs to the Al symmetry class, whilst the 240 cm- ’ band is depolarised. 
These bands are therefore assigned as the antisymmetric and symmetric metal-ring 
stretching modes, R, and R,. These assignments are much lower than the similar 
assignments for analogous sandwich molecules (Table 8), but are quite reasonable in 
view of the greater mass of the tin atom. Fritz, who observed a strong band in the 
iufra-red of (C,H,),Sn at 260 cm-‘, presumably the same as our 242 cm-’ Raman 
band, has compared the tin-C,HS ring stretching mode with the tin-bromine stretch, 

since both ligands are of comparable mass”. This vibration may be found in the range 
170-280 cm-l in tin(IV) complexes23-26, and in the range 182-205 cm-’ in tiu(I1) 
derivatives2’. The metal-ring stretching vibration may also be likened to the Whiffen 
t-mode in phenyltin compounds. This mode describes what is for the most, part the 
Sn-Ph stretching vibration, and usually occurs as a strong band in the infra-red26 at 
ca. 220 cm-‘. 

FABLE 8 

iKELETAL MODES IN SOME “SANDWICH” MOLECULES 

@ode (wf5)zsn (MeC5%)2Sn (C,W,-' C,H&fn(CO)b (C,H,),Cf C,H,NiNod 

Lntisymm. RMR str. 242 237 478 350 279 322 
kym. RMR SlT. 172 .- 171 .303 415 

tigtilt. 368,29&? 252 388,492 375 333,466 
W def. 113 170. 100 or 120 144 153 

. . 

Retl7.-” Ref. 16. c Ret 28. a Ref. 18. 
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~(&ie&~zfh could be assigned to either of the torsion modes-R or R or the ring- 
ketal-ring d&formation mode Rs. Although the.torsion modes &.&o&e ruled oittt 
the deformation mode Rs is preferred_ The corresponding vibration m:ferrocene is 
foundat.l7Ocm:$ whilstthesimilardeformationmodesinC,H,Mn(CO)3;(C,H,)2Cr 
and C,H5NiN0.fall in the range 100450 cm-‘. 

It is clear that the vibrational spectra of (C5H5)$3n and (MeC;H,),Sn are 
quite adequately described in terms of the “kcal” symmetries fur the angular sand- 
ti_hm~~!cU~es. 

TABLE 9 

MASSSPE~OFDICYCLOPENTADIENnTINANDBfS(METHYL~CLOPENTADIENYL)- 
TIN 

(Cs%),~fl (C%w&),S~ Assignmht 

277 (2.3) (CH&H&Sn+ 
24Y(i116j. . .f GFi,Wn 

198 (loo) CH&H,Sn+ 
184 (100) 
1% (3.7) C3H$in c 

144 (3.0) TX&l+ 
119 (13) 119(17) sn* 

“Ref.%_ 

TABLE 10 

T‘fh--i-l19M ~M&SBAuER DATA FOR URGANOTIN(IQ DERIVL~TIVES 

Compound IS (mm/s) 

G.H,LS~” 3.74&0.06 

(Me&H.&n” 3.83 +0_06 
(C5H,),Sn BF,’ 3.79 *0_06 

= Ret-S_ b Ref_ 30. ’ Ref_ 4. 

QS (mm/s) 

0.86&0.12 
0.78 kO.12 
0.90+0.12 

The tin-119m Miissbauer spectral data of both compounds and (CSHs)&r- 
BF, i listed in-Table 10. The isomer shit? and quadrupole splitting parameters are &I 
~~.~i~~Q~~~~Y~~~Q~e~~ 

no significant perturbation as the-groups about the tin atom are varied. 
The proton magnetic resonance spec@rm of(McC,H,),Sn at.ambient tempera- 

,. 
-. 

-- 
.:. .: I- -. ‘. 
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Fig. 1. Proton magnetic resonance spectrum af (MeC,H,),sa in the re&ous r 4-30 and z 8fl. 

tures exhibits two resonances at ca. z 4.30 and 7 7.97 (Fig. 1) LcJ Me$nC,HiMe: 
z 4.34,4.4? (C,H,); z 7.96 (Cp-CH,)Jzg. Th e 1 ow field resonance consists of a partially 
resolved AA’BB’ pattern for the ring protons, whilst the resonance due to the methyl 
group consists of a sharp single line. Spin-spin coupling between the metal atom and 
the methyl protons was not observe& however partially resolved tin sat&&s cuukl 
be seen on the low field resonance with J(Sn-H)x 10 Hz ccf. (C,H,),Sn, J 159 Hz-ja. 
This is to be compared with Me,SnC,H,Me where coupling was observed between 
tin and the methyl protons (J 10.5 Hz) but not the ring protons”. 

, 
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