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SUMMARY

The '3C-H satellite magnetic resonance spectrum of cyclopentadienyl-
trimethyltin has been obtained. Its analysis enables the two J(H-H) coupling con-
stants J! and J? to be determined. If it is assumed that this molecule is fluxional, these
two experimentally measured constants may be averaged over six independent con-
stants in a rigid AA'BBX(C;H ) system. By taking four coupling constants, averaged
from the literature data, it is possible to estimate the two most important constants
J(AX)and J(BX). On the other hand, comparing the values J! and J2 for the compound
CsH;Sn(CH,); with the respective values for other fluxional o-cyclopentadienyls,
taking averaged values of the appropriate couplings in rigid systems together with
the values of J* and J? in n-complexes, it is possible to choose a criterion for distin-
guishing between n- and o-structures. Other criteria (*H and '3C chemical shifts,
H-!3C, M—H coupling constants where M is magnetic isotope of a metal) are dis-
cussed.

The first problem in studying the metal cyclopentadienyls is a definition of the
structural types involved. In general, a complete classification which accounts for all
the structural parameters and molecular symmetry is rather complicated. If the local
symmetry of a particular CsHs—M fragment is taken into account it is possible to
separate two sufficiently general classes: (I) that of Cs, symmetry which corresponds
to equivalent bonds in the planar C;H s ring with equal metal-carbon separations,
and (II) that of C,, symmetry (or of lower symmetry, for example, C!) with non-
equivalent bonds in the ring and with the metal atom located in the vicinity of one
carbon atom. In Cotton’s terminology? compounds of the first type are called pen-
tahapto-cyclopentadienyls, while those of the second type are known as monohapto-
cyclopentadienyls. With such a rough classification it is not always possible to make
a sufficiently unequivocal assignment. In particular compounds exist with almost
equivalent C~C and C-M bonds [for example (CsHs);MoNo?], i.e. those having
“almost Cs, symmetry” or “almost m-structure”. Following Fritz’s classification*

* For Part VI see ref. 14.
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the first group should extend to the ionic cyclopentadienides having sharply different

roperties, and to the central o-bonded compounds and various m-complexes.
Compounds of the second class have properties which are more in common in
view of the Cs;Hs—M bond. Thus the rough assignment of a CsHs—M fragment to a
particular symmetry species may be a useful means of classification since it enables
compounds of type (II) to be separated from all other complexes. In the following dis-
cussion we shall use the traditional term ¢-structure for such compounds and the term
n-structure for compounds of type (I)*.

Only the diffraction methods (X-ray, electrono- and neutronography) provide
absolute criteria for - or g-assignments, but their use is limited by the complicated
analysis of the respective reflections which they imply and by the difficulty of obtaining
single crystals of sufficient size and purity. Thus other methods involving some se-
condary criteria based on a systematic study of authentically established compounds
(i.e. established by diffraction methods) are usually more helpful and more widely
used. Among such methods IR and NMR techniques have been extensively employed.
It should be noted however that some uncertainty which arises in the complete analysis
of the CsH 5 modes, prevents the use of IR methods for unequivocally establishing
structural assignments, and only very recently has some interest been shown in the
application of IR methods for establishing the structures of mercury ° and copper®
cyclopentadienyl derivatives.

The pioneering work of Piper and Wilkinson’ (see also refs. 8 and 9) has sti-
mulated the intensive NMR study of the metal cyclopentadienyl derivatives. Toge-
ther with the elucidation of molecular structures, nuclear magnetic resonance spectra
also enable the rates of dynamic processes occurring in some C;H; metal derivatives
to be determined”-'°. This property is associated with the life-time of the structural
states (r;) of these compounds which under certain conditions may be compared to
the NMR characteristic time (tyug)- As a result of dynamic processes the PMR spec-
trum of the five protons of a 6-bonded C H ; ring should be treated as the AA'BBX**
(monosubstituted ring) spectrum of a stereochemically rigid molecule which trans-
forms to the A; spectrum when fast migration occurs (t; <€ Tyyg) and is not different
from the respective spectrum of a n-bonded ring. Unfortunately with some o-bonded
CsH; compounds, in spite of the possibility of changing g (frequency variation,
use of the 1 *C NMR spectroscopy' !"***) and 1, (temperature variation), low migration
rates cannot be attained. Strictly speaking in such cases other methods having shorter
characteristic times, for example IR spectroscopy, should be used, and, in fact, in this
way the og-structure of mercury cyclopentadienyl derivatives has been proved>.

In the analysis of the A s NMR spectra of the relevant n- and g-structures with
fast migration, values of the chemical shifts of H and *3C and of the !3C-H and M—-H
coupling constants (M is metal magnetic isotope) could also be used as criteria of
structural type. Unfortunately such an analysis has not to date been described, and

* Use of the special terms monohapto and pentaphapto is also quite reasonable as they avoid a misleading
situation which may arise when the terms n- and o-structures are used in conjunction with the quantum-
mechanical models. Separation into n- and g-electronic functions is correct only for CsHs anion. In all
other cases bonding occurs via both the n- and g-electrons.

** Classification of the C;H; ring proton spectra is given in ref. 1.

*4k On the average Tar(3C)/taam(H)=10"2 at the fast exchange limit.
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in the present study an attempt is made to present such an analysis.

Recently Crecely, Crecely and Goldstein!”? have carried out a theoretical
calculation of the '3C-H satellite PMR spectra of ferrocene and cobalticene chloride
which has enabled the determination of the coupling constants of the ring protons.
An analysis of the '3C—H satellite PMR spectrum of Cs;H;Sn(CH ), is given in this
paper and the problem of using the coupling constants J(H-H) for distinguishing
the type of bonding is discussed.

ANALYSIS OF THE !'3C—H SATELLITE SPECTRA

In the general case when fast exchange occurs the *3C—H satellite spectra of
ring protons of the g-cyclopentadienyl-metal derivatives should be treated as an
ABB'CCX system where X is the magnetic carbon isotope (interaction with magnetic
metal isotopes not being taken into account).

Hg?
H.« ™M
C a a
/13c /
3 Sy 3\
c 1 Ha
Hp

When fast rates of metallotropic rearrangement occur, the spectrum shows
only two mean values for the spin—spin coupling constants of ring protons: vicinal
J!' (H-H) and diagonal J* (H—H) defined by eqns. (1) and (2) which are valid for a de-
generate rearrangement:

JUH-H)=3(J 2+ T2 +J34+ s +J;5) 1
JPH-H)=4(J 13+ J 14+ 24+ 25+ J35) 2

From a formal point of view an analysis of the **C—H satellite spectrum of a
o-cyclopentadienyl compound should not be different from that for the respective
spectrum of a n-cyclopentadienyl compound which aiso exhibits two different spin—
spin coupling constants for ring protons. As indicated above, a study of the *C-H
satellites for the n-bonded CsH 5 metal derivatives (ferrocene, ruthenocene, cobalticene
chloride) has been carried out and has been discussed in ref. 12. Theoretical calcula-
tions of the ABB'CC'X spectrum taking into account eight parameters [the relative
chemical shifts due to the isotopic effect and the J'(H-H), J>(H-H), J(}*C-C-H)
and J(13C-C—C-H) coupling constants] led to the following spin-spin coupling
constants for the ring protons of ferrocene and cobalticene chloride: J'(H-H)=
2.40, J>(H-H)=1.24, J'(H-H)=2.58 and J>(H-H)=1.46 Hz.

In an attempt to compare these values of J(H—H) with those averaged by the
fast exchange occurring in ¢-cyclopentadienyl compounds an investigation was made
of the '3C-H satellites in the respective silicon, germanium and tin compounds*.

‘We have been unsuccessful in attempting such an analysis for compounds of
Si and Ge since quite high rates for their degenerate rearrangement are observed far
above their boiling points. In such a study a narrow resonance signal of the C;H;

* Metallotropic rearrangement in such compounds has been studied and reported in refs. 13 and 14.
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group (= 0.3 Hz) should have occurred in the spectra of C;H;Si(CH;); and CsHsGe-
(CH,); at temperatures close to 200°, while the compound CsHsSn(CH;); should have
been capable of study at lower temperatures due to its fast metallotropic rearrange-
ment at room temperature.

In order to calculate the '*C—H satellite spectra of the ring protons in cyclo-
pentadienyltrimethyltin it has been necessary to use a simplified model which accounts
for the complete six-spin ABB'CC’X spectrum (X = !*C)as an imposition oftwo AMM'-
NN’ sub-spectra corresponding to the low- and high-field satellites. Such an approach
involving a lowering of the order of the system in the analysis of *3C—H satellites could
be used in this case due to the large directly-bonded !'*C—H couplings. A similar
approach has been successfully used for determining the H—H coupling constants for
example in ethylene!”. The chemical shifts in each sub-spectrum are defined by values
of both 4J(*3*C—H) and the '3C isotopic effect (Table 1). Thus, the asymmetry of the
spectrum is caused by an isotopic shift. .

TABLE 1

THE CHEMICAL SHIFTS IN THE '3C—H SATELLITE SPECTRUM OF THE CsH; GROUP

Spin 13C Nucleus A Nucleus M Nucleus N
+4 +3J('3C-H)+ 82, +34J('*C-C-H) + 8L, +3J(1*C-C~C-H) + 6%,
-3 —3J(*C-H) + 84, —3J(3C-C-H)+ %, —$J(13C-C-C-H) + 8},

In examining the possibility of applying such an approach to the molecules
under study and for testing the experimental technique, the 3C—H satellites of ferro-
cene have been measured experimentally and calculated using the data given in ref. 12*.
Fig. 1. shows the experimental and calculated 100 MHz spectra of an outer high-field
satellite of the ferrocene molecule. The line width in the theoretical spectrum was
taken as 0.17 Hz. As seen from Fig. 1, the spectra are virtually identical to those
measured at 60 MHz (see ref. 12) due to the weak isotopic effect on the spectral pattern
of outer satellites.

In the case of cyclopentadienyltrimethyltin the following values of the isotopic
shift of ferrocene? were used (converted to 100 MHz): 62,,=0.234 Hz, 6% ,=0.167 Hz
and 68,,=0.133 Hz. The directly-bonded !*C-H coupling was obtained experimentally
from the centres of gravity of the satellites, leaving the constants J!(H-H), J*(H-H)
and J(*C-C-H), J(}3C—C-C-H) undetermined. The sum of the constants (J!+J-)
may be measured with high accuracy (+0.03 Hz) for the five-spin AMM'NN’ system
(in our notation) provided that the conditions Jyn = Juns Jan-=Jans Jam=Jany and

TABLE 2

THE COUPLING CONSTANTS IN C;H;Sn(CH;); (CsHs GrROUP)

J*(H-H) J*(H-H) J(**C-C-C-H) J(**C-C-H) J(**C-H)
2.86+0.03 0.97+0.03 8.05+0.06 4.95+0.06 161.3+0.15

* The spectra were calculated on an M-20 computer using the YaMR-1 program.

J. Orgerometal. Chem., 34 (1972)
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Jun=J M1 are satisfied, the separation of the terminal intensive lines in the spec-
trum of the outer satellite (nucleus A) being equal to the double sum of the constants
J!(H—H) + J?(H—H). This is confirmed by the calculation of an outer !>*C—H satellite
of ferrocene. Since the directly-bonded coupling is high [J(**C-H) » J(*3C-C-H),
J(13C—C-C-H), JY(H-H), J?(H-H)] the outer satellite’spectrum was investigated
by varying two parameters i.e. the relative chemical shift of the nuclei N and M and
the value of the constant J!(H-H). The values of J(*3C—C-H) and J(}3C—C-C—H)
were found from an analysis of the spectrum of the internal satellites. The results of
the analysis of the spectrum of the 13C—H satellites of the ring protons in cyclopenta-
dienyltrimethyltin are presented in Table 2. All the values are given in Hz.

By way of illustration, Figs. 2 and 3 show the experimental and calculated
spectra of the outer (high-field) and inner !*C-H satellites in CsH;Sn(CH3);. In
the calculated spectrum the line width was found to be equal to 0.34 Hz.

DISCUSSION

The NMR parameters of some organo-clement cyclopentadiene derivatives
(data on the CsH;—M fragment) are given in Table 3, where the first part of the Table
lists “authentic” nz-structures. The term *authentic” is used in the sense that the struc-
tural type has been confirmed by diffractional methods. Such structures are charac-
terised by a singlet in their PMR spectra [ compounds (I)-(X)] and by a ring carbons
equivalence in the '3C NMR spectra [compounds (II), (V), (VI)] over a wide tempera-
ture range. Compounds with “authentic” o-structures [compounds (XI)}-XV)] exhibit
quite a number of o-features in their NMR spectra over the same temperature range,
e.g., an AA'BBX type of spectrum for compounds (XI)-(XIV) and singlet broadening
for compound (XV). On the other hand, A spectra are very difficult to obtain for
some “authentic” g-structures because of the necessity of working at high tempera-
tures, i.e. under conditions which mayv lcad to the occurrence of additional processes
[for example, dimerization of compounds (XI) and (XII)]. In such cases the parameters
obtained should be presented as the mean values found from relations similar to (1)
and (2):

{6H) =}[5+25, +26,], (3)
{8CS = 1[6C5+25C, +26C,],

{J(**C-H)) =3[J(**C-H;s)+2J(**C-H,)+2J(**C-H,)], ()]
<JM-H)) = 3[J(M-H;)+2J(M-H,)+2J(M-H,)] . (6)

The class of “unknown structures” includes compounds for which data from
structural studies have not been obtained. Among them a o-structure of CsHsSn-
(CHa,); has been confirmed unequivocally using PMR spectroscopy’® (an AA'BBX
spectrum being observed at —150° and by *C—{*H} NMR techniques (essentially
singlet broadening at — 50°))***_ The data of West et al.'® as well as the results of
an IR study® leave no doubt that CsH;HgCl and (CsH;),Hg also possess o-structures.

The data of Table 3 indicate that in the majority of cases 7- and o-structures
are characterised by different values of 6H (n-structure from 4.0 to 5.2, g-structure

* While this work was being completed, such a conclusion was confirmed from a complete electronographic
study's.
** The '3C NMR data of 6-CsH compounds will be reported in a future paper.

(continued on p. 112)
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Fig. 1. The experimental and calculated PMR spectra (100 MHz) of the upfield outer '>C-H satellite of
ferrocene. The line width of calculated spectrum was taken as 0.17 Hz.

Fig. 2. The experimental and calculated spectra of the upfield **C—H satellite of C;H protons in CsHSn-
(CH,);. The line width of calculated spectrum was taken as 0.34 Hz
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Fig. 3. The experimental and calculated spectra of the inner *C-H satellites of CSHs protons of CSH Sn-
(CHs);. The line width of calculated spectrum was taken as 034 Hz. . .

- J. Organometal. Chem., 34 (1972)
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from 5.7 to 6.2 ppm) and 3C (z-structure from 101 to 123, g-structure from 76 to
80 ppm). An exception is provided by the compounds (VII[)}-(X) which are “bent
sandwich” compounds but with chemical shifts typical of g-structures. Such
compounds differ markedly from typical m-complexes in chemical properties and thus
the apparent difference between their 6H values is not entirely accidental*.

From the data of Table 3, the value of 6H is influenced both by the metal and
by its substituent nature in both 7- and o-structures. Introduction of electronegative
substituents at the metal atom (halogen, carbonyl) results in a down-field shift as
may be seen from the data on silicon'”, mercury'?, titanium”-° and iron (see also Table
3). A dependence of SH upon the solvent has also been observed®. All the above data
lead to the conclusion that the parameter 6H cannot be used as an unequivocal crite-
rion for determining the type of structure involved. Thus it is not possible from the
above data to draw conclusions regarding the structures of the CsHs derivatives of
Cd and Au**.

As indicated earlier!! the values of J(**C—-H) are different for n- and o-
structures. This may be clearly seen in the spectrum of n-Cs;H Fe(CO),-6-C;H;
in which the n- and g-ligands are bonded to the same metal atom. The values of J-
(*3C-H) change from 175 (Table 3, ref. 20) to 185 Hz ([Co(CsH;),] " Cl™ ref. 12) for ail
n-structures. o-Structures are characterised by J(*>C—H) values close to or equal to
161 +1 Hz This enables the constant J(}3C—H) to be used as a criterion for the
determination of structure. As an example, the structure of (CsH;),Hg may be desig-
nated as of the o-type by the observation that J(*3C—H) is equal to 160 Hz.

Experimental data on the spin—spin coupling constants for the cyclopentadienyl
ring protons and magnetic metal isotopes are too sparse to allow any reliable con-
clusions to be drawn. Thus, the absence of the J(?°5 TI-H) constant for CsHTI
might possibly suggest that all r-structures have no M—H coupling. Similar data
characterize derivatives of (CsH),Pb***. The J(Sn~H)**** constant has however
been found in the analogous Sn" derivatives which, as has been mentioned above, may
be regarded as “bent sandwich” molecules which are characterised by “abnormal”
parameters.

Owing to intramolecular migration, all the g-cyclopentadienyl compounds
of tin'3-!* and mercury!® exhibit the J(M—H) coupling constant. In principle the latter
constant can be used as a proof of a particular structure in a comparison of experi-
mental data to those calculated from the averaging formula (6) for the model struc-
tures. This procedure has been employed by Kitching et al.?! in the study of indenyl
derivatives of mercury. In a similar fashion, it is possible to discuss cyclopentadienyl-
tin derivatives on the basis of the model structures listed in Table 4. Using the data for

* It would seem reasonable to suggest that a more detailed NMR study of these compounds should be
undertaken, perhaps a !3C spectral investigation over a wide range of temperature and employing a variety
of solvents.

** In the spectrum of C;H,AuP(C¢H;); measured in acetone-d, solution at low temperatures, a resonance
signal of CsH protons resolves to a doublet owing to spin-spin coupling with the 2*P nucleus (A. V. Kisin
and Yu. A. Ustynyuk, unpublished results). In our opinion an intermolecular exchange between the CsH
ligands occurs.

#4x The situation regarding the J(M—-H) constants is not clear possibly due to intermolecular ligand exchange
taking place in some cases.

#cix The symbol J(Sn—H)is used here to specify the average value for the coupling constants J(*'°Sn—H)
and J(**’Sn~—H). :

J. Organometal. Chem., 34 (1972)
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the indenyl compound, taking into account the fact that the value of J(Sn—-H,) is
opposite in sign with respect to J(Sn—H;) and J(Sn—H,), the value of J(Sn—H) for
CsHSn(CH;); has been found to be 21 Hz, close to that obtained experimentally.

TABLE 4

Sn—H COUPLING CONSTANTS OF MODEL COMPOUNDS (Hz)

Compound J{Sn—Hg)* J{Sn—H,) J(Sn—H,)
b
Hs SnMe;
= —
l H, +91 F12 +18
N
HZ
Hy c
H.
2 SnMe, T 64 + 8.0
Hg SnMe,
H'I
Hy a
H
2 SnMe3 91 < e
H
Hy s

H,

2 Probably all positive. ® Ref. 22. © A. V. Kisin, private communication. ¢ Ref. 14. < Not found.

However, some uncertainty regarding the nature of the model structure, and
undetermined signs in some cases eliminate any hope of using the J(M—H) constant
as proof of a g-structure. What is possible, however, is that the value of J(M—H) for
“authentic” structures can be used for determining the separate coupling constants for
a stereochemically rigid system*.

Let us consider the values of J(H-H) for the cyclopentadieny! fragment res-
tricting ourselves to the unsubstituted rings. Because many o-cyclopentadienyl
compounds readily produce rigid structures it is possible to completely aralyze the
proton spectrum for the determination of J(H-H) constants. Such treatment has been
carried out for derivatives of iron and ruthenocene?3, silicon'” and germanium!“.
However, in the analysis of the spectra of o-cyclopentadienyl compounds it is necessary
to make certain approximations and a knowledge of the coupling constants (averaged
by migration) obtained from ananalysis of **C—-H satellites would be helpful in over-
coming this difficulty.

From the values of the averaged coupling constants it is possible to estimate
two coupling constants corresponding to a stereochemically rigid molecule together
with the other four constants given in eqns. (1) and (2). As is evident from the published
J(H-H) values of cyclopentadienyl compounds!’, the constant J,s5.s3, undergoes

* For example the J(*'°Sn—H) coupling constant of trimethylindenyltin has been found using this techni-
22
que

J. Organometal. Chem., 34 (1972)
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the most variation. Since the sign of J, 5.5 has not been strictly determined* the
constants J; 545y and J»5.35) must be considered as unknown. Taking for the other
constants (J; 534y J13(24) J23 and Jy4) the values obtained from the known data'’
which are respectively equal to 5.0, 1.2, 2.1, 2.1 (all in Hz), from eqns. (1) and (2) it is pos-
sible to show that for CsHsSn(CHai)s, Jisusy=+1.1 Hz and J,535=+0.2 Hz
respectively. In spite of the significant error in these values (+0.6 Hz), each of these
values leads to the important conclusion that the value of J, 5.5, is essentially positive.
This may be regarded as a direct proof of the correctness of the sign assumed for this
constant earller1 1723 Furthermore the calculated value of thls constant (1.1 Hz) is

Aautle J 110 v J a.pu J YAlULD. 1llvil vAapellillviit@Ql ¥YyQlUwd YWwivw vUuvLlaliivig

only for the first three compounds, as for the other substances the J* and J? values were
estimated from equns. (1) and (2) using the proton coupling constants for stercochemi-
cally rigid systems. In addition, the values (J! +J?2), (J1—J?) together with the ratio K
equal to (J1-J?)/(J! +J?) are tabulated. As can be seen from Table 5, the sum of the
constants (J'+J?) is hardly influenced by the structure and change to a somewhat
smaller extent than the difference (J'-J?). On the other hand, the parameter K,
formally determined as (J'-J?)/(J*+J?), can be used as an index of the bonding
type: K=0.5 most probably corresponds to a o-structure while K < 0.3 corresponds
to the m-structure.

Attention should be drawn to the apparent relationship between the value of
K and the temperature at which the migration rate is equal to 1 sec™! (T))!* and
possibly to the free energy of activation of metallotropic rearrangements of o-
structures.

In spite of the experimental difficulties which may arise in the observation and

TABLE 5

THE AVERAGED J! AND J? CONSTANTS FOR VARIOUS CYCLOPENTADIENYL COMPOUNDS®

Compound Jt J? Jr+J2 Jr—Jz2 K" Ti(°C)
Fe(CsHj),? 2.40 1.24 3.64 1.16 0.32
[Co(CsH;).17CI™* 2.58 1.46 4.04 1.12 0.28
(CsH;)Sn(CH,), 2.86 0.97 3.83 1.89 0.50 — 152/
6-CsH Fe(CO),-n-CsH 5 2.73 0.87 3.60 1.86 0.52 — 92/
-CsHRu(CO),-n-C H ¢ 275 0.84 3.59 191 0.53 — 55
275 092 3.67 1.83 0.50
CsH;Ge(CH;),* 2.88 0.78 3.66 2.10 0.57 — 73
CsHSi(CH,)5" 2.88 0.60 348 2.28 0.65 — 230
CsH,SiCH,Cl,” 292 0.52 3.44 242 0.70 + T*
CsHg? 3.02 0.18 3.20 2.84 0.89 +1624

® The values of J! and J“ for the first three compounds were measured experimentally, for all other
compounds they were calculated using formulae (1) and (2). ? Ref. 12. °Ref. 23.¢ The upper row for J3s= —0.1
Hz, the lower row for J35=+0.1 Hz. © Ref. 14. / Ref. 17. 9 Refs. 17 and 24. * K=(J' —J?)/(J' +J?). ‘T, is
temperature at which the migration rate is equal to 1 sec™!. 7 From data in ref. 14. * From data in ref. 17.

* In principle, the procedures reported in refs. 1 and 17 do not exclude the possibility that J>5.53, >0
and that J,5.,5,< 0 (cf. also ref. 24)
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analysis of 13C—H satellites in the PMR spectra of cyclopentadienyl compounds, such
investigations could prove useful as they require no measurements over wide tem-
perature ranges. It is useful to recall that thishas been a long-standing problem in
the study of the cyclopentadienyl derivatives of mercury and tin. By taking into
account the comparative constancy of the value (J!+J?) it is possible to make an
approximate guess at the complete variety of possible 3C—H satellites appearing
in the PMR spectra of cyclepentadienyl compounds simply by varying the parameter
(J*-J?) (or K). Such a “catalogue” of the spectra for values of K from 0.2 to 0.7 at
intervals of 0.1 is given in Fig. 4. In this case the value (J* +J?) was 3.7 Hz (cf. Table 5).
The relative chemical shifts of effective nuclei M and N were equal to 1.5 Hz (at 100
MHZz) in a similar manner to the cases discussed above. At low values of K (n-struc-
tures) the spectrum of the satellite has some asymmetry. The latter rapidly enhances
with increase of K, i.e. in passing to the s-structures. In addition, an apparent depen-
dence of the appearance of the spectrum upon the relative chemical shift exists, i.e.
upon J(}3*C—C-H)— J(*C-C—C—-H). This dependence is not so critical however
and is not illustrated in the “catalogue” (Fig. 4).

a ! b c

— T

b W o

V i
JU i ™
uU\,\-

Fig. 4. The calculated spectra of the upfield outer **C—H satellites at the proton resonance frequency 100
MHz at various K[=(J'—J?)/(J'+J%)]: (a) K=02, (b) K=03, () K<=04, (d) K=0.5, (e) K=06, (f)
K=0.1. Inallcas&s(J‘+J) 3.7 Hz. The line width was equal to 0.3 Hz .
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Compounds CsH;M(CH,); (M =S8i, Ge, Sn) were synthesized by Miss I. M.
Pribytkova, 6-CsHFe(CO),-n-CsHs was obtained by Dr. I. V. Polovyanyuk and
(0-CsHs),Sn [Fe(CO),-n-CsHs], was kindly supplied by Dr. N. E. Kolobova,
ferrocene being commercially available.

The !'*C-H satellite PMR spectra of cyclopentadienyltrimethyltin were
measured in the neat liquid state, those of the cyclopentadienyl derivatives of Si and
Ge in 259, decaline solution and octamethylcyclotetrasiloxane while the ferrocene
spectrum was measured using a saturated solution of carbon disulphide. Since
(6-CsHs),Sn [Fe(CO),-n-CsH, ], is poorly soluble (10% in CS,) the **C-H satellites
were observed in the time-averaged spectra. In some solvents the solubility of 6-C ;H 5-
Fe(CO),-n-CsH s wasinsufficient for thedirect study of ' *C—H satellites corresponding
to the fast exchange in the 6-C H; ligand (temp.~70-80°) and for these cases time-
averaging was also necessary. Measurements of J('3C—H) were performed using
carbon disulphide and acetone solutions. The chemical shifts of o-C;Hs and n-CH;
ligands in acetone were equal to 5.8 and 4.8 ppm respectively. Prior to each investiga-
tion, all compounds were degassed and sealed in vacuo. The proton-decoupled *3C
NMR spectrum of the ring carbons of ¢-CsH Fe(CO),-n-CsHs measured at room
temperature in acetone shows a narrow signal corresponding to the n-Cs;H, ligand
and a broadened signal corresponding to the ¢-C ;H 5 ring which is markedly narrowed
at 60°.

PMR spectra were measured on anHA-100D spectrometer (Varian) operating
at 100 MHz for protons in the field/frequency sweep mode.

. The proton-decoupled !*C NMR spectra were measured on a JNM-4H-100-
(JEOL) instrument operating at 25.14 MHz for carbons in the field sweep mode.
Double resonance conditions were maintained while the irradiation frequency was
swept synchronously with the field sweep by mieans of frequency synthesizer Ch 1-9.

CONCLUSIONS

It seems reasonable to summarize the results of the present investigation. First,
it should be pointed out that the experimental NMR data on the metal cyclopentadienyl
derivatives are rather restricted and in many cases deserve careful scrutiny. However
even with this restriction it is possible to conclude that in the majority of cases the
type of structure (- or - in the sense of local symmetry as defined in the Introduction)
may be established using the NMR spectra. The most unequivocal criteria are pro-

- vided by the carbon shifts (in !3C spectra), by the coupling constants !3C—H (in the
'H and '3C spectra) and by the proton coupling constants (in the !3C—H satellites
and 'H spectra).

From the above discussion, it also follows that in certain cases NMR spectros-
copy cannot give an unequivocal answer regarding.the type of structure present.
Such a situation exists with the “bent sandwich” structures whose detailed study is
desirable. Another problem that demands further study is the case of “almost n-
structures” as well as systems in which the symmetry is distorted by ligand interaction
or by substituents in the cyclopentadienyl ring. Studies of this kind should clearly
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demonstrate the range of compounds to which the criteria advanced in this paper
may be applied.
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