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Summary

The 'H and 13C—{*H} NMR spectra of the fluxional molecules Cg H, Si-
(CH3)3, CogH,Ge{CHj3);, and CoH;Sn{CHj3); have been studied over a wide
range of temperatures The metal atom in the indenylgermane migrates through
a 1,2 shaft. This is shown by 1solation of the Diels—Alder cycloaddition adducts
of this compound with the dienophiles tetracyanoethylene, maleic anhydride
and acetylene dicarboxylate. The thermodynamic characteristics of metallo-
tropic migration in the Group IVB indenyl derivatives show that the difference
between the free energies of activation of indenyl and the corresponding
cyclopentadienyl compounds i each case 1s close to 8.5 kcal/mole. New
parameters, g and r,, characteristic of the fluxionai behaviour of some organo-
metallic compounds have been introduced, and some predictions based on
these parameters have been made.

Many papers on organometallic fluxional molecules have dealt with the
determination of the mechanism governing the shift of the metal over the
organic hgand {1,2]. Some mteresting results have been obtained {3,4] from
comparison of the fluxional behaviour of cyclopentadienyl and indenyl com-
pounds The mvestigations showed that indenyl systems, as a rule, undergo
migration at temperatures substantially higher than those for the corresponding
cyclopentadienyl compounds. This fact may be interpreted, according to Cot-
ton et al. [4], as being due to the 1,2-shift of the metal in indenyl compounds
leading to an energetically-unfavourable, short-lived 1soindenyl intermediate*,
which may be 1solated using the Diels—Alder reaction [6,7]. This type of
fluxional behaviour in molecules may be termed quasi-degenerate [8].

Earher, Davison and Rakita [9] studied the temperature-dependent PMR

* HMO estimates of the w—electron energy difference between indene and i1soindene structures give a
value of ca. 9 kcal/mole [5)
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spectra of indenyl compounds of silicon, germanium and tin and showed that
these compounds were subject to an intramolecular metallotropic rearrange-
ment proceeding via apparent 1,3-shift. Later [10] they estimated the activa-
tion parameters for phenyldimethylsilyl- and phenyldimethylstannyl-indene In
our previous paper [11] we used *3C NMR techmques* to study the fluxion-
al behaviour of trimethylstannyhndene.

The similanty of fluxional behaviour in the indenyl and cyclopentadienyl
series prompts us to attempt the search for a quantitative relationshup. We now
present results of a comparative analysis of the activation parameters for Group
IVB metal migration in each series by using ' H and * 3C NMR spectroscopy.

Results and discussion

Table 1 summarises results of PMR 1nvestigations on trimethylsilyl- (I),
tnmethylgermyl- (II) and trimethylstannylindene (1II). Although our data are
quite close to those given i the hterature some newer facts are worth
discussing. (1) Above the coalescence temperature (ca. 60°), the temperature-
dependent PMR spectrum of (III) exibits unsymmetrical broadening of the
117,119gy satellites (the high-field satellite broadens substantially faster than
the low-field one). This 1s possibly due to the mequality of the couphng
constants: 2J(*17-1198n—H,) >*J(*17-11°8n—H,) It 1s known that both
coupling constants are positive [10]. Analogous spectral patterns have been
observed previously for *°°Hg [14] and 117:1198n [8] satellites in the PMR
spectra of cyclopentadienyl compounds (u) Saturation transfer techniques
[15] may be used for assignment of the signals It is worthwhile to note that
during the wradiation of the methine proton signal (H, ), the signals of both
olefinic protons (H, and Hj) disappear from the spectrum of indenyltin (III).
This may be explaimned on the basis of mixing the spmn states of H, and Hj
nuclel1 owing to thewr strong spin—sping coupling [16]. (n) At temperatures
above 150° several additional signals appear in the PMR spectrum of (II). These
signals may be attributed to the products of hydrogen migration, a process
which has been found previously in the silyl compound (I) [6] Integration of
the methyl proton signals resulted 1n the following isomer percentages (II)
(82%), (IIA) (12%), (IIB) (6%) Irreversible changes were found in its PMR
spectrum after (III) had been heated for several hours, however, these changes
are probably due to Sn—C bond cleavage in (III) rather than to a prototrop-
1icrearrangement (iv) Spin—spin coupling constants between H; and one of the
aromatic protons are readily found in the PMR spectra of (I) - (III)** (Table 1)

We also isolated the Diels—Alder cycloaddition adducts of frimethyl-
germyhndene using tetracyanoethylene, maleic anhydride and acetylene dicar-
boxylate as dienophiles. This establishes a 1,2-migration of the metal in the
compound (Scheme 1). Attempts to 1solate an 1somndenyl mtermediate for (II1)
were unsuccessful; we found only Sn—indenyl bond cleavage, accompanied by
formation of a product containing both dienophile and trimethyltin group.

* This techmque was found to be quite promsing 1n a study of the vanious dynamic phenomena
{12,13]
** Complete analysis of the PMR spectrum of the unsubstituted indene gives almost all the possible
couplings between protons (the results are now in preparation).
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SCHEME 1 H Ge(CH3)3
/\i/\\\ / = H
I\/%ane(crg)_,‘ GelCHy),
H
(1)

(CH),Ge __H,

Hs cn
CN
(CN),C=C(CN), N
H en
(I)

Exact determmation of the activation parameters of the exchange pro-
cesses requires total hine shape analysis or even the more elaborate density-
matrix methods (1n the case of the strong spin—spin couphing) to be used {17]
These difficulties may be overcome by using temperature-dependent 12 C NMR
spectra (completely proton decoupled) in the manner already demonsirated for
compound (III) {11].

Similar measurements were made for the compounds (I) and (II). Carbon
chemical shifts for both Cg H; M(CHj3)3; (M = S1, Ge, Sn) under stereochemaical-
ly ngid conditions, and unsubstituted indene, are listed in Table 2.

Line shape analysis was performed by use of a 620/f Varian computer
with a program wntten for the equations gwven previously for the two-site
exchange [18].

The carbon-13 spectra of (I) and (II) also showed additional signals when
these compounds were heated at temperatures above 150°; the signals should
be attributed to the vinylic 1somers. The assignment of the signals to the
idividual isomers (see Table 3) 1s based on the followmg: (1) off-resonance
techmiques, (1) deshielding effect of the metal group on the olefinic carbons,
and (ui) comparnson of the data with that established for allylic 1somers and
unsubstituted indene.

Temperature-dependent PMR spectra were also used 1 the calculation of
the activation parameters; approximate formulae were apphed mm this case
[compounds (II) and (III)] Spin—spin couphng effects were taken into ac-
count by the effective spin—spin relaxation time constant, T, .

The thermodynamic parameters of the metallotropic rearrangements n
the o-indenyl and o-cyclopentadienyl compounds of silicon, germanium and tin
are hsted i Table 4.

It is worth emphasizing that the difference between the free energies of
activation of indenyl and the respective cyclopentadienyl compound 1n each
case is close to 8.5 kcal/mole, which 1s quite ssmilar to the HMO-estimate This
strikingly constant value prompts us to introduce a new parameter u, the
mugratory aptitude of a metal as follows:

1= 1g Ry 30 k390 = 0.43/RT (AGE — AGE))
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where AGj; and AGH are the free energies of actwvation for metal and
hydrogen mugration in cyclopentadienyl compounds, respectively; k3°° and-
k3°0 refer to the corresponding rate constants at 300 K. We have used the
value 24.2 kcal/mole for hydrogen migration in C;Hg taken from the data of
Roth [19], and corrected for the primary 1sotope effect. The data available
{see Table 4) lead to values of migratory aptitudes which vary from +12.4 (tin)
to —12.6 (carbon) (Table 5) and increase over the senies. u, < uy = 0.00 <
Mg, < Bge < Ug, Itisvery interesting to note that the same tendency may be
established by quanfitative analysis of keto—enol tautomerism studied for
Group IVB elements (see, for example, ref. 20 for a review), even in non-degen-
erate cases.

We may also introduce a parameter to account for the relative abihity of a

higand to facilitate metal migration, for example:
r, =—0.43/RT [AG}, (hgand) ~ AGY, (cyclopentadienyl)]

TABLE 4

CHARACTERISTICS OF THE METALLOTROPIC REARRANGEMENT IN 5-CYCLOPENTADIENYL
AND S-INDENYL DERIVATIVES OF THE GROUP IVB METALS

Compound Parameters Note
E, log A As¥agp AG¥300 ;%
{kcal/mole) (cal/mole-K) (kcal/mole) C)
CsHsS(CH3); 130:10 113+10 ~92%4 152:02 — 23 gt
)
92210 9910 ~158:40 133%10 -73 g
HsG
CsHs5GelCH3)3 1474109 109 ~110 134:09 — 62 13cd
CeHeSn(CH) 78+10 138+10 +2 a4 6610 ~152 lme
sHsSa(CH3)3 68+07 126 - 27 71207 -157 '3¢d
CoH7SCH3)s 224%10 117205 -~ 69221 23801 142 :30
182405 103202 -137+11 216201 110 ‘H00 MHz)
CoH,Ge(CH
oH7Ge(CHa)s 134104 10302 ~137:09 21801 115 B3¢
120203 104202 —3132208 153201 — 22 YH(100 MHz)
CoH7Sn(CH3z)3; 121202 106202 —122+08 151201 - 25 'H( 60 MHZ)
127204 11003 -105:13 152:01 - 22 ‘3¢

97, = temperature at which migration rate & 1s equal to 1 sec—' YRef 24 CRef 8 dRef 26

TABLE 5

MIGRATORY APTITUDES OF THE ELEMENTS?

Compound I A(AG*3OQ) Ref
(300 K) {kcal/mole)

Cyclopentadiene-d g - 07 19

5 5-Dimethylceyciopentadiene ~126 21

CsHsS(CH3)3 + 65 86 24

CsHsGe(CH3)3 + 78 84 8, 26

CsHsSn(CH3)3 +12 4 84 8 26

{r-CsHg)Fe(CO)2(6-C5Hs) + 92 22, 23,13

(7-CsH35)Ru(CO)2(6-C5Hs) + 75 22, 23

SFor calculation of 2 and A(AG*;.;OO) we used the average values of the literature and our present data
AAGT300) = AG*3go(mdenyl) - AG*3oo(cyclopentadxenyl)
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The previous analysis with indenyl as the higand showed that the r, factor was
constant and equal to —6.0 indicating the more limited non-nigidity of the
mdenyl series. This approach allows some predictions to be made. For example,
the free energy of activation of mercury migration in the cyclopentadienyl
hgand may be expected to be ca. 5 keal/mole, which may be correlated with
the low-temperature measurements by West et al. [14]. Another test is the
prediction of the free energy of activation for the iron indenyl which should be
more than 20 kcal/mole, and this agrees with the data of Cotton et al. [3].

One rather novel example of the fluxional behaviour is presented by
Group IVB pyrazole derivatives. Data recently obtained in this laboratory [25]
allows the estimation of the pyrazole hgand r, factor. This 1s found to be -4 0,
thus the pyrazole ligand may be considered to support metal migration more
than mdenyl but less than cyclopentadienyl.

Experimental

PMR spectra of (1), (I1I) and (II1) weie measured on JNM - C - 60HL
(JEOL), HA - 100D (Varian) and XL -100-15 {(Varian) spectrometers. The
13C—{1H}-FT spectra of these compounds were measured on an XL -100 - 15
(Vanan) instrument at 25.2 MHz for carbon nuclel, 12 mm o.d. sample tubes
were used. The temperature was controlled to withimm * 1°. Spectra were
measured on neat liquids.

The PMR spectrum (100 MHz) of (IV) is characterized by the following
data: § 7 52 (multiplet, AA'BB’, aromatic); and 4 85 ppm (doublet, H; and
Hjy), J(uu) 1.17 £ 0.05 Hz, § 2.33 ppm (triplet, Hy ), Sy 1.17 £ 0.05 Hz; 6
0.00 ppm (singlet, CHgz). (Found: C, 60.10, H, 4.49; Ge, 20.29, N, 15.42
C,gH, ¢ N;yGe caled.. C, 60 00; H, 4 67; Ge, 20.11, N, 15.52%.)
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