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RELATIVE MIGRATORY ABILITIES OF METALS FOR 
CYCLOPENTADIENYL AND INDENYL LIGANDS 

Yu N LUZIKOV, N M SERGEYEV and Yu.A. USTYNYUK 

NMR Laboratory, Chemrcal Deparfment, Moscow State Unwersdy, 117234, MOSCOW 
(USSR) 

(Received June 12th, 1973) 

The ’ H and 1 3 C-_C1 H 1 NMR spectra of the fluxlonal molecules Cg H, Si- 

(CH,)3, CeH, Ge(CH3 )3, and Cs H, Sn(CH3 )a have been studied over a wide 
range of temperatures The metal atom m the mdenylgermane mrgrates through 
a 1,2 shrft. This is show by lsolatlon of the Duels-Alder cycloaddrtion adducts 
of tms compound wrth the dlenophlles tetracyanoethylene, maleic anhydrrde 
and acetylene dicarboxylate. The thermodynamic characterlstlcs of metallo- 
tropic mrgratron m the Group IVB mdenyl derivatives show that the drfference 
between the free energres of actrvatlon of mdenyl and the correspondmg 
cyclopentadienyl compounds m each case 1s close to 8.5 kcal/mole. New 
parameters, cr and r,, characterlstlc of the fluxional behavrour of some organo- 
metallic compounds have been introduced, and some predrctlons based on 
these parameters have been made. 

Many papers on organometalhc fluxronal molecules have dealt with the 
determmatlon of the mechamsm governing the shift of the metal over the 
orgamc hgand [1,2] . Some mterestmg results have been obtamed (3,4] from 
comparison of the fluxronal behavrour of cyclopentatienyl and mdenyl com- 
pounds The mvestlgations showed that mdenyl systems, as a rule, undergo 
mlgratxon at temperatures substantrally hrgher than those for the correspondmg 
cyclopentadienyl compounds. This fact may be mterpreted, according to Cot- 
ton et al. 143, as bemg due to the 1,2-shift of the metal m mdenyl compounds 
leading to an energetmally-unfavourable, short-lived lsomdenyl mtermedrate”, 
which may be isolated usmg the Duels-Alder reaction [6,7]. This type of 
fluxronal behaviour m molecules may be termed quasidegenerate [8] . 

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

* HMO estunates of the z-electron energy deference between indene and wmdene structures gwe a 
value of ea. 9 kcallmole C51 
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spectra of mdenyl compounds of s&con, germamum and tm and showed that 
these compounds were subject to an mtramolecular metallotroplc rearrange- 
ment proceeding vra apparent 1,3-shift. Later [lo] they estimated the activa- 
tion parameters for phenyldimethylsrlyl- and phenyldimethylstannyl-mdene In 
our prevrous paper [ll] we used 13C NMR techniques* to study the fluxron- 
al behavrour of trimethylstannyhndene. 

The slmilarrty of fluxronal behavrour m the mdenyl and cyclopentadlenyl 
serves prompts us to attempt the search for a quantitative relationship. We now 
present results of a comparative analysrs of the activation parameters for Group 
IVB metal mlgtatlon m each series by usmg ’ H and ’ 3 C NMR spectroscopy. 

Results and discussion 

Table 1 summarises results of PMR mvestigations on trunethylsllyl- (I), 
tnmethylgermyl- (II) and trlmethylstannylindene (III). Although our data are 
qmte close to those given m the literature some newer facts are worth 
&scussmg. (1) Above the coalescence temperature (ca. 600), the temperature- 
dependent PMR spectrum of (III) exibits unsymmetrical broadenmg of the 
’ *’ v1 lg Sn satellites (the hsh-field satelhte broadens substantially faster than 
the low-field one). This is possibly due to the mequahty of the couphng 
constants- 2J(11’*11g Sn-H,) > *J( l1 ’ J lg Sn-H, ) It 1s known that both 
couplmg constants are positive [lo]. Analogous spectral patterns have been 
observed previously for lg ’ Hg 1141 and 117*11gSn [S] satellites m thePMR 
spectra of cyclopentadienyl compounds (n) Saturation transfer techmques 
[15] may be used for assignment of the signals It is worthwhile to note that 
durmg the nradlatlon of the methme proton signal (H, ), the signals of both 
olefmrc protons (H2 and Hs ) drsappear from the spectrum of mdenyltm (III). 
Tins may be explamed on the basis of nuxmg the spm states of H2 and H3 
nuclei owing to then strong spm-spmg couplmg [16]. (1~) At temperatures 
above 150” several additional signals appear in the PMR spectrum of (II). These 
signals may be attributed to the products of hydrogen mlgratron, a process 
which has been found previously m the sllyl compound (I) [S] Integration of 
the methyl proton signals resulted 111 the followmg isomer percentages’ (II) 
(82%), (IIA) (12%), (IIB) (6%) Irreversible changes were found m its PMR 
spectrum after (III) had been heated for several hours, however, these changes 
are probably due to Sri--- bond cleavage m (III) rather than to a prototrop 
rcrearrangement (IV) Spmspm 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 Duels-Alder cycloaddltion adducts of trimethyl- 
germylmdene usmg tetracyanoethylene, malerc anhydnde and acetylene dicar- 
boxylate as dlenoplnles. This estabhshes a 1,Zmlgration of she metal in the 
compound (Scheme 1). Attempts to isolate an lsomdenyl mtermedlate for (III) 
were unsuccessful; we found only Sn-mdenyl bond cleavage, accompanied by 
formation of a product containmg both dienophrle and trimethyltm group. 

* THIS techmque was found to be qmte pro- g m a study of the various dynamic phenomena 
11% 131 

** Complete analysls of the PMR spectrum of the unsubst~tuted mdene gwes almost all the possble 
couplmgs between protons (the results are now m PEPamtlon)- 
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SCHEME 1 \ - QQ I 
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Exact deter-mm&ion of the actrvation parameters of the exchange pro- 
cesses requires total lme shape analysis or even the more elaborate denslty- 
matrix methods (m the case of the strong spin-spin couphng) to be used 117) 
These dlfflculties may be overcome by using temperature-dependent l 3 C NMR 
spectra (completely proton decoupled) m the manner already demonstrated for 
compound (III) 1111. 

Slmllar measurements were made for the compounds (I) and (II). Carbon 
chemical shifts for both Cs H7 M(CHs )s (M = Si, Ge, Sn) under stereochemlcal- 
ly ngrd condltlons, and unsubstituted mdene, are hsted m Table 2. 

Lme shape analysis was performed by use of a 620/f Vanan computer 
with a program wntten for the equations given 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 vinyhc isomers. The assignment of the signals to the 
mdrmdual isomers (see Table 3) is based on the followmg: (1) off-resonance 
techrnques, (n) deshielding effect of the metal group on the olefmrc carbons, 
and (ui) ; ompanson of the data with that established for allyhc isomers and 
unsubstituted indene. 

Temperature-dependent PMR spectra were also used m the calculation of 
the activation parameters; approximate formulae were apphed m this case 
[compounds (II) and (III)] Spm-spm couphng effects were taken into ac- 
count by the effective spin-spm relaxatron time constant, !I’, . 

The thermodynamic parameters of the metallotropic rearrangements m 
the a-mdenyl and o-cyclopentadienyl compounds of silicon, germanmm and tin 
are listed m Table 4. 

It is worth emphasizing that the difference between the free energies of 
activation of indenyl and the respective cyclopentadlenyl compound m each 
case is close to 8.5 kcal/mole, which 1s quite similar to the HMO-estimate This 
strlkmgly constant value prompts us to mtroduce a new parameter p, the 
mzgratory aptitude of a metal as follows: 



303 

where AG& and AG$ are the free energies of actlvatlon for metal and, 
hydrogen mrgratron m cyclopentadienyl compounds, respectively; k&O0 and- 

&-r 3oo refer to the correspondmg rate constants at 300 K. We have used the 
value 24.2 kc&/mole for hydrogen migration m C5Hs taken from the data of 
Roth 1191, and corrected for the pnmary isotope effect. The data avarlable 
(see Table 4) lead to values of nugratory aptitudes which vary from +12.4 (tm) 
to -12.6 (carbon) (TabIe 5) and increase over the series. plc < J+ = 0.00 < 
P SI< ~Ge---%n It IS very mterestmg to note that the same tendency may be 
estabhshed by quantrtatrve analysis of keto-enol tautomensm studied for 
Group IVB elements (see, for example, ref. 20 for a revrew), even m nondegen- 
crate cases. 

We may also rntroduce a parameter to account for the relative abrhty of a 
hgand to facihtate metal mrgratlon, for example: 

r a = -0.43/RT [AGS (hgand) - AG& (cyclopentadrenyl)] 

TABLE 4 

CHARACTERISTICS OF THE METALLOTROPIC REARRANGEMENT IN 6-CYCLOPENTADIENYL 
AND 6-INDENYL DERIVATIVES OF THE GROUP IVB METALS 

Compound Parameters 

% 
(kcal/mole) 

log A 

Note 

A&o0 A&o, TrO 
@al/mole-K) (kcallmole) CO 

C5Hs%CH3)3 130=10 

CsHsGe(CH3)3 
92’10 

107ros 

78510 
CsHsSn<CH& 

68207 

CgHsSI<CH$3 224+10 

CQ%-GMCH& 
182+05 

184ZO4 

120203 

CQH-IS~<CH&I 121502 

127irO4 

113+10 - 92+4 152502 

99*10 -1582 40 133-*lO 

10 9 -110 134*09 

138210 +2 -+4 66210 

12 6 - 27 71co7 

x17*05 - 69-‘21 238-01 

103502 -137t11 216201 

103-co2 -13 7 +- 0 9 213*01 

104502 -13 2 + 0 8 153201 

106-+02 --122*os 151*01 

110+03 -105+ 13 152frOl 

- 23 ‘Hb 

- 73 ‘HC 

- 62 13c d 

-152 ‘HC 

-157 13c d 

142 13C 

110 

115 

:,,lOO MHz) 

C 

- 22 ’ H(100 MHz) 

- 25 

- 22 

:F( 60MHz) 

C 

OT r = temperature at whmh mtgratmn rate k 3s equal to 1 -’ set bRef 24 CRef 8 dRef 26 

TABLE 5 

MIGRATORY APTITUDES OF THE ELEMENTS= 

Compound cc WG%oo) Ref 
(300 K) <kcal/male) 

CYclopentadxene-dg - 07 19 
5 5-Dunethylcyc:opentadlene -12 6 21 

CsHsS1(cH3)3 + 65 86 24 

CsHsGe(CH313 + 78 84 8, 26 

CsHsSn(CH& +12 4 84 8 26 

(n-CsHs)Fe<CO)*(a-CSHS) + 92 22, 23. 13 

(n-CsHg)Ru<CO)t~d-CsHg) + 75 22.23 

+or cahxlatlon of ~1 and A<AG*3& we used the average values of the hterature and our present &b 
A<AG*3oo) = AG*300<mdenyl) - AG13oo(cyclopentadrenyl) 
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The previous analysis with mdenyl as the hgand showed that the r, factor was 
constant and equal to -6.0 indlcatmg the more hnuted non-n@dlty of the 
mdenyl series. Thrs approach allows some predictions to be made. For example, 
the tiee energy of activation of mercury mlgratlon m the cyclopentadlenyl 
bgand may be expected to he ca. 5 kcal/mole, which may be correlated with 
the low-temperature measurements by West et al. 1141. Another test is the 
prediction of the free energy of activation for the iron mdenyl which should be 
more than 20 kcallmole, and th= agrees with the data of Cotton et al. 133. 

One rather novel example of the fluxlonal behavrour 1s presented by 
Group IVB pyrazole demvatlves. Data recently obtamed m thus laboratory 1251 
allows the estnnatlon of the pyrazole hgand r, factor. This IS found to be -4 0, 
thus the pyrazole &and may be considered to support metal mlgratlon more 
than mdenyl but less than cyclopentadienyl. 

Experimental 

PMR spectra of (I), (II) and (III) were measured on JNM - C - 60HL 
(JEOL), HA - 1OOD (Varian) and XL - 100 - 15 (Varlan) spectrometers. The 
1 3 C- {I H] -FT spectra of these compounds were measured on an XL - 100 - 15 
(Vanan) instrument at 25.2 MHz for carbon nuclei, 12 mm 0-d. sample tubes 
were used. The temperature was controlled to wlthm +- 1” _ Spectra were 
measured on neat liquids. 

The PMR spectrum (100 MHz) of (IV) is characterized by the followmg 
data: 6 7 52 (multiplet, AA’BB’, aromatic); and 4 85 ppm (doublet, H1 and 

H3), ‘&HH) l-l7 -C 0.05 Hz, 6 2.33 ppm (triplet, H2 ), J(n H, 1.17 + 0.05 Hz; 6 
0.00 ppm (smglet, CH,). (Found: C, 60.10, H, 4.49; Ge, 20.29, N, 15.42 
C1sH1sNqGecalcd.. C,6000;H,4 67;Ge,20.ll,N, 15.52%) 
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