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[1,5]-Silatropic shifts in disilyl substituted indenes: an NMR
spectroscopic and computational study
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Abstract—The equilibrium profiles for [1,5]-silatropic shifts in a series of 1,3-/1,1-disilyl substituted indenes were studied by NMR and com-
putational methods based on density functional theory. Both methods indicate higher activation parameters for the [1,5]-shifts than observed
in monosilyl substituted indene analogues.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In main group chemistry, migrations of R3E substituents
(E¼Si, Ge, Sn) in organic molecules have been studied for
several years.1 Such substituents, especially when E¼Si,
often form essential parts of group 4 metallocene catalysts
utilized for stereoselective polymerization of a-olefins.2

Accordingly, there is considerable recent interest in the study
of the dynamic and migratory processes in these compounds.

The migration of s-bonded silyl fragments over indenyl sur-
faces was first reported over three decades ago.3 The mech-
anism of this silicon migration can be explained by two
successive [1,5]-sigmatropic shifts; molecule (S)-1 intercon-
verts to its enantiomer (R)-1 via the iso-indene intermediate
2 (Scheme 1).4 The aromaticity is lost in 2 and this highly
reactive non-aromatic intermediate rapidly isomerizes to
the more stable structure. While this intermediate is unstable
it can be trapped with tetracyanoethylene as the Diels–Alder
adduct 3.5

The experimentally determined barrier energy for [1,5]-
shifts in 1 isw25 kcal mol�1.3a,c In earlier work it has been
demonstrated that the activation energy for the [1,5]-sila-
tropic shifts in indenyl moieties can be decreased by 3–
7 kcal mol�1 by fusing aromatic rings to the system.6

Likewise, the activation energies for the [1,5]-silatropic
shifts in several monosilyl substituted indene derivatives
have been determined previously,7 while just in few cases
the corresponding shifts in disubstituted indenes have been
studied. Davison and Rakita reported the activation energy
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for such [1,5]-silatropic shifts in 1,2-bis(trimethylsilyl)-
indene (26 kcal mol�1)3c and 1-trimethyl-2-methylindene
(26.5 kcal mol�1),3d,e whereas the activation energy for sili-
con migration in 1,3-dimethyl-1-(trimethylsilyl)indene was
reported by Stradiotto et al. (23 kcal mol�1).8 In the previous
work, attempts have been made to determine the activation
energies for the corresponding shifts in both 1,3-bis(tri-
methylsilyl)indene [(R/S)-9, vide infra]3c and bis(trimethyl-
silyl)benz[e]indene6a by variable temperature or single
selective inversion NMR technique. However, in neither of
the cases could the coalescence temperature or the exchange
of protons be observed.

In the context of our recent studies on the synthesis and
functionalization of alkenyl substituted indenes9 we have
prepared the racemic bis(silyl)indenes (R/S)-4 and (R/S)-7
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Scheme 1. [1,5]-Sigmatropic shifts in silyl substituted indenes.
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as displayed in Schemes 2 and 3, respectively.9b In both the
cases, the initially formed, geminally substituted compounds
5 and 8 are expected to rearrange to their predominant 1,3-
disubstituted analogues via [1,5]-silatropic shifts. When,
however, the isolated 1:0.04 mixture from the synthesis of
(R/S)-4 and 5 was subjected to the Grubbs’ second gen-
eration ruthenium metathesis catalyst (NHC)(PCy3)Cl2Ru¼
CHR,10 instead of the expected 1,3-ring bridged product, the
only ring-closure product spirocyclic 1,1-substituted indene
6 was isolated and obtained in fair yield (17%) (Scheme 2).9b

Thus, during the course of the ring-closure, the amount of
the 1,1-substituted compound must have been enriched.
An alternative driving-force is that the seven-membered
ring is more easily formed than the corresponding nine-
membered ring, as only a slight bias in product stability
would be required, even if the equilibrium is in favor of
the 1,3-substituted form of (R/S)-4. It could also be con-
sidered that the 1,3-substituted isomer ring closes directly
followed by the silatropic shifts, although this can be
considered highly unlikely due to the imminent strain in
the hypothetical nine-membered ring formed at first.9b
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Scheme 2. [1,5]-Silatropic shifts in (R/S)-4/5 and the corresponding ring-
closing metathesis reaction with Grubbs’ second generation catalyst.
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Scheme 3. [1,5]-Silatropic shifts in (R/S)-7/8 and (R/S)-9/10.
Considering the scarce amount of reports on silyl migration
in disilylindenes3c,6a prompted us to study the energy and
equilibrium profiles of the (R/S)-4/5 mixture. By evaluation
of the activation energy for the silyl migration in this system,
we wished to determine whether the second silyl group facil-
itates the conversion between the two isomers by decreasing
the activation energy for migration. This, in turn, could be
the facilitating factor for the formation of the 1,1-spiro prod-
uct in the metathesis reaction.11 Studies of the equilibrium
between (R/S)-4 and 5 should also give more insights into
the concentration of the geminal form, which is a precursor
to the spiro compound 6.

We present here a detailed study on the [1,5]-silatropic shifts
in (R/S)-4/5, as well as its close analogues 1,3-/1,1-bis(hex-
enyldimethyl)silylindenes (R/S)-7/8 and 1,3-/1,1-bis(tri-
methylsilyl)indenes (R/S)-9/10. The equilibria between the
geminally and 1,3-substituted forms were studied with ad-
vanced NMR spectroscopic techniques and the connection
between the equilibrium constant and free-energy was
used to determine the direction of the reaction and the ener-
getic difference between the equilibrating isomers. In addi-
tion, changes in enthalpy and entropy in the equilibria
were determined. The activation parameters and thermo-
dynamical equilibria were also obtained computationally
by using density functional theory.

2. Results and discussion

2.1. NMR spectroscopic studies

The equilibrium constant at a given temperature was deter-
mined by dissolving the compound in question in 1,1,2,2-tet-
rachloroethane-d2, letting the sample reach the thermal
equilibrium and integrating the peaks corresponding to ole-
finic CH-resonances in the five-membered rings of both iso-
mers. The equilibrium constants for dialkenylsilylindenes
(R/S)-4/5 and (R/S)-7/8, and for 1,3-/1,1-bis(trimethylsilyl)-
indene (R/S)-9/10 were measured at several temperatures
between 64.5 (337.7 K) and 108.4 �C (381.6 K). By utilizing
the basic equations of thermodynamics, the enthalpy change
for the equilibrium was calculated from the slope of the
straight line obtained by plotting ln K versus 1/T (Table 1).
In addition, the changes in free-energy and entropy for the
(R/S)-4/5, (R/S)-7/8, and (R/S)-9/10 equilibria were calcu-
lated at 64.5 �C (337.7 K) (Table 1).

As expected, the enthalpy changes for (R/S)-4/5, (R/S)-7/8,
and (R/S)-9/10 were of the same order of magnitude. The
DH obtained for the 1,3-/1,1-bis(trimethylsilyl)indene (R/
S)-9/10 equilibrium (0.44 kcal mol�1) differs from the value
reported earlier (2.1 kcal mol�1).3c However, in contrast to

Table 1. Equilibrium parameters for (R/S)-4/5, (R/S)-7/8, and (R/S)-9/10

Equilibrating
isomers

DH
(cal mol�1)a

DG
(kcal mol�1)b

DS
(cal mol�1 K�1)b

(R/S)-4/5 �465 1.1 �4.5
(R/S)-7/8 �402 1.3 �5.0
(R/S)-9/10 �436 0.4 �2.4

a Error limit for DH�1 cal mol�1 based on linear regression analyses.
b Determined at 64.5 �C (337.7 K).
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the earlier report, we observed that the rate of the [1,5]-sila-
tropic shifts in these disilylindenes is very low, taking hours
to reach the thermal equilibrium at low temperatures. The
earlier work by Davison and Rakita reports that the equilib-
rium for (R/S)-9/10 was reached in approximately 5 min.3c

The difference in DH reported for this compound by us
and Davison and Rakita most likely stems from the fact
that in the earlier work the thermal equilibrium had not
been reached at the time the equilibrium constants were
measured.

All the values of free-energy were positive indicating that the
reaction is favored toward the 1,3-disubstituted product
(Schemes 2 and 3). This verifies the assumption that the ini-
tially formed, geminally substituted disilylindene rearranges
to the 1,3-substituted analogue.9b By comparing the DG
values for (R/S)-4/5 and (R/S)-7/8 with the value obtained
for (R/S)-9/10 it can be observed that DG for (R/S)-9/10 is
approximately three times smaller than the values for
(R/S)-4/5 and (R/S)-7/8 (Table 1). Thus, the energy differ-
ence between the geminally substituted compound and its
1,3-substituted analogue is much larger for (R/S)-4/5 and
(R/S)-7/8 than in (R/S)-9/10. Consequently, the equilibrium
concentration of the geminally substituted form is much
larger in the case of 1,3-/1,1-bis(trimethylsilyl)indene
(R/S)-9/10 than in the cases of the dialkenylsilylindenes
(R/S)-4/5 and (R/S)-7/8.

According to Davison and Rakita the (R/S)-9/10 ratio at am-
bient temperature is approximately 1:1 whereas at higher
temperatures the 1,3-isomer predominates.3c Our NMR
studies show that in the case of (R/S)-9/10, the equilibrium
concentration of the geminally substituted isomer indeed
decreases on increasing the temperature but the ratio of 10
at ambient temperature is less than 50%, being approxi-
mately 38%.

The same trend was observed for the dialkenylsilylindenes
(R/S)-4/5 and (R/S)-7/8; the equilibrium is driven toward
the direction of the 1,3-substituted isomer at higher temper-
atures. When (R/S)-4/5 is treated with the Grubbs’ second
generation Ru catalyst at ambient temperature, the formation
of the spiro compound 6 (Scheme 2) can be explained as fol-
lows. While the initial mixture of (R/S)-4/5 only contains 4%
of compound 5, a slow rearrangement toward the equilib-
rium containing approximately 19% of 5 takes place. Com-
pound 5 then directly cyclizes to form 6 in the presence of
the Grubbs’ catalysts.

The dynamic processes can also be investigated by 2D
EXSY NMR where the chemical exchange is detected be-
fore the occurrence of line broadening.12 While the activa-
tion energies for the [1,5]-silatropic shifts in (R/S)-4/5, (R/
S)-7/8, and (R/S)-9/10 are far too high for reaching the coa-
lescence points within the operational temperature limits of
the NMR probe employed (T�134 �C, 407 K), the occur-
rence of the [1,5]-silatropic shifts could nevertheless be
demonstrated by exchange spectroscopy (EXSY). Thus, we
investigated the dynamic behavior of (R/S)-4/5, (R/S)-7/8,
and (R/S)-9/10 by 2D EXSY NMR at several temperatures.
In the cases of (R/S)-4/5 and (R/S)-7/8, the corresponding
cross-signals could not be observed at temperatures below
134 �C (407 K) indicating that the exchange rate is slower
than what is observable on the NMR time scale. The rate
of exchange can be increased by raising the observation tem-
perature, and for both compounds (R/S)-4/5 and (R/S)-7/8
cross-signals between the exchanging C(1) and C(3) protons
were detected by 2D EXSY NMR at 134 �C (407 K) with
0.5 s mixing time. For (R/S)-9/10, however, the exchange
rate is faster and can be detected at lower temperatures pro-
viding cross-peaks between the exchanging C(1) and C(3)
protons at 110 �C (383 K). For comparison with the results
reported earlier, we measured the 2D EXSY spectrum for
trimethylsilylindene (R/S)-1 at 110 �C (383 K) and obtained
clear cross-peaks between the exchanging C(1) and C(3)
protons. Obviously, [1,5]-silatropic shifts take place in
disilyl substituted indenes such as (R/S)-4/5, (R/S)-7/8, and
(R/S)-9/10, but the rates of the rearrangements are slow, es-
pecially in the case of (R/S)-4/5 and (R/S)-7/8. The results
obtained indicate that the activation energy for the silicon
migration in disilylindenes is higher than w25 kcal mol�1,
which is the experimentally determined barrier for [1,5]-
silatropic shifts in (R/S)-1.3a,b Corresponding results were
obtained computationally, as described below.

As a further proof for the silatropic shifts, we attempted to
trap the presumed iso-indene intermediates as Diels–Alder
adducts in analogy to Scheme 1 by using the methods de-
scribed earlier.5b,7a,b After five days of reaction time, only
marginal amounts of the Diels–Alder products were formed
as verified by mass spectrometry.13 This may be due to the
slow rates of the [1,5]-shifts in these compounds at ambient
temperature, or simply the low stabilities of the correspond-
ing iso-indene intermediates.

In the previous synthetic study, we also prepared the 1,3-di-
substituted indene (R/S)-11 having one alkyl and one silyl
substituent (Scheme 4).9b Consequently, it was of interest
to investigate the activation energy for the potential silyl mi-
gration in this compound as well. This could provide further
information on whether the hypothetical equilibrium and si-
lyl migration between (R/S)-11 and (R/S)-12 are either facil-
itated or slowed down by replacing one silyl group in the
indenyl five-membered ring with an alkyl chain. Accord-
ingly, 2D EXSY experiments were carried out at tempera-
tures ranging from 100 to 134 �C (373–407 K) yielding no
observable cross-peaks, most likely due to the slow reaction
rates for [1,5]-shifts in these compounds. Thus, the activa-
tion barrier for [1,5]-silatropic shifts in (R/S)-11 is much
higher than in (R/S)-4/5, (R/S)-7/8, and (R/S)-9/10, which
all bear in common two silyl subsituents. A possible contrib-
uting factor for the higher activation energy in (R/S)-11 is
the increased steric crowding in the 1,1-substituted analogue
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Scheme 4. Potential [1,5]-Silatropic shifts between (R/S)-11 and (R/S)-12.
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(R/S)-12 resulting from the shorter bond length of the C–C
(approx. 1.53 Å) bond as compared to the corresponding
C–Si (approx. 1.87 Å) bond in compounds 5, 8, and 10.
This in turn could somewhat increase the energy difference
and barrier for migration between the positional isomers
(R/S)-11 and (R/S)-12.

2.2. Computational studies

Theoretical calculations of some silyl shifts were carried out
for comparison with the experiments. The transition state
energies, enthalpies, entropies, and the reaction Gibb’s ener-
gies (DGz, DSz, DHz, and DG, respectively) were calculated
at 1 bar and 51.9 �C (325 K) for (R/S)-1, (R/S)-4/5, (R/S)-9/
10, and 1-trimethylsilyl-2-methylindene (R/S)-13 (Fig. 1).
The results are given in Table 2. The earlier published
activation energies for the [1,5]-silatropic shifts in (R/S)-1
and (R/S)-13, determined using the variable temperature
NMR technique, are well in line with our computational
results.3a,c–e However, the theoretical calculations predicted
rather different thermodynamic equilibria for (R/S)-4/5 and
(R/S)-9/10 (DG¼8.9 and 4.1 kcal mol�1, respectively) com-
pared to the results obtained experimentally.14

The transition state energy DGz increases with the number or
bulkiness of the substituents. The transition state energies for
the [1,5]-silicon shifts are comparable to the experiment’s,
varying from 25.8 for (R/S)-1 to 30.1 kcal mol�1 for (R/S)-
4/5. The iso-indene intermediate structures resulting from
[1,5]-silicon shifts in (R/S)-9/10 and (R/S)-4/5 are very un-
stable with DG being at 51.9 �C (325 K) and 1 bar, 21.1
and 28.2 kcal mol�1 compared to 9 and 4, respectively.
The corresponding DG for the equilibria between (R/S)-1
and (R/S)-13 is also high, being 17.3 and 26.0 kcal mol�1,
respectively. This is understandable, since the aromatic
nature of the indene structure is lost in the iso-indene inter-
mediates. As there exists two energetically different [1,5]-
silatropic shifts in (R/S)-9/10 and (R/S)-4/5, there are also
two different transition states. The second transition state be-
tween the iso-indene intermediate and the geminal isomer is
always the rate determining step being approximately
4 kcal mol�1 higher than the first transition state in (R/S)-
9/10 and (R/S)-4/5.

Si

(R/S)-13

Figure 1. 1-Trimethylsilyl-2-methylindene (R/S)-13.

Table 2. Activation parameters for the [1,5]-silatropic shifts in (R/S)-1,
(R/S)-4/5, (R/S)-9/10, and (R/S)-13 calculated at the B3LYP/cc-pVDZ level

Equilibrating
isomers

DGz

(kcal mol�1)
DSz

(cal mol�1 K�1)
DHz

(kcal mol�1)

(R/S)-1 25.8 �4.2 24.4
(R/S)-13 28.0 �6.2 26.0
(R/S)-9/10 29.6 �6.3 27.6
(R/S)-4/5 30.1 �5.7 28.2
3. Summary and conclusions

We have presented here the equilibrium profiles for [1,5]-
silatropic shifts in a series of disilyl substituted indenes by
determining the equilibrium constants for these migrations
at several temperatures. The equilibrium parameters for bis-
(trimethylsilyl)indene (R/S)-9/10 are well in line with the
results published earlier.3c For the di(alkenylsilyl)indenes,
however, the activation energies were higher than what we
expected at the outset of this study, based on purely sterical
arguments. In the cases of (R/S)-4/5 and (R/S)-7/8, both of
which contained silyl substituents larger than TMS, the gem-
inally substituted 1,1-isomer became considerably more
unfavorable than in the case of the 1,1-TMS-substituted
analogue 10. The equilibrium amounts of the 1,1-substituted
compounds 5 and 8 at ambient temperature were under 20%
compared to 38% of 10 under the same migratory condi-
tions. The larger substituents at silicon thus bear a consider-
able effect on both the equilibrium and the energetic
differences between the exchanging isomers. Additionally,
we studied the [1,5]-silatropic shifts in (R/S)-4/5, (R/S)-7/
8, and (R/S)-9/10 by utilizing 2D EXSY NMR techniques.
It can be concluded that the activation energies for (R/S)-4/
5, (R/S)-7/8, and (R/S)-9/10 were higher than the activation
energy for 1-(trimethylsilyl)indene (R/S)-1. A similar trend
was also observed computationally. The additional silyl sub-
stituent in position C(3) of the indene increases the barrier
for silicon migration. The activation barrier for migration
is further increased by replacing one of the silyl substituents
with an alkyl group as in (R/S)-11. In this case, the rate of the
[1,5]-silatropic shifts was lower than could be detected with
the NMR techniques available. The computational studies
verify the conclusions made from the 2D EXSY experi-
ments. The additional silyl substituent at C(3) position pos-
sibly unstablilizes the iso-indene intermediate leading to an
increase in the activation energy for the [1,5]-silatropic shift
in disilylindenes. The substituents on the silicon do not
significantly affect the activation energy, the difference in
activation energy of (R/S)-4/5 and (R/S)-9/10 being only
0.5 kcal mol�1, as determined by the calculations.

4. Experimental

4.1. General considerations

The compounds investigated, (R/S)-4/5,9b (R/S)-7/8,9b (R/S)-
9/10,3c (R/S)-11/12,9b and 1H-inden-1-yltrimethylsilane (R/
S)-1,15 were prepared as previously described. NMR spectra
were recorded using a Bruker Avance 600 (1H NMR
600 MHz) spectrometer equipped with Magnex 14.1 T stan-
dard bore superconducting magnet and Bruker Avance 400
(1H NMR 400 MHz) spectrometer equipped with Oxford
9.4 T standard bore superconducting magnet. The probe
used in all the experiments was Bruker 5 mm straight broad
band BBO-probe with z-gradient. In all the cases, NMR
spectra were referenced against residual 1H-impurities in
the solvent. The NMR spectra were recorded in d values
with 1,1,2,2-tetrachloroethane-d2 as the solvent. Sample
temperatures were maintained throughout the measurements
by using the Bruker BVT-3000 temperature controlling unit
with BCU-05 precooling unit. The temperature calibration
of the instrument was performed externally by using 80%
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ethylene glycol in DMSO. The mass spectrometric analyses
of the Diels–Alder products were performed on an Agilent
1100 Series LC/MSD SL Trap Instrument. The compounds
were analyzed by direct inlet infusion to the source by a
syringe pump at a rate of 5 mL min�1 and at a concentration
of about 10 mg mL�1. The operation parameters were as
follows: drying gas temperature, 325 �C (598 K); drying
gas flow rate, 5 L min�1; nebulizer gas pressure, 15 psi.
The instrument was operated in positive mode.

4.2. 2D EXSY measurements

2D EXSY spectra were recorded in the phase-sensitive mode
using the pulse sequence for NOESY (90�–t1–90�–tm–90�–
ACQ).12 In a typical experiment, 256 increments were re-
corded in the f2 dimension in 2K data points. Each increment
was acquired in 8–16 scans over a 6.8 kHz spectral width.
The acquired data were Fourier transformed with qsine win-
dow function in both f1 and f2. The relaxation delay was set
to 2 s. Experiments were carried out at temperatures ranging
from 100 to134 �C (373–407 K) using 1,1,2,2-tetrachloro-
ethane-d2 as the solvent. Mixing times ranging from 0.3 to
3 s were used. The best results were obtained with a 0.5 s
mixing time.

4.3. Computational details

All of the stationary points on the potential energy surfaces
were optimized at the DFT level of the theory. The Becke
three-parameter hybrid method16 with the Lee–Yang–Parr
correlation functional approximation (B3LYP)17 and the
Dunning correlation consistent polarized valence double-x
(cc-pVDZ) basis set were used.18,19 All the calculations
were carried out spin restricted. Vibrational analyses were
carried out at the same level of theory to prove that the opti-
mized structures are true minima (as no negative frequencies
were found) or transition states (when only one negative fre-
quency was found relevant to the silicon shift). Vibrational
analysis (scaled by 0.9806,20 1 bar, 325 K) provided also
thermodynamic contributions to the electronic energies to
obtain DGz, DSz, DHz, and DG. In the case of (R/S)-4/5,
potential minima conformations with respect to the allyl
substituents were optimized by a grid search using Sybyl
7.1 software21 and Tripos force field as implemented in the
software. Found minima structures were used as starting
geometries for the DFT optimization. All calculations were
done with the Gaussian98/03 software.22
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