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Isotopic Perturbation of Degeneracy. A New
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Abstract: A new technique which enables one to distinguish between unsymmetrically bonded, rapidly exchanging systems and
symmetrically bound ones is applied here to an organometallic system. The degenerate equilibrium for rearrangement in the
(n!-CsHs)Sn(CH3); complex is perturbed by deuterium incorporation. Chemical-shift differences observed in the 13C spectra
between the perprotio species and the monodeuterio species are temperature dependent. The 13C NMR of 1,1’-bisdeuteriofer-
rocene, in contrast, is not found to be temperature independent, as expected for a system with no degenerate equilibrium to be

perturbed.

The perturbation of rapid, degenerate equilibria by isotop-
ic substitution can be readily detected by 13C NMR spec-
troscopy owing to the large chemical-shift splittings in the
isotopic molecules of peaks which are averaged to single lines
in the unlabeled systems by rapid interconversions.! As might
be expected, symmetric nonequilibrium systems are perturbed
very much less by isotopes.? The investigation of isotope effects
on 3C spectra arising from deuterium incorporation thus
provides a valuable new method for distinguishing symmetrical
from unsymmetrical bonding patterns.> We will demonstrate
here that this is a straightforward technique for distinguishing
a fluxional n!-CsHs ring from a #5-CsHs ring.

Rapid migration of the metal around the ring in many
n'-cyclopentadieny! complexes results in averaging in the
NMR spectrum of both the ring protons and the ring carbons
to a single sharp resonance at room temperature.*> Thus, the
observation of a single carbon peak for a cyclopentadienyl
group cannot be considered prima facie evidence for a 75-cy-
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clopentadienyl ring. Lowering the temperature in a monohapto
system sometimes produces a spectrum which shows broad-
ening and eventual resolution into the AA’BB’X pattern in the
TH NMR spectrum or a three-line pattern in the proton-de-
coupled carbon spectrum characteristic of a #! ring. If, how-
ever, the barrier is sufficiently low so as to prevent the obser-
vation of line broadening at accessible temperatures, this
method fails. In some of these cases where NMR spectroscopy
has not been able to make a distinction between #'- and
n3-bonded rings, infrared spectroscopy® and crystallography
have been able to clarify the issue.

In order to illustrate this new technique for making a dis-
tinction between 7!- and n3-cyclopentadienyl rings by !3C
NMR spectroscopy, we will consider the effect of an isotopic
perturbation of the rearrangement of a monohaptocyclopen-
tadienyl metal complex. In the MCsHs system, the metal could
be attached to each of the five positions on the ring with equal
probability. Thus the equilibrium constant (K) for attachment

© 1980 American Chemical Society
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to carbon 2 vs. carbon 1 would be one. Thus, we could define
K for each of these systems as follows:

8O0 D-C

Kcsus) = (21/(1] = (3]/(1] = [4]/01] = [5]/(1] = 1.0 (1)

When a deuterium atom is substituted for one of the ring
hydrogens, these equilibrium constants are no longer unity.
Since the deuterium isotope effect is due to changes in zero-
point energy, we will simplify the problem by assuming that
the stretching and bending force constants for the olefinic
protons are equal but differ significantly from the proton on
the carbon to which the metal is attached. With this simplifying
assumption, one would expect the equilibrium constant to be
the same for each deuterated olefin.

@\M “/9
bid | % 9| o4 58
D D D D

K(csnupy = (2d]/({1d] = [3d]/[1d] = [4d]/[1d]
= [5d]/(1d] = 1.0 (2)

A similar structural difference is the origin of an equilibrium
isotope effect on the Cope rearrangement in deuterated biallyl.®
In this case, the equilibrium isotope effect (due to four H-D

pairs) is 1.41 for the reaction.
< > — 7 \
\ / — < >

% P % D

We wish to examine the effect of deuteration on the 13C
NMR spectrum. Even in a symmetric, nonfluxional system
one would expect the introduction of deuterium to shift the
resonance of the deuterated carbon upfield relative to the protio
compound about 0.2-0.4 ppm.2 For example, each deuterium
introduced into the methyl group of toluene produces an up-
field shift of 0.21 ppm/D atom.® The shift of the directly
substituted carbon is termed the « intrinsic isotope shift.
Smaller shifts are observed on nearby carbons; there is a 8
intrinsic shift for the carbon adjacent to the D-substituted
carbon atom and a 7 shift for the next, etc. All of these intrinsic
shifts have been found to be smaller than 0.5 ppm and can be
predicted fairly accurately from consideration of model com-
pounds.

Much larger effects are produced by the perturbation of
equilibria by isotopes. The isotopically induced 13C splittings
in carbonium ions which are due to isotopic perturbation of
equilibrium are as large as 100 ppm.! These large effects are
due to a combination of large chemical-shift differences be-
tween the carbons interchanged by the reaction and a signifi-
cant isotope effect. The analogous shifts in organometallic
systems can be predicted by considering the unperturbed shifts
in limiting low-temperature spectra of (7°-CsHs)Fe-
(CO)1(n'-CsHs),'0 (n'-CsH;s)Si(CH3),'! and (n'-CsHs)-
Ge(CH3)3.12 These were assigned for the protio compound as
follows.

M 525 1340
2 1483 M s21 1338
=T W — R e~
c/‘ Me/
° Me 4 e 8
8 é Me
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As the temperature is raised and site exchange becomes
rapid, the lines would broaden and finally average to produce
a single resonance at the position determined by the population
weighted average of all the original lines. Thus the averaged
resonance position would be expected as follows, if one assumes
that the resonance of the metal-substituted carbon would occur
at 30 ppm and the olefinic carbon would appear at 130

ppm. 13

((1 X 30) + (1 X 130) + (1 X 130) + (1 X 130)
+(1X130))/5=110=6y (3)

In the case of the monodeuterio compound the relative popu-
lations in each site would no longer be the same and the average
for the deuterated carbon would be as follows:

((1 X 30) + (K X 130) + (K X 130) + (K X 130)
+ (K X 130))/(1 + 4K) = 6p  (4)

If the isotope effect were about 1.1, a typical value for a deu-
terium isotope effect, the shifts would differ by approximately
2 ppm. It is convenient to define the quantity &g as the differ-
ence between the shift in the perprotio and monodeuterio
species arising from the perturbed equilibrium (i.e., the ex-
perimentally observed shift, 6, corrected for the intrinsic shifts).
Since we are using a '3C spectrometer at 67.88 MHz, these
shifts should be expected to be about 100 Hz. Therefore, it
should be straightforward to distinguish a rapidly rearranging
n'-CsHs ring from a n3-CsH ring which would show only the
normal intrinsic isotope effect of ~10-20 Hz.

The equilibrium constant can be extracted most conveniently
from the chemical-shift difference of the carbon bonded to the
metal and the olefinic carbons of the monodeuterated cyclo-
pegtadienyl ring in the fast exchange limit [i.e., 6’ = dg(a)
— 0g(

A
M /]
— =
A (e
| ¥
D D
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) /
SN e N
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The chemical shift of a particular carbon is the weighted
average of the shifts of that carbon in the compounds under-
going rapid interconversion. Specially, for the o carbon
(1d]A4 + [2d]B + [3d]C + [4d]C + [5d]B 5)

(1d] + [2d] + [3d] + [4d] + [5d]
where A4, B, and C are the chemical shifts of the perprotio
C

op(a) =
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Figure 1, The proton-coupled !3C NMR spectrum of the cyclopentadieny]
ring of the 1:1 mixture of (3-CsH,D),Fe to (n°-CsHs),Fe at 67.88 MHz
at 25 °C in acetone. The broad 1:1:1 triplet upfield of the center of the
doublet is assigned to the carbon directly bonded to the deuterium. The
doublet is assigned to the carbons bearing the protons in the #3-CsHsD
and n3-CsHs ring of ferrocene. In this spectrum the 8 and v intrinsic shifts
are not resolved from the perprotio resonance.

7 I I I

116.0 115.0 1140 113.0
Figure 2. The proton-coupled 13C NMR spectrum of the cyclopentadienyl
ring of a 1:4:2 mixture of perprotio-:monodeuterio-:dideuteriocyclopen-
tadienyltrimethyltin at 67.88 MHz at 25 °C in acetone. The broad 1:1:1
triplet downfield of the center of the doublet is assigned to the carbon di-
rectly bonded to the deuterium. The doublet is assigned to the carbons
bearing the protons in the cyclopentadienyl ring. In this spectrum the
shoulder observed on the doublet is due to the dideuterio compound. (n
this spectrum 0g(+y) is not resolved from the perprotio resonances.

complex in the slow exchange limit for the metal, the carbon
next to it, etc. Substitution of [1d]K(csH,p) for [2d], [3d], (4d],
and [5d] reduces this expression for the chemical shift of the
o carbon (the carbon bearing the deuterium) to!3

A+2K(B+C
op(a) = A+ KB+ C)
1 +4K
For the 8 carbon,!3 the carbon next to the deuterium-substi-

tuted carbon of M(CsHsD), substitution gives the fol-
lowing:

(6)

B+ 2KC+ K(A+ B)

= 7
6e(3) [T iK )
and likewise for the v carbon:!3
_C+2KB+K(A+C)
OE(Y) [+ 4K (8)
The difference between eq 6 and 7 gives
A—B—-—K(A-B
Fla — B) = bx(e) — 8x(8) = =B (o

1+4K

Defining the separation between the metal-substituted and
olefinic carbons (A-B) of the perprotio complex in the slow
exchange as A,13 the above equation is further simplified to
. A—-e(a—B)

A+ 45'E(Ol - 6)

Also one should note that the deuterated carbon should show

the largest perturbed shift, g, but the others should show a
compensating shift in the opposite direction of —dg/4. Re-

(10)

Journal of the American Chemical Society / 102:7 | March 26, 1980

Figure 3. The proton-decoupled '3C NMR spectrum of the cyclopenta-
dienyl region of a 2:1 mixture of perprotio- and monodeuteriocyclopen-
tadienyltrimethyltin at 67.88 MHz at 25 °C in acetone.

gardless, the overall effect is that a large isotopic splitting
corresponds to a fluxional system and can be readily used to
identify fluxional molecules with low barriers.

In order to illustrate and test the method we have investi-
gated two key systems for which the structures are known. The
proton-coupled 13C spectrum of 1,1’-bisdeuterioferrocene is
shown in Figure 1, wherein the « intrinsic isotope effect of 12
Hz in the deuterated carbon (center triplet) can be noted by
its slight upfield shift relative to center of the doublet due to
the other carbons, split by the large C-H coupling (177 Hz).!4
In the (n!-CsH4D)Sn(CHj3); spectrum show in Figure 2, a
clear downfield shift of 22 Hz of the deuterated carbon is seen
relative to the centroid of the protonated carbons. Corrected
for the intrinsic shifts this corresponds to an apparent ¢’g of
35 Hz.13:16

Since the shift is downfield, the isotope effect, Ky/Kp, of
approximately 0.96 at 25 °C based on eq 10 demonstrates a
deuterium preference for the olefinic carbon relative to the
metal-substituted carbon.!’

Reference to the proton-decoupled spectrum in Figure 3
indicates that the 8 and <y carbons are actually resolved.!¢
Although this could arise from a difference in equilibrium
constant, it most probably arises from a difference in the
chemical shifts of the B and C carbons in the static spectrum
of approximately 20 ppm.!8 Thus the A in eq 10 should refer
specifically to the A — B difference; however, K is not a sen-
sitive function of A.

The more accurate shifts provided in the decoupled spectra
give 6(a — 8) = 24.9 Hz, which on corrections for the intrinsic
shifts!6 gives 6’'g(a — 3) = 40 Hz and K = 1.034 assuming A
=~ —90 ppm.

To confirm that the unusual downfield shift in the 13C NMR
of the (CsH4D)Sn(CH3); complex is, in fact, due to the per-
turbation of an otherwise degenerate equilibria, the temper-
ature dependence of the '3*C NMR of both (#°-CsH4D),Fe and
(n'-CsH4D)Sn(CH3); was examined. As expected, only for
the tin complex, being an equilibrium mixture of three different
isomers (1d, 2d or 5d, and 3d or 4d), was the spectrum seen to
change with temperature. Over a 79 °C temperature range we
observed a significant increase (from 11 to 17 Hz) in 6(y — )
for the (9!-CsH4D)Sn(CH3)3 complex on lowering the tem-
perature. In the 1,1’-bisdeuterioferrocene over a similar tem-
perature range, no change in 6(« — ) was observed. This is
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consistent with a symmetrically bound, nonexchanging
13-CsHyD ring of the ferrocene complex.

The temperature independence of the spectrum of the
13-CsHyD ring in ferrocene as compared with the temperature
dependence of the #!-CsH4D ring in the tin complex is quite
indicative. The temperature-dependence data for the tin
complex are complicated by decomposition at high tempera-
ture, but approximate values of AH = —0.32 cal/mol and AS
= —0.11 cal/mol.deg were obtained.

Experimental Section

Mass spectra were taken on a Hitachi Perkin-Elmer RMU-6
spectrometer. Deuterium incorporation was measured to +3%. The
13C NMR spectra were obtained on a Bruker HX-270 at 67.88 MHz.
Temperature calibration for the 13C NMR was performed with a
2-chlorobutane standard sample.

All solvents were distilled before use. All complexes were handled
under a nitrogen atmosphere except for TI(CsH4D) and ferrocene.
Trimethyltin chloride was purchased from Ventron Corp. and was
used without further purification. All thallium cyclopentadienide was
sublimed before use.

Preparation of Compounds. 1,1’-Bisdeuterioferrocene. The 1,1'-
bisdeuterioferrocene was synthesized from perprotioferrocene by
proton abstraction using s-butyllithium in dry hexanes containing
TMEDA as described in the literature.2® The resulting dianion was
then quenched with excess DO giving 1,1’-bisdeuterioferrocene in
90% yield after chromatography.

Thallium Cyclopentadienide. Thallium cyclopentadienide was
synthesized by combining 15 mL (0.18 mol) of freshly distilled cy-
clopentadiene to an aqueous mixture of 8.8 g (0.21 mol) of NaOH and
55.2 g (0.11 mol) of T1,SO4. The mixture was allowed to stir at room
temperature for 24 h, Sublimation of the resulting precipitate at 90
°C gave an 81% yield at TI(CsH3s).

(CsH4D)TL The following reaction sequence was found to be the
most efficient method for monodeuterating TI(CsHs).

THF
1. TI(CsHs) + excess HCl/DCl —TICl + CsHsD
THF
2. CsHsD + n-butyllithium — Li(CsH4sD)+ CsHo

THF
3. Li(CsH4D) + 14T1,804 — TI(CsH4D) + 15Li5S0,

In the first reaction a 1:1 mixture of DCI-HCI was generated from
PCls and a 1:1 D,O-H;0 mixture. When 100% D>O was used, a
substantial percentage of the dideuterio complex was found. The ex-
cess DCI-HCI remaining after the first reaction was eliminated by
the addition of an excess of finely powdered dry K2COj;. The solids
were removed by centrifugation before the addition of n-butyllithium
to the THF-cyclopentadiene solution. The third reaction was stirred
at room temperature for 24 h. The addition of distilled water to the
THF solution followed by the sublimation of the precipitate at 90 °C
gave a 40% yield (based on TI(CsHs)) which was found by mass
spectroscopy to the 61% perprotio, 36% monodeuterio, and 3% di-
deuterio.

(CsH4D)Sn(CH3)3. Cyclopentadienyltrimethyltin was synthesized
by refluxing 1.1 g (5.5 mmol) of Sn(CH3)3Cl and 1.5 g (5.5 mmol)
of TI(CsH4D) in freshly distilled THF for 3 h. The TICl was separated
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by centrifugation and the solvent removed by vacuum. The resulting
tin complex was sufficiently pure for 13C NMR spectroscopy.
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