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Abstract: The kinetics of the reactions of the tropylium ion (1) and the (tricarbonyl)iron-coordinated tropylium
ion (6) with allylsilanes, allylstannanes, and other uncharged nucleophiles were studied photometrically and
conductometrically. The second-order rate constants were independent of the counterions, indicating rate-
determining carbon-carbon bond formation. The electrophilicity parameters of the (tricarbonyl)iron complexes
of the tropylium ionE(6) ) -3.81( 0.24 and of the dihydrotropylium ionE(22) ) -9.88 indicate that the
former is 105-106 times more reactive toward nucleophiles. Comparison with the electrophilicity parameter
of the free tropylium ionE(1) ) -4.62 ( 0.57 shows that coordination by Fe(CO)3 affects its electrophilic
reactivity only slightly. Density-functional calculations are used to rationalize the relative reactivities in terms
of thermodynamic effects and frontier orbital interactions. On the basis of the linear free enthalpy relationship
log k ) s(E + N) one can predict that the free and the Fe(CO)3-coordinated tropylium ion react with nucleophiles
(N > -1) at room temperature.

Introduction

The high stability and low electrophilic reactivity of the
tropylium ion1 has been rationalized by its planar delocalized
aromatic 6π electron system.1,2 It is readily produced by
reactions of cycloheptatriene (2) with hydride abstractors, e.g.
the tritylium ion (3)3,4 (eq 1). In contrast, the (tricarbonyl)iron
complex of cycloheptatriene (4) reacts with tritylium ions (3)
with formation of a new CC bond5,6 (eq 1).

Since analogous alkylations can be expected for substituted
cycloheptatriene complexes, e.g.7, the reaction sequence6 f
7 f 8 may provide a new and general access to vicinally

substituted cycloheptatrienes (eq 2). It is the topic of this work
to elucidate the scope and limitations of the first step of this
sequence.

As we have previously shown, the rates of the reactions of
cationic electrophiles with uncharged nucleophiles (alkenes,
arenes, allylsilanes, etc.) are given by eq 3, whereE is a
reactivity parameter for the cationic electrophiles, whileN and
s are reactivity parameters of the nucleophiles.7 Because thes

andN parameters are known for most classes ofπ-nucleophiles,7

knowledge of the electrophilicity parameterE of cation6 would
allow one to select potential nucleophilic reaction partners for
it. We, therefore, set out to measure the rates of the reactions
of 6 with some reference nucleophiles (i.e., compounds with
known N and s values), to determine the electrophilicity
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parameterE(6). For comparison, the electrophilicity parameter
of the free tropylium ion (1) was also determined.

Results

Preparation and Characterization of (C7H7)Fe(CO)3+ (6).
As mentioned above, the tricarbonyliron cycloheptatriene
complex4 does not undergo the typical hydride transfer reaction
with Ph3C+. Dauben has shown that the reaction of4 with Ph3C+

leads to tritylation (f5) and not to the formation of6.5 Access
to the tropylium complex6 has been reported, however, to be
possible by acid treatment of9a,8 9b,8 or the corresponding
thioethers9 (eq 4).

Our attempts to obtain the complex9a by reaction of 7-
methoxycycloheptatriene (16) with Fe2(CO)9 in refluxing diethyl
ether as described in the literature8,10 gave a complex mixture
of products from which only 6% of the diiron complex1011,12

could be isolated by chromatography (silica gel, toluene/hexane).
Ultrasonification of a solution of 7-methoxycycloheptatriene (16)
and Fe2(CO)9 in toluene13 did not yield9a14 but a mixture of
compounds, from which 8% of11 was isolated by chromato-
graphy on alumina (Chart 1). The absence of the methylene
resonance in the13C NMR spectrum of the crude product
indicates that11 was formed during the chromatographic
purification.

Preparation of the tropylium complexes6-X was finally
achieved by ionization of the cycloheptatrienol complex9b,8

which was synthesized via1315-18 as described in Scheme 1
(for details see Supporting Information).

Cation 6 is known to exist as a set of equilibratingη5-
coordinated complexes6a/6b/6cetc.8,19 (eq 5), giving rise to
four resonances in the1H NMR spectrum at-80 °C andone
proton resonance at+10 °C.20

In accord with this interpretation and the reported spectra of
monoalkyl substituted tropylium (tricarbonyl)iron complexes,19

we observed a13C NMR spectrum of6-BF4 at-70 °C in which
the two noncoordinated carbons are more deshielded than those
of the pentadienyl fragment (Chart 2). TheCs symmetry of the
complex is also indicated by quantum-chemical calculations (see
below) and the nonequivalence of the carbonyl resonances.
While attempts to observe coalescence of the signals in acetone-
d6 at elevated temperature led to decomposition of6-BF4 (above
-40 °C), it was possible to obtain a13C NMR spectrum of6-X
at room temperature when trifluoroacetic acid was employed
as the solvent. The observed chemical shift of the cyclohep-
tatrienyl ring (δC 109.1) is close to the average of the
corresponding resonances observed at low temperature (Chart
2). We were not able, however, to detect the13C NMR signals
of the carbonyl groups at room temperature.

Reactions of (C7H7)Fe(CO)3+ (6) and C7H7
+ (1) with

Nucleophiles.The tricarbonyliron complex6-BF4 reacted with
(2-methylallyl)trimethylsilane (14a) and with (2-methylallyl)-
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86, 3589-3590.

(9) Cavazza, M.; Morganti, G.; Pietra, F.J. Org. Chem.1980, 45, 2001-
2004.

(10) Nitta, M.; Nishimura, M.; Miyano, H.J. Chem. Soc., Perkin Trans.
1 1989, 1019-1024.

(11) Complex10 was characterized by1H and 13C NMR and mass
spectroscopy.

(12) Emerson, G. F.; Mahler, J. E.; Pettit, R.; Collins, R.J. Am. Chem.
Soc.1964, 86, 3590-3591.

(13) For analogous preparations of tricarbonyliron diene complexes,
see: Ley, S. V.; Low, C. M. R.; White, A. D.J. Organomet. Chem.1986,
302, C13-C16.

(14) We also failed to synthesize9avia 1-(4-methoxyphenyl)-4-phenyl-
1-aza-1,3-butadiene-catalyzed reactions of 7-methoxycycloheptatriene (16)
with Fe(CO)5 or Fe2(CO)9: (a) Knölker, H.-J.; Gonser, P.Synlett1992,
517-520. (b) Knölker, H.-J.; Gonser, P.; Jones, P. G.Synlett1994, 405-
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Chart 1. 1H NMR Chemical Shifts of the Complexes10
and11 in CDCl3

Scheme 1

Chart 2. 13C NMR Chemical Shifts of the Complex6-BF4
in Acetone-d6 at -70 °C
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Electrophilicities of the Tropylium Ion J. Am. Chem. Soc., Vol. 121, No. 11, 19992419



tributylstannane (14b) in dichloromethane at ambient temper-
ature to give the (2-methylallyl)cycloheptatriene complex15a
in high yield (Scheme 2). The analogous reaction with allyl-
tributylstannane (14c) afforded the complex15b (Scheme 2).
The corresponding reaction of the noncoordinated tropylium ion
1 with (2-methylallyl)trimethylsilane (14a) has already been
reported.21 As shown in Scheme 3, tropylium triflate (1-OTf)
reacts withR-(trimethylsiloxy)styrene (17) to give the ketone
18, which had previously been obtained by treatment of
tropylium tetrafluoroborate (1-BF4) with acetophenone.22 Hy-
dride transfer from triphenylstannane (19) to the tropylium ion
(1) gave cycloheptatriene (2) (Scheme 3), in analogy to the
reported reaction of1 with dimethylphenylsilane (20).23

Stereochemistry of 15a and 15b.While the constitution of
the complexes15aand15bcould completely be elucidated from
their 1H and 13C NMR spectra, there is some ambiguity with
respect to their configuration. The observedJ6,7 ) 4.3 Hz in
compound15a may be considered as weak evidence for the
trans arrangement of the metal and the allyl group, since in the
1H NMR spectrum of the parent cycloheptatriene complex4,
the coupling constants of 6-H with the two protons attached to
C-7 were assigned to beJ6,exo-7 ) 3.5 Hz andJ6,endo-7 ) 4.2
Hz.24 Accordingly, mechanistic considerations suggest the
approach of the nucleophiles14 to the cycloheptatrienyl ring
of 6 from the face opposite to the Fe(CO)3 fragment.17,25

Kinetics. All reactions described in this article followed
second-order kinetics, first order with respect to carbocations

and first order with respect to nucleophiles. The rate constants
were independent of the method of determination26 (conducto-
metry or photometry), in agreement with rate-determining
electrophile-nucleophile combinations followed by rapid con-
secutive reactions to yield neutral products (example in Scheme
4).

The suggested mechanism is supported by the fact that the
rates of the reactions of (2-methylallyl)trimethylsilane (14a) with
1-OTf, 1-ZnCl3, or 1-BCl4 and with6-BF4 or 6-ONf, respec-
tively, were independent of the nature of the counterion (see
Supporting Information). If desilylation were rate-determining,
the different rates of formation of Me3SiOTf, Me3SiCl, and Me3-
SiF would influence the overall rates.

Like other reactions of carbocations with uncharged nucleo-
philes,7a the reactions of the electrophiles1 and6 reported in
this work are characterized by negative activation entropies,
ranging from-75 to -126 J mol-1 K-1 (Table 1).

Comparison of the rate constants determined for the reactions
of 14a with the tropylium ion (1) (k20 °C ) 5.0 L mol-1 s-1)
and with the tricarbonyliron-coordinated tropylium ion (6)
(k20 °C ) 9.1 L mol-1 s-1) indicates that the Fe(CO)3 ligand in
6 has little effect on the electrophilicity of the carbocation. This
conclusion is corroborated by the results of further kinetic
experiments.

The rate constants of the reactions of6 and 1 with further
nucleophiles combined with theN ands parameters7a of these
nucleophiles (Tables 2 and 3) allow the calculation of the
electrophilicity parametersE for the cations1 and6 by using
eq 3. As shown in Table 2, closely similarE values were derived
for 6 from its reactivities toward theπ-nucleophiles14a-c,
indicating that the reactions of6 with these nucleophiles follow
the linear free enthalpy relationship (eq 3).

Analogously, closely similar values ofE(1) have been derived
from the reactions of the tropylium ion (1) with the π-nucleo-
philes 14a and 17 and the hydride donor19. The E value
calculated from the reaction of1 with 20deviates conspicuously.
The reason for this anomaly is unknown, but one can exclude
an experimental error in the rate constant of this reaction, since
similar values of this rate constant have been determined by us
and by Chojnowski.23 As a consequence of the larger set of
kinetic data now available, it is possible to base the determi-
nation of E(1) exclusively on reactions of1 with reference
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Scheme 2

Scheme 3

Scheme 4
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nucleophiles with well-establishedN ands parameters (Table
3). TheE parameter of the tropylium ion thus calculated is 0.5
unit larger than the originally derived value, which was

predominantly based on reactions of1 with hydrides and
amines.7a

Comparison of the averagedE values derived from Tables 2
and 3 again leads to the conclusion that the tropylium ion (1)
and its tricarbonyliron-coordinated analogue (6) differ little in
electrophilicity.

Since our model aims to compare reactivities of different
molecules and not of different positions, we generally omit
statistical corrections. If the reactivity of one position in1 were
compared with the reactivity of one position in6, a slightly
higher reactivity of6 over 1 would be derived, which would
not affect our conclusion.

In their comprehensive kinetic investigations on the reactions
of metal-π-complexes with nucleophiles, Kane-Maguire and
Sweigart have also included the tropylium complexes of the
12e fragments Cr(CO)3, Mo(CO)3, and W(CO)3.30,31These data
allow us to calculate the electrophilicity parametersE ) -9.3
to -10.2 for theseη7 complexes,32 indicating a strongly reduced
electrophilicity compared to the free tropylium ion1.

Previous work of this group33 has shown that the dihydro-
tropylium complex22 is also less electrophilic than6 by 6 orders
of magnitude.

DFT Calculations. To rationalize these widely differing
reactivities, we have performed computations at a gradient-
corrected level of density-functional theory (DFT), denoted
BP86/AE1. This or comparable levels have been shown to afford
reliable geometries and energies of transition-metal com-
pounds.34,35 In accord with experimental findings (see above),
theη5 structure6 is a minimum on the potential energy surface
in Cs symmetry (Figure 1, top), while the Cr(CO)3 complex21
(Figure 1, middle) adopts aη7 coordination with an essentially
planar C7H7 moiety. Saturation of the noncoordinated double
bond of 6, affording 22, has little effect on the coordination
geometry about Fe (Figure 1, bottom). The calculated minimum
structure of22 shows a normal C(sp3)-C(sp3) bond length
(1.534 Å) and a staggered conformation of the ethano bridge
(Figure 1, bottom). In contrast, a nearly eclipsed conformation
of the ethano bridge and very short C(sp3)-C(sp3) distances
(down to 1.400 Å) were reported for the solid state of22-BF4.36

A possible explanation for this apparent discrepancy is torsional
vibrational averaging in the solid state.37

(27) Ritchie, C. D.; Fleischhauer, H.J. Am. Chem. Soc.1972, 94, 3481-
3483.

(28) Ritchie, C. D.; Virtanen, P. O. I.J. Am. Chem. Soc.1973, 95, 1882-
1889.
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(diene) complexes are well-reproduced at the BP86/AE1 level: (a) Bu¨hl,
M.; Thiel, W. Inorg. Chem.1997, 36, 2922-2924. For DFT calculations
of transition-metal carbonyls and hydrides at this level see also: (b) Jonas,
V.; Thiel, W. J. Chem. Phys.1995, 102, 8474-8484. (c) Jonas, V.; Thiel,
W. J. Chem. Phys.1996, 105, 3636-3648.

(36) Brougham, D. F.; Barrie, P. J.; Hawkes, G. E.; Abrahams, I.;
Motevalli, M.; Brown, D. A.; Long, G. J.Inorg. Chem.1996, 35, 5595-
5602.

(37) However, no unusualU(eq) values or thermal ellipsoids are apparent
in the solid state for22-BF4. Nevertheless, see the related case of 1,2-
diarylethanes, e.g.: Harada, J.; Ogawa, K.; Tomoda, S.J. Am. Chem. Soc.
1995, 117, 4476-4478.

Table 1. Second-Order Rate Constantsk(CH2Cl2, 20 °C) and
Activation Parameters for the Reactions of the Free (1) and the
Tricarbonyliron-Coordinated Tropylium Ion (6) with π-Nucleophiles
and Hydride Donors

Table 2. Calculation of the Electrophilicity ParameterE of the
Tricarbonyliron Tropylium Ion (6) from the Nucleophilicity
ParametersN ands of Its Reaction Partners and the Measured
Second-Order Rate Constantsk(20 °C, CH2Cl2) by Eq 3

nucleophile Na sa log k E(6)

14b 7.92 0.87 3.33 -4.09

14c 5.72 0.85 1.88 -3.51

14a 4.90 0.89 0.96 -3.82

L ) -3.81(
0.24b

a From ref 7a.b One reviewer has suggested that we derive the
averaged value ofE from a plot of (logk)/s vs N. Though there are
arguments for this procedure, we prefer to average individual values
of E, since in this way, each rate constant contributes with equal weight.

Table 3. Calculation of the Electrophilicity ParameterE of the
Tropylium Ion (1) from the Nucleophilicity ParametersN ands of
Its Reaction Partners and the Measured Second-Order Rate
Constantsk(20 °C, CH2Cl2) by Eq 3

nucleophile Na sa log k E(1)

14a 4.90 0.89 0.70 -4.11

17 6.66 0.89 2.36 -4.01

HSnPh3 19 5.94 0.56 1.08 -4.01
HSiMe2Ph 20 3.39 0.72 -1.52b -5.50
H2O 5.80c 0.80 0.42d -5.28
CF3CH2NH2 9.55 0.77 3.86e -4.54
BNAH f 9.45 0.97 4.40g -4.91

L ) -4.62(
0.57

a From ref 7a.b Reference 23 reports logk ) -1.46 at 25°C.
c Referring to pseudo-first-order rate constants in H2O. d First-order rate
constant from ref 27.e From ref 28.f BNAH ) N-benzyl-1,4-dihy-
dronicotinamide.g From ref 29.
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The isodesmic reaction eq 6 indicates that the hydride affinity

of 6 is greater than that of the free tropylium ion1 by 13.1 kcal
mol-1, reflecting the aromatic stabilization of the latter. For that
reason, the thermodynamic driving force for the reaction with
nucleophiles can be expected to be much greater for6 than for
1.

PMO theory, on the other hand, suggests that the activation
energies are predominantly controlled by HOMO(nucleophile)-
LUMO(electrophile) interactions. The LUMO of6 sketched in
Figure 2 (top) shows much smaller coefficients at the cyclo-
heptatrienyl fragment than the LUMO of1 (π*, not depicted).
In addition, the former is computed higher in energy than the
latter by almost 1 eV (Table 4). For both reasons, the frontier
orbital interactions are less favorable in reactions of nucleophiles
with 6 than with1. A reduced reactivity of6 compared to that

of 1 can be expected for steric reasons, since the noncoordinated
double bond of6 is bent away from the Fe(CO)3 moiety, in the
direction of the incoming nucleophile (see above). Though it is
difficult to quantify the effects, the observed similarity of the
electrophilicities of1 and 6 indicates that the higher thermo-
dynamic driving force for the reactions involving6 is almost
compensated by weaker HOMO-LUMO interactions and steric
effects.

The isodesmic reaction (eq 7) indicates that the hydride
affinity of the Cr(CO)3 complex21 is only slightly greater than
that of the tropylium ion. For that reason, the thermodynamic

Figure 1. BP86/AE1 optimized geometries of cationic complexes6,
21, and22, including key parameters (in Å).

(6)

Figure 2. LUMOs of the cations6 (top) and21 (bottom, BP86/AE1
level).

Table 4. Comparison of the ElectrophilicityE and the LUMO
Energies (from DFT Calculationsa) for the Free Tropylium Ion1
and the Tropylium Complexes6, 21, and22.

electrophile E ε(LUMO)/eV

1 -4.62 -8.45

6 -3.81 -7.53

21 -9.3 -7.58

22 -9.88b -7.28

a Note that in contrast to Hartree-Fock theory, DFT-based virtual
MOs are in the same average field ofN - 1 electrons as the occupied
MOs, hence the very low LUMO energies for these cations.b From
ref 33.
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driving force of the reactions of1 and21 can be assumed to be
similar. Likewise, the LUMOs of both1 and 21 (Figure 2,
bottom) show large coefficients at the C7H7 moieties. Thus, the
strongly reduced electrophilicity of21 with respect to that of1
must be due to the considerably higher LUMO energy of the
former (Table 4).

How can one rationalize the reduced electrophilicity of the
dihydro compound22 with respect to the tropylium complex
6? Using the same analysis as before, one can derive from eq
8 that the thermodynamic driving force for reactions with

nucleophiles is greater for6 than for22by 4.6 kcal mol-1. This
effect is enhanced by the slightly more favorable frontier orbital
interactions in the reactions of6 due to the lower lying LUMO
of 6 compared to that of22 (Table 4), consistent with the
observed relative electrophilicities of both complexes.

In summary, the relative reactivities of the cationic complexes
6, 21, and22 cannot be rationalized by a single effect but are
due to variations in the thermodynamic driving force as well
as variable HOMO-LUMO interactions and steric effects.

Conclusions

Coordination of the tropylium ion (1) with the Fe(CO)3
fragment only slightly affects the electrophilicity of the cation,
because the increase of the thermodynamic driving force
(hydride affinity) is compensated by a concomitant increase of
the LUMO energy. Since the reactions of6 with π-nucleophiles
were found to obey the linear free enthalpy relationship (eq 3),
one can use this equation to predict that nucleophiles withN >
-1, i.e., nucleophiles stronger than anisole, 1,3-butadiene, or
isobutylene,7,38 should be capable of attacking6 at room
temperature.

Experimental Section

General Considerations. All reactions were carried out under dry,
oxygen-free nitrogen or argon. Solvents were purified and dried as
reported.39 (2-Methylallyl)trimethylsilane (14a),40 (2-methylallyl)tribu-
tylstannane (14b),40 and 1-phenyl-1-(trimethylsiloxy)ethene (17)41 were
prepared as described in the literature. Allyltributylstannane (14c),
triphenylstannane (19), and dimethylphenylsilane (20) are commercially
available.1H (300 MHz) and13C NMR (75 MHz) spectra of solutions
in CDCl3 were calibrated to the solvent signals (δH 7.24,δC 77.0).

Tricarbonyl[(1 -4-η)-7-(2-methylallyl)-cycloheptatrienyl]iron (15a).
The salt6-BF4 (670 mg, 2.11 mmol) was suspended in CH2Cl2 (5 mL)
at -78 °C in the dark. After the addition of14a40 (920 mg, 7.17
mmol)the dry ice bath was removed and the reaction mixture was stirred
at ambient temperature until the solid component was completely

dissolved (6 h). The residue remaining after the solvent was evaporated
in vacuo was filtered through a short column of silica gel/Celite (1:1)
with pentane as eluent. The solvent was removed in vacuo to give the
crude product, which was distilled (60-70 °C/3× 10-4 mbar) to yield
510 mg of15a (85%): yellow oil; IR (film) 2060, 2020-1960 (Ct
O), 1650 (CdC) cm-1; 1H NMR (CDCl3) δ 1.71 (s, 3 H, CH3), 2.10
(d, J ) 7.3 Hz, 2 H, 7-CH2), 2.69 (mc, 1 H, 7-H), 2.95 (mc, 1 H, 4-H),
3.14 (mc, 1 H, 1-H), 4.71, 4.79 (2 mc, 2 H, dCH2), 5.10 (dddd,J6,5 )
10.7 Hz,J6,7 ) 4.3 Hz,J ) 1.8 Hz, 0.7 Hz, 1 H, 6-H), 5.32 (mc, 2 H,
2-H, 3-H), 5.74 (ddd,J5,6 ) 10.7 Hz,J5,4 ) 7.8 Hz,J ) 1.7 Hz, 1 H,
5-H); 13C NMR (CDCl3) δ 22.1 (q, CH3), 40.3 (d, C-7), 47.7 (t, 7-CH2),
55.4 (d, C-4), 65.6 (d, C-1), 87.5, 94.6 (2 d, C-2, C-3), 112.9 (t,d
CH2), 128.0 (d, C-5), 129.5 (d, C-6), 143.5 (s,CdCH2), 211.1 (s, CO)
(signal assignments are based on1H,13C- and 1H,1H-COSY experi-
ments); MS (70 eV, EI)m/z 258 (23) [M+ - CO], 230 (23) [M+ - 2
CO], 202 (42) [M+ - 3 CO], 148 (44), 147 (100) [C7H7Fe+], 91 (97)
[C7H7

+], 56 (32) [Fe+]. Anal. Calcd for C14H14FeO3 (286.1): C, 58.77;
H, 4.93. Found: C, 58.73; H, 5.11.

As described above for14a, the iron complex salt6-BF4 (160 mg,
0.503 mmol) and (2-methylallyl)tributylstannane40 (14b; 220 mg, 0.637
mmol) were allowed to react for 2 h. After filtration and distillation
(60-70 °C/3 × 10-4 mbar) 121 mg of15a (84%) was obtained as a
yellow oil (for characterization see above).

Tricarbonyl[(1 -4-η)-7-allylcycloheptatrienyl]iron (15b). Follow-
ing the procedure described for the formation of15a, a suspension of
6-BF4 (586 mg, 1.85 mmol) and allyltributylstannane (14c; 630 mg,
1.90 mmol) in CH2Cl2 was stirred for 2 h. After filtration and distillation
(55-65°C/3× 10-4 mbar) 342 mg of15b (68%) was obtained: yellow
oil; IR (film) 2055, 2020-1960 (CtO), 1650 (CdC) cm-1; 1H NMR
(CDCl3) δ 2.06-2.30 (m, 2 H, 7-CH2), 2.63 (mc, 1 H, 7-H), 2.93 (mc,
1 H, 4-H), 3.13 (mc, 1 H, 1-H), 5.02-5.12 (m, 3 H, 6-H,dCH2), 5.32
(mc, 2 H, 2-H, 3-H), 5.66-5.84 (m, 2 H, 5-H, CHdCH2); 13C NMR
(CDCl3) δ 42.5 (d, C-7), 42.8 (t, 7-CH2), 55.3 (d, C-4), 65.2 (d, C-1),
88.1 (d, C-2), 94.2 (d, C-3), 116.9 (t,dCH2), 128.5 (d, C-5), 129.1 (d,
C-6), 136.4 (d,CHdCH2), 211.2 (s, CO) (signal assignments are based
on 1H,13C- and1H,1H-COSY experiments).

DFT Calculations. Calculations were carried out at the BP86/AE1
level of DFT, i.e., employing the gradient-corrected functionals for
exchange and correlation from Becke42 and Perdew,43 respectively,
Wachters’ (14s11p6d)/[8s7p4d] all-electron basis for Fe and Cr,44

augmented with two additional 4p functions44 and a diffuse d function,45

and standard 6-31G* basis46 on the ligands. Spherical d functions were
used throughout.Cs symmetry was imposed in most cases (1, D7h; 22,
C1), and the nature of each minimum was verified by analytic
calculation of the harmonic vibrational frequencies.

The reported reaction enthalpies include zero-point and thermic
corrections (25°C) from the BP86/AE1 harmonic frequencies. All
computations were performed with the Gaussian 94 package.47
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