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Abstract: In the presence of Fe+ catalyst, the retro Diels-Alder reaction of norbornadiene (NBD) is predicted
to be stepwise with an activation barrier of 18.8 kcal/mol, which is 3.1 kcal/mol lower than the concerted retro
reaction. For norbornene (NBN), the Fe+-catalyzed retro reaction is also calculated to be stepwise with an
activation barrier of 24.9 kcal/mol, which is 8.5 kcal/mol lower than the uncatalyzed stepwise reaction but 3.8
kcal/mol higher than the concerted reaction. The intermediates from the NBD and NBN retro Diels-Alder
reactions, C5H6FeC2H2

+ and C5H6FeC2H4
+, are predicted to have low activation barriers for ligand-to-ligand

hydrogen transfers (through an iron-hydrido intermediate) to form CpFeC2H3
+ and CpFeC2H5

+ and, ultimately,
vinyl- and ethyl-substituted cyclopentadiene-iron complexes, respectively. In contrast to FeC2H2

+ and FeC2H4
+,

the lowest-energy pathways on the C5H6FeC2H2
+ and C5H6FeC2H4

+ potential energy surfaces involve only
one multiplicity (quartet). The C2H2 and C2H4 complexes of CpFe+ and C5H6Fe+ are compared.

Introduction

The theoretical study of organometallic ion chemistry pro-
vides important insights into catalytic systems and may allow
the design of more selective and benign catalysts in the
future.1-14 There are many examples of transition metal cations
coordinating to organic substrates and promoting particular
reaction pathways. For example, Fe+ can promote the retrocy-
clization of norbornadiene (NBD) and norbornene (NBN) to
form CpFeC2H2

+ and CpFeC2H4
+, respectively.15

It is also known that ligands can change the reactivity of a
transition metal center. For example, the ligands C5H5 and C5H6

can bind tightly to a transition metal cation and alter the
reactivity from the bare metal cation.16-25

The motivation of the present study is to investigate (Scheme
1):

1. retrocyclization reactions of NBD-Fe+ and NBN-Fe+,
2. dehydrogenation of C5H6FeC2H4

+ and hydrogenation of
NBD-Fe+,

3. hydrogen/deuterium scrambling in C5H6Fe+/C2D4,
4. C2H2 and C2H4 bond energies to CpFe+ and C5H6Fe+,
5. reaction of C5H6Fe+ + C2H4 and interpretation of CID

spectrum.

Computational Methods

All geometries were fully optimized26 within a given point group
using density functional theory with the B3LYP choice of exchange
and correlation functionals.27 A 6-31G(d) basis set was used for carbon
and hydrogen and a (22s/16p/4d/1f) primitive basis set contracted to
(5s/4p/2d/1f) was used for iron.28 This basis set contained two sets of
Cartesian d-functions (six functions/iron) and one set of spherical
f-functions (seven functions/iron) with an 0.8 exponent. Vibrational
frequencies were calculated at the B3LYP/6-31G(d) level to determine
the nature of the stationary points and to make zero-point and heat
capacity corrections.

The spin state of the transition metal fragment is important in
determining reactivity. For example, it is known that the reactivity of
Fe+(6D) is greater than Fe+(4F).29 In addition, some transition metal
reactions start off on one potential energy surface (PES) and switch to
another PES surface via spin-orbit coupling. Such a process is denoted
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“two-state reactivity” (TSR) and has been suggested as a possibility in
a number of Fe+-R systems (Table 1).30-38 The reactions under
consideration here do not involve TSR. The quartet PES is lower in
energy than the sextet and doublet surfaces for all geometries
considered. The C5H6 and Cp ligands induce a ligand field at Fe+ that
reduces the spin-state to quartet for C5H6Fe+ and quintet for CpFe+,
while complexation of C2H2 or C2H4 does not produce a sufficiently
strong ligand field at the iron center to produce the doublet or triplet
state. Thus, in the interaction of C2H2 and C2H4 with the bare Fe+ cation,
the complexes are sextets, while in the interaction of C2H2 and C2H4

with C5H6Fe+, the complexes are quartets.
Total energies (hartrees) and zero-point energies (kcal/mol) are given

in Table 2. Unless otherwise indicated, all reported energies will be
enthalpies (298 K) at the B3LYP/6-31G(d) level. Enthalpies of reaction
are given in Table 3 for hydrogenation, C2H2 addition, C2H4 addition,
and Fe+ addition reactions, where the boldface numbers correspond to
the species designation in the figures and text.

Results and Discussion

1. Retrocyclization of NBD and NBN. Reaction profiles of
the retrocyclization of NBD and NBN are given in Scheme 2,
a and b, with molecular plots of stationary points given in Figure
1 (NBD) and Figure 2 (NBN). The values indicated above
minima in Scheme 2, a and b, give the energy of the
corresponding ligand plus Fe+, C5H6Fe+, or CpFe+ (as ap-
propriate) where energies (kcal/mol) are relative to C5H6-
FeC2H2

+ (1) or C5H6FeC2H4
+ (7). Thus, Fe+ is bound to NBD

by 67.1 kcal/mol (82.7-15.6, Scheme 2a). TheCs-symmetry
Fe-NBD+ complex (6) has two short Fe-C interactions (2.001
Å) and two long Fe-C interactions (2.349 Å). TheC2ν-
symmetry complex (not shown) is a transition state 6.3 kcal/
mol above6. The initial transition stateTS5/6 (and the highest
activation barrier, Scheme 2a), is reached when a C-C distance
increases 1.546f 2.358 Å with a corresponding reduction of
the Fe-C distance 2.001f 1.869 Å. The intermediate5 is a
bicyclic system where the iron has inserted into a C-C bond.
From 5, a transition stateTS1/5 is reached for breaking the
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Scheme 1

Table 1. Comparison of Low-Spin/High-Spin Splitting of Fe+-R
with Fe+-R and CpFe+-R Bond Dissociation Energies (BDE)

Fe+-R
∆ELS/HS

a

(calcd)
Fe+-R BDE

(exptl)b
CpFe+-R BDE

(calcd)c

Fe+ -5.8d

Fe+-O -18e

Fe+-S -5.1f

Fe+-CH4 -13.4g 13.7
Fe+-C2H2 19.6h 32 46.8
Fe+-C2H3 -17.9h 56.8 62.0
Fe+-C2H4 18.2i 34.7 43.2
Fe+-C2H5 -14j 55.7 55.6
Fe+-C2H6 <0k 15.2
Fe+-C2H5SiH3 16.7i

Fe+-C5H6 12.1c

a Sextet-quartet or quintet-triplet splitting in kcal/mol. A negative
value indicates the high-spin species is lower in energy.b Table of Bond
Energies. InOrganometallic Ion Chemistry; Freiser, B. S., Ed., Kluwer
Academic Publishers: Dordrecht, 1996, pp 283-332. c This work.
d Experimental splitting of Fe+(6D-4F). Sugar, J.; Corliss, C.J. Phys.
Chem. Ref. Data1985, 14, 2 (suppl.). The 6-31G(d) basis set, used in
this work, is too small to give a reasonable splitting for Fe+. Adding
diffuse functions (6-31+G(d)) gives a splitting of+2.3 kcal/mol, while
a 6-311+G(d) basis set gives a splitting of+4.1 kcal/mol.33 It is well-
known that B3LYP artificially stabilizes 3dn low-spin configurations
relative to 3dn-14s high-spin configurations.e Reference 31.f Reference
32. g Reference 38.h Reference 35.i Reference 33.j Reference 36.
k Reference 37.
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second C-C bond in which the Fe center begins to form aπ
complex with the nascent C2H2 ligand. The C5H6FeC2H2

+

complex (1) is 15.6 kcal/mol more stable than the NBD-Fe+

complex (6).
From 1, a shallow hydrido complex CpFe(H)C2H2

+ (2) is
formed, 11.5 kcal/mol less stable than1. In the transition state
(TS1/2), the forming Fe-H distance is 1.565 Å, and the
breaking C-H distance is 1.792 Å. The hydrido ligand in2 is
transferred to the C2H2 ligand in transition stateTS2/3 to form
the CpFeC2H3

+ complex3. Finally, the C2H3 ligand can add to
the cyclopentadienyl ligand to form4, in which a vinylcyclo-
pentadiene ligand is complexed to Fe+. The vinyl group in4
has twisted to allow the iron center to form aπ complex with
Fe-C distances of 2.101 and 2.126 Å.

The C-C distance of the acetylenic ligand in2 gradually
increases to the C-C distance in the vinyl substitutent of4
(1.253f 1.330f 1.391 Å). The products3 and4 are 1.4 and
2.7 kcal/mol more stable than1, respectively.

The reaction profile of Fe+ with NBN (Scheme 2b) is similar
to that of Fe+ with NBD (Scheme 2a). The Fe+ interacts strongly
with the double bond (13, Fe-C 2.011; C-C 1.428 Å). As the
C-C bond breaks inTS12/13, the Fe+ center approaches the
carbon atom (Fe-C 1.996 Å) and is stabilized by an agostic

Table 2. Total Energies (hartrees), Zero-point Energies (kcal/mol),
Heat Capacity Corrections (kcal/mol), and Entropies (cal/mol‚K)
Calculated at B3LYP/6-31G(d) Geometries

PG state
B3LYP/
6-31G(d) ZPEa Cp(corr.)b entropy

H2 D∞h 1Σg
+ -1.17548 6.36(0) 2.07 31.13

C2H2 D∞h 1Σg
+ -77.32564 16.72(0) 2.43 48.18

C2H4 D2h
1Ag -78.58746 32.15(0) 2.50 52.33

C2H6 D3d
1A1g -79.83042 47.22(0) 2.77 54.37

C2H3 Cs
2A′ -77.90121 23.05(0) 2.54 55.83

C2H5 Cs
2A′ -79.15787 37.43(0) 3.07 61.09

C5H5 C2ν
2A2 -193.46232 49.04(1) 3.07 65.82

C5H6 C2ν
1A1 -194.10106 58.29(0) 3.19 65.31

C7H8 C2ν
1A1 -271.47728 80.92(0) 3.64 70.02

C7H8 (TS) Cs
1A′ -271.39278 76.83(1) 4.46 76.80

C2H3-C5H5 Cs
1A′ -271.49221 79.27(0) 4.58 79.20

C7H10 Cs
1A′ -272.72738 96.40(0) 3.86 72.98

C7H10 (TS) Cs
1A′ -272.65674 92.81(1) 4.44 76.98

C2H5-C5H5 C1
1A -272.72813 94.22(0) 4.58 79.20

Fe+ K 6D -1263.23744 0.00 1.48 43.14c

CpFe+ Cs
5A′ -1456.84089 52.03(1) 3.44 74.88

CpFeH+ Cs
4A′′ -1457.41517 56.21(0) 4.30 79.48

C5H6Fe+ Cs
4A′′ -1457.42428 59.06(0) 4.02 78.04

C5H6Fe+ Cs
6A′′ -1457.40528 58.90(0) 4.34 81.94

1 C1
4A -1534.84279 77.67(0) 6.03 94.59

1′ Cs
4A′′ -1534.84272 77.62(1) 5.51 90.06

TS1/2 C1
4A -1534.81603 74.74(1) 5.75 91.73

2 Cs
4A′ -1534.81997 75.20(1) 5.64 90.50

TS2/3 Cs
4A′ -1534.81933 74.82(1) 5.90 94.53

3 C1
4A -1534.84505 77.77(0) 5.93 93.79

TS3/4 C1
4A -1534.82480 78.61(1) 5.24 88.32

4 C1
4A -1534.85005 80.46(0) 5.06 85.74

TS1/5 C1
4A -1534.79869 78.45(1) 5.08 86.07

5 C1
4A -1534.82003 79.92(0) 5.20 87.36

TS5/6 C1
4A -1534.78877 79.71(1) 4.49 81.91

6 Cs
4A′′ -1534.82206 81.66(0) 4.59 83.28

6(TS) C2ν
4B2 -1534.81039 81.02(1) 4.28 79.71

7 C1
4A -1536.09597 93.03(0) 6.24 96.93

7′ Cs
4A′′ -1536.08942 92.32(1) 6.03 97.24

TS7/7 C1
4A -1536.05471 90.91(1) 6.06 95.10

TS7/8 C1
4A -1536.07371 90.53(1) 5.87 92.56

8 Cs
4A′ -1536.07415 91.14(0) 6.19 96.04

TS8/9 C1
4A -1536.07372 90.73(1) 5.89 94.88

9 Cs
4A′ -1536.09214 92.94(0) 6.03 95.03

TS9/10 C1
4A -1536.04992 94.09(1) 5.40 89.08

10 C1
4A -1536.07201 94.90(0) 5.49 89.18

10′ Cs
4A′′ -1536.07006 94.27(1) 5.25 87.39

TS7/11 C1
4A -1536.01539 87.35(1) 6.25 97.01

11 C1
4A -1536.03142 88.31(0) 6.74 99.82

TS7/12 C1
4A -1536.03899 93.84(1) 5.18 86.78

12 C1
4A -1536.05386 94.61(0) 5.56 90.86

TS12/13 C1
4A -1536.00849 94.28(1) 4.83 84.61

13 Cs
4A′′ -1536.05164 96.24(0) 5.04 89.23

TS13/14 C1
4A -1536.01393 92.66(1) 4.90 85.12

14 C1
4A -1536.02160 92.90(0) 5.12 86.27

TS14/15 C1
4A -1535.98579 90.28(1) 4.64 82.73

15 Cs
4A′′ -1536.02152 90.89(0) 5.52 88.61

CpFeC2H2
+ Cs

5A′ -1534.24414 70.70(0) 5.79 93.62
CpFeC2H2

+ C1
3A -1534.23958 71.24(0) 5.60 91.96

CpFeC2H2
+ Cs

3A′′ -1534.23956 71.19(1) 5.05 85.89
CpFeC2H4

+ Cs
5A′ -1535.50094 86.50(0) 5.93 95.22

CpFeC2H4
+ C1

3A -1535.48532 86.59(0) 5.75 91.13
CpFeC2H4

+ Cs
3A′′ -1535.47846 85.76(2) 5.12 86.36

a Zero-point energies with number of imaginary frequencies in
parentheses.b Heat capacity and thermal corrections to 298 K.c Entropy
for Fe atom taken from http://webbook.nist.gov/chemistry.

Table 3. Reaction Enthalpies (kcal/mol) at 298 K at the B3LYP/
6-31G(d) Level for Various Reactions

reaction ∆Hrxn

Hydrogenation
C2H2 + H2 f C2H4 -47.1
C2H3 + H2 f C2H5 -44.5
C2H3-C5H5 + H2 f C2H5-C5H5 -31.1
C7H8 + H2 f C7H10 -39.6
CpFeC2H2

+ + H2 f CpFeC2H4
+ -37.0

C5H6FeC2H2
+ + H2 f C5H6FeC2H4

+ (1/7) -41.6
CpFeC2H3

+ + H2 f CpFeC2H5
+ (3/9) -38.1

FeC7H8
+ + H2 f FeC7H10

+ (6/13) -27.3
C2H3-C5H5Fe+ + H2 f C2H5-C5H5Fe+ (4/10) -22.7
FeC7H8

+ + H2 f Fe(H2)C7H8
+ (6/15) -13.3

CpFeC2H3
+ + H2 f CpFe(H2)C2H3

+ (3/11) -3.9

C2H2 Addition
C5H6 + C2H2 f C7H8 -27.8
C5H6Fe+ + C2H2 f FeC7H8

+ (6) -41.2
CpFe+ + C2H2 f CpFeC2H2

+ -46.8
CpFeH+ + C2H2 f CpFe(H)C2H2

+ (2) -48.5
C5H6Fe+ + C2H2 f C5H6FeC2H2

+ (1) -56.8

C2H4 Addition
C5H6 + C2H4 f C7H10 -20.3
C5H6Fe+ + C2H4 f FeC7H10

+ (13) -21.5
CpFe+ + C2H4 f CpFeC2H4

+ -43.2
CpFeH+ + C2H4 f CpFe(H)C2H4

+ (8) -42.7
C5H6Fe+ + C2H4 f C5H6FeC2H4

+ (7) -51.3

Fe+ Addition
C5H6 + Fe+ f C5H6Fe+ -53.7
Cp + Fe+ f CpFe+ -86.7
C7H8 + Fe+ f FeC7H8

+ (6) -67.1
C7H10 + Fe+ f FeC7H10

+ (13) -54.9
C2H3-C5H5 + Fe+ f C2H3-C5H5Fe+ (4) -87.3
C2H5-C5H5 + Fe+ f C2H5-C5H5Fe+ (10) -67.0

Miscellaneous Addition
CpFe+ + C2H3 f CpFeC2H3

+ (3) -62.0
CpFe+ + C2H5 f CpFeC2H5

+ (9) -55.6
C2H2 + H f C2H3 -42.3
C2H3 + H f C2H4 -109.1
C2H4 + H f C2H5 -39.6
C2H5 + H f C2H6 -100.1
2C2H3 f C2H2 + C2H4 -66.8
CpFeC2H2

+ + H f CpFeC2H3
+ -57.4

CpFeC2H3
+ + H f CpFeC2H4

+ -90.4
CpFeC2H4

+ + H f CpFeC2H5
+ -52.0

2CpFeC2H3
+ f CpFeC2H2

+ + CpFeC2H4
+ -33.0
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Scheme 2

Figure 1. Molecular plots of species optimized at the B3LYP/6-31G(d) level. The reaction profile with energies in kcal/mol relative to C5H6-
FeC2H2

+ (1) is given in Scheme 2a.
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interaction (Fe-H 1.946 Å). The intermediate12 is a bicyclic
system with two short Fe-C distances (1.993 and 2.002 Å).
The second C-C distance increase from 1.596 to 1.817 Å in
TS7/12while the C-C distance in the nascent ethenic ligand
decreases from 1.526 to 1.500 Å. The cleavage of the Fe-C
bond in 12 bears some similarity to the cleavage of iron
cyclopentane to Fe(C2H4)2

+ (Figure 3) which has been studied
by mass spectrometric methods.39-43

In the Fe+-catalyzed retrocyclization of NBD and NBN,
breaking the first C-C bond in NBD has a lower activation
barrier (18.8 vs 24.9 kcal/mol) than the corresponding C-C
bond in the NBN reaction, while breaking the second C-C bond

has a higher activation barrier (11.8 vs 8.2 kcal/mol). Also, the
reaction is less exothermic when RdC2H2 than when RdC2H4

(∆Hrxn ) -15.6 vs -29.8 kcal/mol). A comparison of the
uncatalyzed44 and Fe+-catalyzed retrocyclization is made in
Figure 4. For the retrocyclization of NBD, the barrier for the
Fe+-catalyzed reaction is 3.1 kcal/mol lower than the concerted
uncatalyzed reaction. In contrast, the barrier for the retro-
cyclization of NBN is 3.8 kcal/mol higher by the Fe+-catalyzed
pathway compared to the uncatalyzed44 concerted pathway.
However, the Fe+-catalyzed pathway is 8.5 kcal/mol lower than
the uncatalyzed44 two-step diradical pathway.

Relative to the C5H6FeC2H4
+ complex 7, the hydrido

intermediate CpFe(H)C2H4
+ 8 is 11.8 kcal/mol less stable. After

zero-point and heat capacity corrections, the transitions states
TS7/8 andTS8/9 are computed to be below the energy of the
intermediate8, indicating that the hydrogen transfer between
the Cp and C2H4 ligand takes place without the metal-hydrido
intermediate.

The ring protonated (C5H6FeC2H2
+ and C5H6FeC2H4

+) and
metal-protonated (CpFe(H)C2H2

+ and CpFe(H)C2H4
+) systems

resemble protonated ferrocene,45 where the ring- and metal-
protonated forms are close in energy. At the highest level of

(39) Jacobson, D. B.; Freiser, B. S.J. Am. Chem. Soc.1983, 105, 7492.
(40) Jacobson, D. B.; Freiser, B. S.J. Am. Chem. Soc.1984, 106, 3900.
(41) Jacobson, D. B.; Freiser, B. S.J. Am. Chem. Soc.1985, 107, 2605.
(42) Buckner, S. W.; Freiser, B. S.Polyhedron1988, 7, 1583.
(43) Surya, P. I.; Roth, L. M.; Ranatunga, D. R. A.; Freiser, B. S.J.

Am. Chem. Soc.1996, 118, 1118.

(44) (a) Diau, E. W.-G.; De Feyter, S.; Zewail, A. H.Chem. Phys. Lett.
1999, 304, 134. (b) Beno, B. R.; Wilsey, S.; Houk, K. N.J. Am. Chem.
Soc.1999, 121, 4816. (c) Houk, K. N.; Wilsey, S. L.; Beno, B. R.; Kless,
A.; Nendel, M.; Tian, J.Pure Appl. Chem.1998, 70, 1947. (d) Lewis, D.
K.; Glenar, D. A.; Hughes, S.; Kalra, B. L.; Schlier, J.; Shukla, R.; Baldwin,
J. E.J. Am. Chem. Soc.2001, 123, 996.

(45) (a) Mayor-López, M. J.; Lüthi, H. P.; Koch, H.; Morgantini, P. Y.;
Weber, J.J. Chem. Phys.2000, 113, 8009. (b) Karlsson, A.; Broo, A.;
Ahlberg, A.Can. J. Chem.1999, 77, 628. (c) Mayor-Lo´pez, M. J.; Weber,
J.; Mannfors, B.; Cunningham, A. F.Organometallics1998, 17, 4983. (d)
Klopper, W.; Lüthi, H. P.Chem. Phys. Lett.1996, 262, 546. (e) Jungwirth,
P.; Stussi, D.; Weber, J.Chem. Phys. Lett.1992, 190, 29. (f) McKee, M.
L. J. Phys. Chem.1992, 96, 1683.

Figure 2. Molecular plots of species optimized at the B3LYP/6-31G(d) level. The reaction profile with energies in kcal/mol relative to C5H6-
FeC2H4

+ (7) is given in Scheme 2b.

Figure 3. (a) Schematic of the bicyclic metallocycle12 which can
cleave a C-C bond with an activation barrier of 8.2 kcal/mol. (b)
Schematic of the C-C bond cleavage in the iron cyclopentane cation,
a very similar reaction, which is the which is thought to have a low
barrier to C-C cleave to form Fe(C2H4)2

+.
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theory attempted to date (CCSD(T)/pVDZ//BPW91/6-311G),
ring protonation of ferrocene is 2.1 kcal/mol more stable than
metal protonation. The present results also find the ring-
protonated forms (C5H6FeC2H2

+ and C5H5FeC2H4
+) to be more

stable than metal-protonated forms by 11.5 and 11.8 kcal/mol,
respectively.

Ginsberg et al.46 were able to isolate both the metal-
cyclopentadiene form (left) and the metal-hydrido-cyclopen-
dienyl form (right) in a related rhodium system (see insert).

One of the hydrogens in the 2,3-dihydro-1,3-diborole ring
(center) forms a 3c-2e (three-center two-electron) C-H-B bond
which may facilitate the transfer of a hydrogen from the ring
to rhodium when reacted with Cp*Li.

In a study of Ziegler-Natta catalysis polymerization using
Cp2TiH+ plus ethene as a model, Sakai47 considered the insertion
reaction of the metal hydride to form the Cp2TiC2H5

+ species.
As seen from eq 1, the complex, transition state, and product
relative enthalpies (kcal/mol) for CpFeH+ and Cp2TiH+ are very
similar.

Both CpFe(H)C2H4
+, a 15-electron system, and Cp2Ti(H)C2H4

+,
a 16-electron system, rearrange with a barrier that is negative
after zero-point corrections.

Bärsch et al.33 have also calculated a similarâ-hydrogen
transfer to a SiH3 ligand (eq 3). The barrier for eq 2 is

significantly lower than for eq 3.

In a study of ethane polymerization with the catalyst
[MLL ′R]+ M ) Ti, V, Cr, and Mn, Schmid and Ziegler48

considered theâ-hydrogen transfer reaction between the C2H5

and C2H4 ligands. This reaction step can be compared to the
ligand-to-ligand transfer which occurs in essentially one step
along the reaction pathTS7/8 f 8 f TS8/9. In both reaction

steps, the hydrogen that transfers has a strong interaction with
the transition metal center. The activation barriers are between
10 and 20 kcal/mol depending on the system. In a study of the
bis(imino)pyridyl-Fe(II) olefin polymerization catylst (see
above), Morokuma and co-workers49 calculated (B3LYP/BSIII//
B3LYP/BSI) a barrier on the triplet spin-state surface of 7.5
kcal/mol (∆Ha(298K)) for the ligand-to-ligand hydrogen transfer
from L ) C3H7 to L′ ) C2H4.

The CpFeC2H5
+ complex9 is 2.1 kcal/mol less stable than

7. A barrier of 27.0 kcal/mol (TS9/10) separates9 from C2H5-
C5H5Fe+ 10, which is 14.2 kcal/mol higher the corresponding
barrier between3 and4. The difference between the two barriers
(9f10 and 3f4) can be attributed to the weaker binding of
Fe+ to 10 (-67.0 kcal/mol) compared to4 (-87.3 kcal/mol).
The binding energy of Fe+ to C2H5-C5H5 is 13.3 kcal/mol
greater than to C5H6 (see eqs 4 and 5) which can be attributed
to the fact that the attractive interactions between Fe+ and the
ethyl substituent exceed the increase in strain energy induced
in the ligand.

In a communication, Bowers and co-workers50 reported
experimental and computational evidence that the Cp ligand
participates directly in the mechanism of C-H bond activation
in methane by CoCp+. In their proposed mechanism (see below),

a ligand-to-ligand hydrogen transfer occurs between coordinated
CH4 and the Cp ring.

(46) Ginsberg, A.; Pritzkow, H.; Siebert, W.J. Organomet. Chem.2001,
619, 7.

(47) Sakai, S.THEOCHEM2001, 540, 157.

(48) Schmid, R.; Ziegler, T.Organometallics2000, 19, 2756.
(49) Khoroshun, D. V.; Musaev, D. G.; Vreven, T.; Morokuma, K.

Organometallics2001, 20, 2007.
(50) Carpenter, C. J.; van Koppen, P. A. M.; Bowers, M. T.J. Am. Chem.

Soc.2000, 122, 392.

Figure 4. (a) Reaction profile of the retrocyclization of norbornadiene
(NBD) where the Fe+-catalyzed reaction is 3.1 kcal/mol lower than
the concerted reaction. (b) Reaction profile of the retrocyclization of
norbornene (NBN) where the Fe+-catalyzed reaction is 3.8 kcal/mol
higher than the concerted reaction, but 8.5 kcal/mol lower than the
stepwise mechanism.

CpM(H)++C2H4
M ) Fe 0.0

M ) CpTi 0.0

f complex
-42.7 (7)

-33.5

f TS
-43.2
-34.3

f CpMC2H5
+

-52.4 (9)
-55.1

M ) Fe,CpTi (1)

CpFeC2H5
+ (9) f C5H6FeC2H4

+ (7) ∆Hq ) 9.7 kcal/mol
(2)

SiH3FeC2H5
+ f SiH4FeC2H4

+ ∆Hq ) 29.2 kcal/mol (3)

Fe+ + C5H6 f C5H6Fe+ ∆Hrxn ) -53.7 kcal/mol (4)

Fe+ + C2H5-C5H6 f C2H5-C5H5Fe+ (10)
∆Hrxn ) -67.0 kcal/mol (5)
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Migration of an alkyl group from iron to a Cp ring has been
observed by Blaha et al.51a and Carpenter et al.51b However,
these authors proposed a dissociative mechanism because the
alkyl group has anexo-relationship in the product. More
recently, Bleuel et al.51c obtained evidence for the concerted
addition of an alkyl group to a cyclopentadienyl ring in a
rhodium system, similar to that calculated for9 f 10. In their
mechanism, which was derived from deuterium labeling, a
CpRh(PR3)(Cl)R f R-C5H5Rh(PR3)(Cl) step was proposed.

It is worth pointing out that the FeC2H3
+ and FeC2H5

+

complexes differ significantly from the CpFeC2H3
+ (3) and

CpFeC2H5
+ (9) complexes. Chen et al.,35 using B3LYP density

functional theory with a cc-pVTZ basis set on C and H and a
(8s/6p/4d/1f) contraction on iron, found that the lowest quintet
state of FeC2H3

+ was 17.9 kcal/mol below the lowest-energy
triplet structure. The quintet structure featured an Fe-C σ bond
(1.923 Å) and no agostic interaction with theâ-hydrogen.
However, it is the higher-energy FeC2H3

+ triplet structure which
bears the much closer resemblance to CpFeC2H3

+ (Figure 5).
When the wave functions of triplet/quintet FeC2H3

+ and
CpFeC2H3

+ were analyzed, the Fe-C bond in quintet FeC2H3
+

was found to have significant s-character while in triplet
FeC2H3

+, the 4s orbital was empty. The agostic interaction with
the â-hydrogen is characterized by significant donation from
the CHσ bond into the empty Fe 4s orbital. In the CpFeC2H3

+

complex (3), the Cp ring disfavors the occupation of 4s orbitals
which can then act as the acceptor orbital in an agostic
interaction.

Fiedler et al.36 used B3LYP density functional theory with a
DZP basis set on C/H and a (8s5p3d) contraction on Fe to
optimize a classical quintet (5A′) FeC2H5

+ structure (Fe-C 1.98
Å) and a nonclassical triplet (3A′) structure (14 kcal/mol higher
in energy) which is characterized by an agostic interaction to
theâ-hydrogen (Fe-H 1.75 Å). Again, the CpFeC2H5

+ complex
(9) is very similar to the low-spin triplet FeC2H5

+ (Figure 5)
rather than the high-spin form.

Hill et al.52 calculated the stable alkyl complex CpFe-
(CO)2C2H5 and theâ-elimination product, CpFe(CO)(H)C2H4

at the B88LYP level. In contrast to CpFeC2H5
+ (9), the C2H5

ligand in CpFe(CO)2C2H5 is σ-bonded rather thanπ-bonded to

iron which may be due to greater steric repulsion around the
transition metal center. The CdC distance of the ethene ligand
in CpFe(CO)(H)C2H4 (1.43 Å) is longer than that calculated
for CpFe(H)C2H4 (8) (1.387 Å) which may indicate strongerπ
coordination compared to8. The calculated Fe-H distance in
CpFe(CO)(H)C2H4 (1.52 Å) and8 (1.526 Å) are both very
similar.

2a. Dehydrogenation of C5H6FeC2H4
+. Dehydrogenation/

hydrogenation reactions are important catalytic steps in many
transition metal reactions. After much searching, the dehydro-
genation of C5H6FeC2H4

+ 7 was found to occur in two steps
(Scheme 2b, Figure 6). First, the hydrido species8 is formed.
Breaking a second C-H bond and forming the second Fe-H
bond (TS8/11) requires the input of an additional 33.1 kcal/
mol of activation. The C-H distance is 1.552 Å in the transition
state while the Fe-H distance is 1.658 Å. Also, the transition
state shows the formation of a dihydrogen complex rather than
a dihydrido complex as the H-H distance is 0.975 Å; albeit
with a lengthened H-H bond due to interaction with the metal.
The CpFe(H2)C2H3

+ intermediate11 is 8.6 kcal/mol lower than
TS8/11where the most interesting feature is the C2H3 ligand
which isσ-bonded to the metal rather thanπ-bonded as found
in CpFeC2H3

+ 3.
The dehydrogenation reaction path was considered at the

B3LYP/DZP level for FeC2H6
+ by Holthausen et al.37 (eq 6).

The reaction (eq 6) takes place with quartet spin multiplicity
where two hydrogen atoms are transferred sequentially to the
iron center to form the dihydrogen Fe(H2)C2H4

+ complex. The
sequence of steps is very similar in eq 7, where CpFeC2H5

+

(9) transfers two hydrogens to form CpFe(H2)C2H3
+ (11). The

overall barrier is also very similar (40 kcal/mol, eq 6; 42.8 kcal/
mol, eq 7).

2b. Hydrogenation of NBD-Fe+. Hydrogenation of NBD
to NBN (Figure 7) can be catalyzed by several transition metal
systems including RhL+, L ) PPh3;53 and M(CO)3, (M ) Cr,
Mo, W).54,55 In the RhPPh3+ system, H2 oxidatively adds to
Rh(η4-NBD)(PPh3)2 to form a dihydrido complex Rh(H)2(η4-
NBD)(PPh3)2 which loses one PPh3 and then hydrogenates NBD
to NBN. The M(CO)3 (M ) Cr, Mo, W) system is photocata-
lytic, where H2 adds to M(η4-NBD)(CO)3 to form the nonclas-

(51) (a) Blaha, J. P.; Wrighton, M. S.J. Am. Chem. Soc.1985, 107,
2694. (b) Carpenter, N. E.; Khan, M. A.; Nicholas, K. M.Organometallics
1999, 18, 1569. (c) Bleuel, E.; Schwab, P.; Laubender, M.; Werner, H.J.
Chem. Soc., Dalton Trans.2001, 266.

(52) Hill, R. O.; Marais, C. F.; Moss, J. R.; Naidoo, K. J.J. Organomet.
Chem.1999, 587, 28.

(53) Esteruelas, M. A.; Herrero, J.; Martı´n, M.; Oro, L. A.; Real, V. M.
J. Organomet. Chem.2000, 599, 178.

(54) (a) Jackson, S. A.; Hodges, P. M.; Poliakoff, M.; Turner, J. J.;
Grevels, F.-W.J. Am. Chem. Soc.1990, 112, 1221. (b) Childs, G. I.; Cooper,
A. I.; Nolan, T. F.; Carrott, M. J.; George, M. W.; Poliakoff, M.J. Am.
Chem. Soc.2001, 123, 6857.

(55) Chmielewski, D.; Grevels, F.-W.; Jacke, J.; Schaffner, K.Angew.
Chem., Int. Ed. Engl.1991, 30, 1343.

Figure 5. (a) Comparison of the structural parameters of the FeC2H3
+

complex in the higher-energy triplet state with the CpFeC2H3
+ complex

(in parentheses). (b) Comparison of the structural parameters of the
FeC2H5

+ complex in the higher-energy triplet state with the CpFeC2H5
+

complex (in parentheses).

Figure 6. Molecular plots of species optimized at the B3LYP/6-31G-
(d) level. The reaction profile with energies in kcal/mol relative to C5H6-
FeC2H4

+ (7) is given in Scheme 2b.

FeC2H6
+ f FeC2H4

+ + H2 (6)

CpFeC2H5
+ (9) f (8) f (11) f CpFeC2H3

+ (3) + H2 (7)
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sical dihydrogen complex M(η2-H2)(η4-NBD)(CO)3 (M ) Cr,
Mo, W) which then hydrogenates NBD to NBN. When
dideuterium is used, Cr(η2-D2)(η4-NBD)(CO)3 leads to forma-
tion of endo-[D2]NBN.

The calculated Fe+-catalyzed NBD hydrogenation to NBN
(Scheme 3 and Figure 8) begins with the coordination of
dihydrogen to C7H8Fe+ (6) to form C7H8Fe(H2)+ (15). The

dihydrido complex was considered, but only the dihydrogen
species exists on the potential energy surface. This same
conclusion was reached by previous workers in the study of
CH2Fe(H2)+ and C2H4Fe(H2)+,37,38 where it was pointed out
that the high formal oxidation state of iron might disfavor the
dihydrido form.38,56In both C7H8Fe+ (6) and C7H8Fe(H2)+ (15),
the iron is asymmetrically coordinated between the two double
bonds. The two pairs of Fe-C distances of 2.001 and 2.349 Å
in 6 increase slightly to 2.059 and 2.433 Å when H2 coordinates
in 15. The H2 ligand in 15 bisects the molecular plane with
Fe-H distances of 1.864 Å and a H-H distance of 0.765 Å.
The first hydrogen is transferred to carbon inTS14/15with a
forming C-H distance of 1.446 Å and a breaking H-H distance
of 1.322 Å. The hydrido intermediate14has a very short Fe-C
bond (1.962 Å) to the other half of the hydrogenated CdC
double bond and has some similarity to an FeH+-substituted
NBN where the FeH+ group interacts with the remaining CdC
double bond. From14, there is a very small barrier (4.4 kcal/
mol) for transferring the second hydrogen. The breaking Fe-C
bond increases only slightly (1.962f 1.994 Å) while the
interaction with the CdC double bond increases. The overall
exothermicity of the uncatalyzed reaction is 37.5( 1.5 kcal/
mol by experiment or high-level theory.57 With Fe+ coordinated
to reactant and product, the exothermicity decreases to 14.1 kcal/
mol because Fe isη4 in the reactant andη2 in the product. With
respect to C7H8Fe+ plus H2, the activation barrier is 11.0 kcal/
mol, which increases to 20.9 kcal/mol when the H2 binding
energy in included. The computed mechanism is consistent with
the addition of both hydrogens toendopositions of NBN.

The dehydrogenation transition state (TS14/15) is compared
to the calculated transition state for dehydrogenation of HFeC2H5

+

in Figure 9. The similarity of the structures is very clear; where
two C-H bonds are replaced by C-C bonds inTS14/15and
the iron is interacting with aπ bond. The H-H bond is broken
to a much smaller extent inTS14/15compared to the HFeC2H5

+

f Fe(H2)C2H4
+ transition state.

3. Hydrogen/Deuterium Scrambling in C5H6Fe/C2D4
+. The

addition of dideuterium to C5H6Fe+ is known to scramble
hydrogen and deuterium.58 One hydrogen is known to be
exchanged more rapidly (eq 8) than the other five. The slow
exchange is thought to involve a 1,2-exo hydrogen migration
in the cyclopentadiene ligand. The experimental activation
barrier for 1,2-hydrogen migration in uncomplexed cyclopen-
tadiene is 23.6 kcal/mol.59

For hydrogen/deuterium scrambling in the C5H6Fe+/D2

system (Scheme 4a), the activation barrier for the first H/D
exchange is 14.2 kcal/mol and the barrier for additional H/D
exchanges is 23.6 kcal/mol.58 In the C5H6Fe+/C2D4 system
(Scheme 4a), the overall reaction profile is similar but the details
are different. First, the binding energy of ethene is much greater
than dihydrogen (51.3 vs 14.2 kcal/mol). Second, the hydrido
species exists for CpFe(H)D2

+, but not for CpFe(H)C2D4
+.

Third, the 1,2-hydrogen migration barrier is greater than the
ligand binding enthalpy for C5H6Fe+/D2, but less than the ligand
binding enthalpy for C5H6Fe+/C2D4. Thus, multiple H/D
exchanges should occur more readily in the C5H6Fe+/C2D4

system relative to the C5H6Fe+/D2 system.
4. CpFeR+ (RdC2H2, C2H3, C2H4, C2H5) versus C5H6FeR+

(RdC2H2, C2H4). When the quartet complex C5H6FeC2H2
+ was

optimized inCs symmetry (1′) (Figure 10), a force constant

Figure 7. Reaction profile comparing the hydrogenation of NBD by
theory and experiment (see ref 57). The Fe+-catalyzed reaction is less
exothermic (-27.3 kcal/mol) because the reactant isη4-complexed to
Fe+, while the product isη2-complexed to Fe+.

Figure 8. Molecular plots of species optimized at the B3LYP/6-31G-
(d) level for hydrogenation of NBD. The reaction profile with energies
in kcal/mol relative to C5H6FeC2H4

+ (7) is given in Scheme 3.

Scheme 3

C5H6Fe+ + D2 f C5H6Fe(D2)
+ f

C5H5FeH(D2)
+ f C5H5FeD(HD)+ f C5H5DFe(HD)+ (8)
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calculation revealed one imaginary frequency. When re-
optimized inC1 symmetry (1), a distorted structure was obtained
with no imaginary frequencies. However, the distortion, which
caused the Fe-C distances to the C5H6 ring to become
asymmetric, lowered the energy by much less than 0.1 kcal/
mol. In the C5H6FeC2H4

+ complex, theCs structure (7′) was
also a transition state to aC1-symmetry complex (7), 4.1 kcal/
mol lower in energy. An analysis of the wave functions indicates
that the distortions in7 are due to the rehybridization of the 4s
orbital on iron with a d-orbital to generate new orbitals that

overlap more effectively with those in the C2H4 ligand. Thus
there is a compromise between the best orbitals for interacting
with the C5H6 ring and the attached C2H4 ligand.

The bond enthalpies for R-CpFe+, R ) C2H5, C2H4, C2H3,
and C2H2 are given in Table 4. In addition, the bond enthalpies
for breaking a C-H bond in C2H6, C2H5, C2H4, and C2H3 are
compared with the C-H bond enthalpies in CpFeC2H5

+,
CpFeC2H4

+, and CpFeC2H3
+. The FeC7H7

+ and FeC7H9
+

cations are considered, even though they are not involved in
the retrocyclization reactions, to extend the range of comparison.
In contrast to the C-H bond energies of C2Hn-H (n ) 5-2),
where the C-H bond in C2H6 and C2H4 (100.1 and 109.1 kcal/
mol) is much stronger than in C2H5 and C2H3 (39.6 and 42.3
kcal/mol), the R-FeCp+ bond energies span a smaller range
(43.2-62.0 kcal/mol). While C2H5 and C2H3 gain a π-bond
when the C-H bond is broken, in CpFeC2H5

+ and CpFeC2H3
+

removing the R group requires the additional loss of an agostic
interaction. In the series CpFeC2Hn

+-H (n ) 4-2), the C-H
bond in CpFeC2H4

+ (90.3 kcal/mol) is much stronger than in

Figure 9. The structural parameters for dehydrogenation of NBN
(values in parentheses) are very similar to dehydrogenation of FeC2H6

+

(see ref 37). In the drawing, the transition state for dehydrogenation of
FeC2H6

+ is shown by bold lines where the two downward-pointing
lines are terminated by hydrogen atoms.

Scheme 4

Table 4. Calculated B3LYP/6-31G(d) Bond Enthalpy (kcal/mol) at
298 K for Breaking R-C Bond

R ) CpFe+;
R′) H

R ) H;
R′) H

R ) H;
R′) CpFe+

R-CH2CH2-R′ 55.6 100.1 52.0
R-CH2CH-R′ 43.2 39.6 90.3
R-CHCH-R′ 62.0 109.1 57.5
R-CHC-R′ 46.8 42.3
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CpFeC2H5 or CpFeC2H3
+ (52.0, 57.5 kcal/mol) which reflects

the strong binding of the ethene group. The binding of C2H4

and C2H2 is stronger to C5H6Fe+ (51.3 and 56.8 kcal/mol) than
to CpFe+ (43.2 and 46.8 kcal/mol) which is due to the weaker
binding of Fe+ to C5H6 compared to C5H5 (53.7 and 86.7 kcal/
mol; Table 3).

5. CID of C5H6Fe+ + C2H4 and C2H2. Rearrangements of
C5H6Fe+ plus substrates can be studied by allowing the cation
to react with a variety of isomers and comparing the CID plots.
When the same CID plot results from different substrates, this
indicates that rearrangement has occurred to form a common
intermediate, where the intensity pattern of fragments can give
clues to the structure of the intermediate.

In the reaction of small alkenes and alkynes with C5H6Fe+

using Fourier transform ion cyclotron resonance (FTICR) mass
spectrometry, the main process involves loss of H or H2 to
generate a complexes whose structure can be probed by CID
(eq 9-12).

In the reaction between C5H6Fe+ + C2H4, four possible
structures were considered for the FeC7H8

+ complex (a-d). The
CID of the reaction of Fe+ with cycloheptatriene (a) showed a
different pattern from the CID of eq 10 while (b) could be
eliminated due to incompatible fragmentation pathways. Struc-
ture (d) was excluded by consideration of earlier work by

Bakhtiar and Jacobson.21 Chen et al.20 settled on (c) as the
identity of FeC7H8

+ in eq 10. However, the present calculations
suggest that (e) should be considered as a strong candidate. First,
the reaction to (c) plus H2 is endothermic by 5.8 kcal/mol, while
the reaction to (e) plus H2 is exothermic by 15.8 kcal/mol.
Second, the activation barrier to (c) plus H2 is 9.8 kcal/mol
greater than the barrier to (e) plus H2.

Conclusions

The retro Diels-Alder reaction of norbornadiene catalyzed
by Fe+ has an activation barrier that is 3.1 kcal/mol lower than
that of the concerted uncatalyzed reaction. In contrast, the Fe+-
catalyzed retrocyclization of norbornene has a higher activation
barrier than the concerted reaction. In both reactions, a bicyclic
metallocycle is formed. Ligand-to-ligand hydrogen migrations
in C5H6FeC2H2

+ and C5H6FeC2H4
+ lead to CpFeC2H3

+ and
CpFeC2H5

+, respectively, in near-thermoneutral reactions that
have low activation barriers. A pathway for dehydrogenation
of C5H6FeC2H4

+ has been calculated leading to C5H6FeC2H3
+

with a 44.9 kcal/mol activation barrier. In addition, the
hydrogenation norbornadiene is predicted to proceed with a
stepwise mechanism and 20.9 kcal/mol activation barrier. While
there is no evidence for a dihydrido intermediate, a monohydrido
intermediate is predicted in both mechanisms. In hydrogen/
deuterium exchange for C5H6Fe/C2D4

+, the first exchange occurs
with facile formation of a CpFeC2D4H+ intermediate. Subse-
quent H/D exchanges require 1,2-hydrogen migrations in the
complexed cyclopentadiene of C5H5DFeC2D3H+ which has a
calculated barrier of 23.6 kcal/mol. When comparing binding
energies of R-C2H2, R-C2H3, R-C2H4, and R-C2H5

(R ) CpFe+ or H), the binding of CpFe+ (R ) CpFe+) to C2H2

and C2H4 is greater than the C-H bond energy in C2H3 and
C2H5, while the binding of CpFe+ (R ) CpFe+) to C2H3 and
C2H5 is less than the C-H bond energy in C2H4 and C2H6.
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Figure 10. Molecular plots of C2H5, C2H4, C2H3, and C2H2 complexed
to CpFe+ and C2H5 and C2H4 complexed to C5H6Fe+ optimized at the
B3LYP/6-31G(d) level.

C5H6Fe+ + C2H2 f FeC7H7
+ + H (9)
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+ + H2 (10)

C5H6Fe+ + HCtCCH3 f FeC8H8
+ + H2 (11)

C5H6Fe+ + H2CdCHCH3 f FeC8H10
+ + H2 (12)

DFT Study of Retrocyclization of NBD and NBN J. Am. Chem. Soc., Vol. 123, No. 38, 20019435


