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The metal–enediyne complexes [(η5-C5H5)Fe{η5-1,2-
C5H3C���C(CH2)nC���C}] (4, n � 4; 5, n � 5) and [(η5-C5H5)-
Fe{η5-1,2-C5H3(C���CMe)2}] (6) were prepared from
1,2-diethynylferrocene (3). Complexes 4 and 5 were char-
acterized in the solid state by X-ray crystallographic
analysis. The structures of 4 and 6 were determined by
computation using ab initio methods. A correlation
was observed between ring-strain and increased ease of
electrochemical oxidation along the series 6 (�0.164 V) to
5 (�0.152 V) to 4 (�0.123 V). A similar trend in ionization
potentials was identified in both the gas phase and in
solution by computational methods.

The effect of cycloalkyl-annelation on the structure, properties,
and reactivity of aromatic rings has attracted the attention
of organic chemists for over 50 years.1,2 A particularly fascin-
ating aspect of strained-ring annelation is the observation that
the oxidation potentials within a series of naphthalenes
becomes more positive as ring-strain is increased. To illustrate,
oxidation of 1,2-dihydrocyclobuta[b]naphthalene (1, E½ = �
1.59 V vs. SCE) occurs at 50 mV more positive potential than
for 2,3-dimethylnaphthalene (2, E½ = �1.54 V; Fig. 1).2a This,
and related phenomena, have been attributed to a strain-
induced rehybridization of the ring-junction carbons (*).1,2

Thus, ring-strain results in increased p-character in the atomic
orbitals used in the strained-ring and, conversely, increased
s-character in the atomic orbitals used to form the sigma bond
to the sp2-carbon α to the strained-ring.

Enediynes are of great interest due to the potent antitumor
activity exhibited by naturally occurring strained-ring
enediynes,3 and the widespread use of enediynes as important
units for the construction of carbon-rich systems.4 Strained-
ring alkynes have been widely studied from the perspective
of reactions at the alkyne π-system;5 however, the influence of
cycloalkynyl-annelation on redox behaviour has not previously
been reported. Here we report synthetic, electrochemical, and
computational studies which establish a relationship between
enediyne ring-strain and the electronic properties of enediynes
and enediyne–metal complexes.

Sequential treatment of a THF solution (125 mL) of 1,2-
diethynylferrocene 6 (3; 383 mg, 1.64 mmol) with n-BuLi (4.1
mmol) and 1,4-diiodobutane (0.54 g, 1.64 mmol) gave the
enediyne complex [(η5-C5H5)Fe{η5-1,2-C5H3C���C(CH2)4C���C}]

Fig. 1

(4) as a yellow–orange air-stable solid in 26% yield (Scheme
1).7–9 The 11-membered ring analogue 5 and the acyclic
dipropynyl analogue 6 were prepared from 3 in a similar
fashion. A DEPT NMR spectrum (CDCl3) of 4 supports
the assignment of carbon resonances at δ 80.0 and 96.2 to
the alkyne sp-carbons. For comparison, the alkyne carbons in
5 are observed at δ 80.2 and 91.8; whereas, for 6 these
resonances are located farther upfield at 76.0 and 84.3. The 13C
NMR spectroscopic data are consistent with an increase in
p-character at the alkyne–cyclopentadienyl bonds proceeding
across the series from 6 to 5 to 4.

The structural details for 3–6 were established by X-ray
crystallography (4, 5; Table 1; Fig. 2) 10 and by computation
using ab initio methods (4, 6; Table 1).11 The validity of the
computational results is supported by the remarkably close
agreement between the crystallographic and computational
data for 4 (Table 1). For the series of compounds 4–6, the bond
distances of the enediyne unit (α, β, γ) are similar within the
experimental uncertainty; however, large geometric differences
in the enediyne angles are observed along this series. Angular
distortions at the proximal alkyne carbons in the 10-membered
ring enediyne 4 are significantly greater (B = 163.5�) than at the
distal alkyne carbons (C = 172.7�; 171.8� calc). In contrast, the
B/C angles for the 11-membered ring compound 5 are 168.6�
and 171.0�, respectively. Both 4 and 5 fit the structural criteria
for angle-strained alkynes,7 with the average angle about the
sp-carbons bound to the Cp-ring in 4 and 5 determined to be
163� and 168�, respectively. The cd-distance in 4 (3.4 Å, 3.5 Å
calc) and in 5 (3.8 Å) is significantly shorter than the
corresponding distance calculated for 6 (4.6 Å).

Scheme 1
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In order to establish the electronic effect of ring-strain
on organometallic enediynes, cyclic voltammetry studies were
performed on 3–6 in CH3CN–0.1 M TBAPF6.

12 For this series
of complexes, a one-electron oxidation process is observed with
E½ values (vs. Fc/Fc�) determined to be �0.294 V (3), �0.164
V (6), �0.152 V (5), and �0.123 V (4). The substantial
electronic effect which occurs upon replacing a hydrogen by a
methyl (in this case comparison of 3 and 6) is well established.
The observation that strained-ring enediyne 4 is 41 mV easier to
oxidize than dipropynyl complex 6 runs counter to the previous
observation that strained-ring compound 1 is 50 mV more dif-
ficult to oxidize than 2. The 41 mV difference in oxidation
potential between 4 and 6 is therefore a surprisingly large
electronic effect.

The oxidation potential of numerous ferrocene derivatives
has been shown to correlate with inductive substituent
parameters.13 In order to obtain a comparison of sp3-, sp2-
and sp-hybridization on the oxidation potential of mono-
substituted ferrocenes in CH3CN–0.1 M TBAPF6, we
determined the oxidation potentials (vs. Fc/Fc�) for ethylferro-
cene (E½ = �0.056 V), ethenylferrocene (E½ = �0.019 V)
and ethynylferrocene (E½ = �0.157 V). Thus, there is a 138 mV
difference in oxidation potential between the ethenyl and
ethynyl substituents.

Fig. 2 ORTEP diagram for 4-monoclinic. Selected bond lengths [Å]
and angles [�]: C(1B)–C(13B) 1.435(9), C(1B)–C(5B) 1.436(9), C(2B)–
C(3B) 1.412(9), C(3B)–C(4B) 1.418(10), C(4B)–C(5B) 1.415(9), C(5B)–
C(6B) 1.434(10), C(6B)–C(7B) 1.206(9), C(7B)–C(8B) 1.465(9),
C(11B)–C(12B) 1.473(9), C(12B)–C(13B) 1.188(9), C(1C)–C(2C)
1.362(10); C(13B)–C(1B)–C(5B) 120.0(6), C(7B)–C(6B)–C(5B)
162.6(7), C(6B)–C(5B)–C(1B) 120.2(6), C(6B)–C(7B)–C(8B) 172.4(7),
C(13B)–C(12B)–C(11B) 172.9(7), C(12B)–C(13B)–C(1B) 163.1(7).

Table 1 Bond lengths (Å), angles (�) for 4, 5 and 6

Compound 6(calc) 5 4 4(calc)

[ab] 3.15 2.94 2.86 2.90
[cd] 4.59 3.78 3.39 3.48
α 1.463 1.446(7) 1.451(8) 1.469
β 1.426 1.423(7) 1.436(9) 1.426
  1.414(7) 1.427(9)  
γ 1.224 1.184(8) 1.171(8) 1.226
  1.190(8) 1.194(9)  
A 126.3 122.3(5) 119.7(6) 120.1
  121.5(5) 119.1(6)  
B 178.5 169.6(6) 162.6(7) 163.5
  167.7(7) 164.4(7)  
C 179.6 170.5(7) 172.9(7)  
  171.6(8) 172.5(6) 171.8

Computational methods were utilized to determine the
ionization potentials for naphthalenes 1 and 2; and cyclo-
pentadienyl-iron complexes 4 and 6 (Table 2).11 Results for 1
and 2 are shown for both B3LYP/DZ(2d,p) and B3LYP/SDD to
help establish method reliability. Computational ionization
energy values for all four structures result from Koopmans’
theorem estimates as well as the more accurate ∆(SCF) method.
The results are consistent with the experimental observations
that dimethylnaphthalene 2 is easier to oxidize than ring-
strained cycloalkyl 1, whereas ring-strained 4 is easier to oxidize
than 6.

In addition to rehybridization effects, the change in oxidation
potential along the series 6–4 could be influenced by an inter-
action of the alkyne π-system(s) directly with the iron center.
Fig. 3 shows the molecular orbital contour plots for the HOMO
of both 4 and 6. In order to clarify the effect of the metal center
on the ionization potential of 4 and 6, we examined the metal-
free cyclopentadienide-enediynes 7 and 8 (Fig. 4, Table 2). The
remarkable similarity in ∆(IP) for 7 and 8 (0.0067 eV) compared
to that for 4 and 6 (0.0071 eV) indicates that the differences
in ionization potential across the series 4–6 are not due to the
effects of metal–alkyne interactions.

Solvation calculations were also performed within the
conductor-like screening model approximations 11j at a relative
permittivity of ε = 36.64, mimicking that of acetonitrile (used
as the solvent in the electrochemical experiments) in order
to observe the change in ionization potential with change
in dielectric. Computational ionization energy values for all
structures result from Koopmans’ theorem estimates as well as
the more accurate ∆(SCF) method.11k We note that similar
trends are achieved for both methods, and therefore, for
complexes 4 and 6 in solution, only the former was performed
to conserve computational effort. The solution studies indicate
a significant solvent effect on the difference in ionization
potential for 4 and 6 (∆(IP) = 0.020). The larger value of ∆(IP)
in polar media relative to that in the gas phase may be attrib-

Table 2 Ionization potential data (eV)

Gas phase, Koopmans’

Compound B3LYP/SDD ∆(IP) B3LYP/DZ(2d,p)

1 �5.8450 0.0778 �5.7881
2 �5.7672  �5.7204
4 �5.4298 0.0071  
6 �5.4368   
7 1.9820 0.0067  
8 1.9888   

Gas phase, ∆(SCF)

Compound B3LYP/SDD ∆(IP) B3LYP/DZ(2d,p)

1 �7.5427 0.0912 �7.5563
2 �7.6339  �7.4726
4 �6.0706 0.0015  
6 �6.0721   

Acetonitrile, Koopmans’

Compound B3LYP/SDD ∆(IP) B3LYP/DZ(2d,p)

1 �5.9729 0.0718 �5.9049
2 �5.9011  �5.8406
4 �5.5813 0.0204  
6 �5.6017   

Acetonitrile, ∆(SCF)

Compound B3LYP/SDD ∆(IP) B3LYP/DZ(2d,p)

1 �6.0829 0.0592 �5.9969
2 �6.0236  �5.9470
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uted to a larger dipole moment for ring-strained structure 4
(µ = 1.45 D) than for 6 (µ = 0.88 D).

The results reported herein establish a relationship
between ring-strain and the electronic properties of conjug-
ated enediynes and enediyne–metal complexes. The observed
trend is in the opposite direction to that observed previously
for oxidation of systems involving cycloalkyl ring-strain
(e.g. 1, 2). A comparison of the trend observed for the
naphthalenes to that observed for the iron complexes is
complicated by the fact that the oxidation is metallocene-
based in the latter and from the π-system in the former.
However, the computational results in Table 2 indicate
that ring-strain in the metal-free enediynes raises the
energy of the HOMO (ring-strained 7 vs. 8) by a similar
magnitude to that observed in iron complexes (ring-strained 4
vs. 6). Thus, the higher energy HOMO for the organic system
(ligand) also increases the energy of the metallocene-based
HOMO.

The correlation between ring-strain and the increased ease
of oxidation along the series 6 < 5 < 4 is distinctly not due
to differences in metal–enediyne interactions across the series.
Furthermore, if rehybridization effects were the primary factor
responsible for the observed trend, then one would have
expected to see a similar effect in the organic systems. Thus, we
suggest that the observed trends for 4–6 and 7,8 are primarily
due to increased in-plane π–π repulsion as increased ring-strain
brings the alkynes into closer proximity.4c

Fig. 3 Highest Occupied Molecular Orbital contour plots for 4 (top)
and for 6 (bottom).11h,i Green and red colors indicate orbital lobes of
opposite sign.

Fig. 4
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