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The meta regioselectivity of the nucleophilic addition to methoxy-substituted arene-Cr(CO) complexes has been3
investigated by theoretical methods using density functional calculations employing the hybrid-DFT approach
Becke3LYP and a Ñexible all-electron basis set. By calculating the relative energies and conformational preferences
of the competing reactive intermediates (regioisomeric primary addition products) it was, among other things,
demonstrated that the preferred reaction pathway proceeds via the most stable intermediate. Based on the
theoretical results a reÐned mechanistic picture for a synthetically important metallorganic process was derived.

Among the various synthetically useful reactions of arene-
Cr(CO) complexes,1 the addition of nucleophiles and sub-3sequent transformations have received broad attention.2 It is
now an established fact that the g6-complexed arenes, such as
the parent benzene complex 1, are attacked by certain nucleo-
philes in an exo-fashion to form anionic g5-intermediates of
type 2, which can then further react in di†erent ways depend-
ing on the quenching conditions (Scheme 1).3h6 Without the
electron-withdrawing e†ect of the metal fragment, this chem-
istry would not take place.

Additions to anisole-Cr(CO) (3, R\ H) and its derivatives3are of particular synthetic relevance (Scheme 2). In such cases,
the nucleophile has been shown to regioselectively attack the
meta-position with respect to the alkoxy substituent.3f,7 If the
intermediate addition product (4) is trapped by an oxidising
agent, a meta-substituted anisole derivative (5) is isolated.
However, under special work-up conditions dienol ethers 6

Scheme 1 Nucleophilic addition to benzene-Cr(CO) (1) and sub-3sequent transformations of the anionic intermediate 2.

are formed, from which in turn cyclohexenones of type 7 are
accessible.8 The latter represent highly valuable (chiral) build-
ing blocks for further synthetic applications.9h11 A third reac-
tion pathway leads to the formation of meta-tele-substituted
products (8),12 which are favored in the case of ortho-
substituted substrates.13

To explain the observed meta selectivity of the nucleophilic
attack, three models have been used which will be brieÑy
introduced in the following.

Scheme 2 Nucleophile addition to anisol-Cr(CO) derivatives and3subsequent transformations.
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Scheme 3 Partial charges arising from the mesomeric e†ect of an oxy
substituent on the arene.

Scheme 4 Preferred orientation of the tripod in oxy-Cr(CO)3substituted benzene-Cr(CO) complexes.3
Model 1 : On a simple level the meta selectivity can be

rationalized just by electronic e†ects induced by the substit-
uent already present on the arene. According to Scheme 3 the
electron-rich methoxy substituent should deactivate the ortho
and para positions for a nucleophilic attack. This model,
however, does not consider any participation of the Cr(CO)3moiety.

Model 2 : A more sophisticated explanation is based on
charge control in connection with the conformational
arrangement of the tripod (a stereoelectronic e†ect).Cr(CO)3From X-ray structures and NMR spectroscopic data it can be
assumed that the substrate prefers a conformation with one of
the CO ligands eclipsing the methoxy group (Scheme 4). Thus,
the meta selectivity could be rationalized by the electrostatic
activation imposed by the other CO ligands on the eclipsed
(meta) ring positions.14 This model considers the partial
charges at the arene carbon atoms in the lowest energy con-
former of the complex.

Model 3 : It has been suggested that certain nucleophilic
additions to complexed arenes proceed under orbital control.
In such cases, one has to consider the LUMO of the respec-
tive complexes. It is not unlikely that a dependency of the
orbital coefficients on the orientation of the tripodCr(CO)3exists.15

A fundamental problem, however, arises due to the low
rotational barrier of the tripod in the neutral startingCr(CO)3complexes. Accordingly, the CurtinÈHammet principle16
should apply for kinetically controlled reactions and the
regioselectivity would only be determined by the relative ener-
gies of the competing transition states. As several investiga-
tions have shown, nucleophilic additions are often reversible
(thermodynamically controlled).7,8c In such cases, the selec-
tivity would reÑect the relative energies of the resulting reac-
tive intermediates. In order to shed light onto the mechanistic
problems introduced above, we disclose here a theoretical
study based on modern quantum chemical techniques.17

Computational details
As in our previous studies17a all calculated structures present-
ed in the following sections were fully optimized in the respec-
tive point group symmetry employing analytical gradient
techniques and the popular hybrid density functional method
B3LYP18 as implemented in GAUSSIAN 98.19 The one-
particle description for the chromium atom was a
(14s11p6d) ] [8s6p4d] all-electron basis set introduced by
Wachters,20 supplemented with three primitive f-type polar-
ization functions contracted into two. For carbon, hydrogen,
and oxygen we employed DunningÏs standard split valence
D95* basis set, which includes a set of d-type functions on C
and O. Spherical harmonic polarization functions (i.e. 5d and
7f components) were used throughout.21 Harmonic fre-
quencies were computed analytically with the smaller basis set
Wachters/D95 in order to estimate the zero point vibrational
energies (ZPE) and to identify a stationary point as a
minimum or transition structure. The partial charges and

orbital hybridizations were calculated employing the natural
bond orbital (NBO) scheme as developed by Weinhold and
coworkers.22 All calculations were carried out on either IBM
RS/6000 workstations, PC workstations, the workstations
available at the RRZK zu or the CRAY(Universita� t Ko� ln)
J932 computer at the Konrad-Zuse-Zentrum, Berlin.

Results and discussion
First, we will discuss reactive intermediates of type 2. As a
model system we investigated the addition product formally
derived from the parent benzene complex 1 with a methyl
anion as nucleophile (Fig. 1). The optimized minimum struc-
ture (2s) shows the expected g5 bonding mode of the chro-
mium tricarbonyl fragment to the p-ligand. To reach the best
possible coordination between the chromium and the Ðve
carbon atoms, the tripod has moved more closelyCr(CO)3towards C4 while C1 is bent away from the group.Cr(CO)3The comparison of our calculated geometry parameters with
the experimentally determined structure of 923 (Scheme 5)
serves as proof for the quality of the theoretical methodology
used. Table 1 shows that there is a satisfying general agree-
ment of the calculated and the experimental data. Deviations

Fig. 1 Calculated structures and partial charges of the two con-
formers (2s and 2a) of the anionic complex 2. The partial charges of
the hydrogen atoms are summed into those of the corresponding
carbon atoms.

Scheme 5 The anionic intermediate 9, characterized by X-ray crystal-
lography.3e

Table 1 Geometrical parameters for the calculated (2s) and the
experimental (9) structure of anionic addition products of type 2

Parameter Calculated 2s Experimental 9a

C1ÈC2/A� 1.53 1.49
C2ÈC3/A� 1.41 1.41
C3ÈC4/A� 1.44 1.41
C1ÈC7/A� 1.57 1.53
CrÈ(C2ÈC6)/A� ca. 2.26 ca. 2.22
CrÈpentadienyl plane/A� 1.74 1.75
Pentadienyl plane :
C1ÈC2ÈC6/¡ 37.0 38.6

a Ref. 3(e)
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Table 2 Total energies, zero point energy (ZPE) correction and relative energies for structures 2s, 2a, 10s, 10a, 11, 11ts, 12, 12ts, 13, 13ts, 14 and
14ts

Structure Total energy/hartreea ZPE/kcal mol~1 b Rel. energy/kcal mol~1 c Rel. energy/kcal mol~1 d

2s [1656.808 72 103.2 0.0
2a [1656.796 71 103.1 7.5
10s [1692.090 45 82.4 0.0
10a [1692.086 29 82.2 2.5
11 [1771.161 24 123.4 0.0 0.7
11ts [1771.148 60 123.3 8.0
12 [1771.162 26 123.3 0.0 0.0
12ts [1771.149 37 123.1 8.1
13 [1771.157 23 123.3 0.0 3.2
13ts [1771.147 20 123.2 6.3
14 [1771.157 41 123.0 0.0 3.0
14ts [1771.144 63 122.8 6.9

a Optimization with B3LYP and the basis set Wachters ] f/D95*. b B3LYP, Wachters/D95. c Relative energies for the rotational barriers.
d Relative energies of the four reactive intermediates in their most favored geometries.

may result from the di†erent kind of nucleophile, which
attacked the benzene-Cr(CO) complex, and from the fact that3the calculations mirror only the naked anion in the gas phase
while in the crystal a counter ion is also present. Nevertheless,
the pronounced features of an anionic addition product are
very well reproduced by the calculations.

The NBO analysis reveals that the negative charge in 2s is
strongly delocalized, in particular to the moiety.24 InCr(CO)3order to estimate the rotational barrier of the group,Cr(CO)3the two conformers 2s and 2a were calculated (see Table 2). 2a
turns out to be the transition state for this rotation process
connected to an imaginary frequency of 55.8 cm~1. The syn-
eclipsed conformer 2s is 7.5 kcal mol~1 more stable than the
anti-eclipsed conformer 2a. This barrier is remarkably high in
contrast to the negligible rotational barrier of 0.2 kcal mol~1
in the neutral benzene-Cr(CO) complex 1.17a From these cal-3culations it is concluded that anionic intermediates of type 2
generally prefer a single (syn-eclipsed) conformation with
respect to the rotation of the tripod.25Cr(CO)3We next turned our attention to the structure and electronic
properties of oxygen-substituted arene-Cr(CO) complexes. As3a model system we Ðrst calculated the phenol-Cr(CO)3complex 10. In addition to the ground state minimum struc-
ture (10s), we also calculated the transition state (10a) for the
rotation of the tripod in order to quantify the inÑu-Cr(CO)3ence of the conformation on the partial charges of the arene
carbons and to get information about the height of the rota-
tional barrier. The calculated structures and the partial
charges of 10s and 10a are depicted in Fig. 2 ; selected bond
lengths of 10s are shown in Table 3. Due to the fact that the
hydrogen atom of the hydroxy group is oriented nearly in the
plane of the arene ring, the symmetry of the complex 10s is
reduced to The CO groups of the tripod areC1. Cr(CO)3eclipsed with three carbon atoms of the arene, including the
OH-substituted carbon center. This orientation corresponds

Fig. 2 Calculated structures and partial charges of the two con-
formers (10s and 10a) of the phenol-Cr(CO) complex 10. The partial3charges of the hydrogen atoms are summed into those of the corre-
sponding carbon atoms.

Table 3 Selected bond lengths of the calculated structure 10s

Bond Calc. bond length/A� a

C1ÈC2 1.421
C2ÈC3 1.421
C3ÈC4 1.425
C4ÈC5 1.422
C5ÈC6 1.426
C6ÈC1 1.423
C1ÈO1 1.384
CrÈC1 2.361
CrÈC2 2.345
CrÈC3 2.305
CrÈC4 2.320
CrÈC5 2.293
CrÈC6 2.337
CrÈC7 1.843
CrÈC8 1.841
CrÈC9 1.840
C7ÈO2 1.188
C8ÈO3 1.188
C9ÈO4 1.189

a B3LYP, Wachters] f/D95*

to the lowest energy conformer. The rotational barrier of the
group is calculated to be 2.5 kcal mol~1, which isCr(CO)3higher than in benzene-Cr(CO) 1 (0.2 kcal mol~1) or3 ,

toluene-Cr(CO) (0.8 kcal mol~1).16a3The two ortho carbon atoms in 10s (with respect to the
hydroxy group) carry a very small negative partial charge in
contrast to the meta positions, which indeed possess a slightly
positive partial charge. This may be an indication for the
kinetic preference of the meta attack by a nucleophile.

While a positive partial charge is located on the meta posi-
tions in 10s, the activation of the meta position in 10a is not
only less pronounced, but even one of the ortho positions is
signiÐcantly positively charged. The di†erence of the partial
charges of the two ortho positions in 10a can be attributed to
the bent orientation of the hydroxy group. While the para
carbon atom is not activated in 10s, it carries a signiÐcant
positive partial charge in 10a and therefore would be prone
towards nucleophilic attack. On comparing the partial
charges of 10s and 10a it becomes obvious that the stereoelec-
tronic inÑuence of the tripod overcompensates for theCr(CO)3simple electronic e†ect of the oxy substituent.

In accordance with the charge distribution discussed above,
the calculated LUMOs26 of the eclipsed and staggered
phenol-Cr(CO) complexes 10s and 10a show no coefficient in3the para and ipso positions. This corresponds to the experi-
mental observation that usually no para addition occurs.
Interestingly, the LUMOs of both conformers (10s and 10a)
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do not di†er signiÐcantly with respect to their coefficients at
the ortho and meta positions (Fig. 3).

The calculation of the ground state structure 10s indicates
that model 2 reÑects much better than model 1 the disposition
of the substrate towards nucleophilic addition under charge
control, the main e†ect being the activation of the meta posi-
tion by the eclipsed carbonyl groups in the preferred con-
former 10s. Furthermore, the calculations suggest that the
meta selectivity cannot be explained in terms of model 3
(orbital control).

As mentioned in the introduction, model 2 still has some
fundamental limitations. A better model should consider the
relative energy of the competing reactive intermediates in the
case of reversible reactions (thermodynamic control). To
rationalize the selectivity of kinetically controlled reactions,
however, the relative energies of competing transition states
need to be analyzed. Therefore, a theoretical investigation of
the four regioisomeric intermediates 11È14, formally derived
by addition of a methyl anion to the ortho, meta, para or ipso
position of the anisole-Cr(CO) complex 3 (R\ H), was3carried out (Scheme 6).27 The calculated ground state struc-
tures of these anionic complexes (Fig. 4) verify the assumption
that the syn-eclipsed conformation (with one CO group eclips-
ing the newly formed sp3 center) is always preferred. This
e†ect is stronger than any directing inÑuence of the oxy sub-
stituent on the conformation of the metal carbonyl fragment.

The relative energies of the four competing intermediates in
their lowest energy conformation (Fig. 5) reÑect qualitatively
the experimentally well-documented preference for the meta-
addition product, although the calculated energy di†erence
between 11 and 12 is rather small. The para and ipso products
13 and 14 are clearly disfavored. A possible explanation for
the greater stability of 12 in comparison to the other isomers
may be the fact that only in 12 is a favorable eclipsed orienta-
tion of one CO ligand to the methoxy-substituted ring carbon
and the newly formed sp3 center realized.

The calculation of the rotational barriers of the Cr(CO)3group in the four anionic intermediates 11È14 (energies of the
transition states, ts, see Table 2) again reveals rather high bar-

Fig. 3 Lowest unoccupied molecular orbitals (LUMO) calculated for
the optimized geometries 10s and 10a using the HF method (3-21g
basis set) as implemented in the program SPARTAN.

Scheme 6 Structural formulae of the four competing anionic addi-
tion products 11–14 formally derived from anisol-Cr(CO)3 .

Fig. 4 Calculated structures of the four isomeric anionic addition
products 11È14 in their lowest energy conformations.

Fig. 5 Relative energies of the four isomeric anionic intermediates
11È14.

riers : 8.0 for 11, 8.1 for 12, 6.3 for 13 and 6.9 for 14.28 This
means that in contrast to the neutral substrates the rotation of
the tripod is signiÐcantly restricted in the reactiveCr(CO)3intermediates.

Following the Hammond postulate,29 the transition state of
the nucleophilic addition should be more similar to the reac-
tive intermediates than to the substrate. Therefore, the calcu-
lated relative energies of 11È14 should reÑect the rates of the
four competing reaction pathways. This leads indeed to a
better qualitative understanding of the regioselectivity of the
reaction, both under kinetic and thermodynamic control. This
reÐned model correlates nicely with the stereoelectronic inter-
pretation according to model 2. Obviously, the kinetically
(charge) controlled nucleophile attack at the activated meta
position of the substrate 3 (R\ H) in its lowest energy confor-
mation leads to the most stable intermediate (12) in its lowest
energy conformation. Thus, the kinetically preferred reaction
pathway is that which requires a minimum of structural reor-
ganization, according to the principle of least motion.30

Conclusion
We have used modern DFT techniques to calculate structures
and relative energies of oxy-substituted arene com-Cr(CO)3plexes and anionic intermediates formally derived therefrom
by nucleophilic addition of a methyl anion. The reliability of
the DFT calculations had been shown in the past by calcu-
lating reactive intermediates derived from toluene-Cr(CO)3 .17a
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As a result of our theoretical study, an improved rationale for
the meta selectivity of synthetically important nucleophilic
additions to anisole-Cr(CO) and related complexes has been3developed. In contrast to older models, the new picture does
not ignore the CurtinÈHammet principle as it considers the
(relative) energy and the preferred conformation of competing
reactive intermediates and not only the ground state structure
of the starting material.
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