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Abstract

Systematic studies on the substituent effect in para substituted Cr(CO)5–pyridine complexes have been carried out on the basis of DFT
quantum-chemical calculations. Ten simple and mostly common substituents were chosen in order to analyze possibly the largest spec-
trum of substituent effects. The following substituents were taken into consideration: NO, NO2, CN, CHO, F, H, CH3, OCH3, OH and
NH2. Additionally, the Cr–N and Cr–C bonds were characterized on the basis of Atoms in Molecules topological analysis of electron
density. It has been found that the substituents in position 4 of the pyridine ring influence the Cr–N bond of Cr(CO)5–pyridine complex
in a systematic manner, as a result of with, the pyridine moiety has a diversified ability of participating in the interaction with the Cr atom
of Cr(CO)5 moiety. It has also been found, that the electron withdrawing substituents additionally stabilize the Cr–N bond, whereas the
electron donating ones weaken it. The substituent effect mainly affects the p-component of the Cr–N bond. This effect proceeds in the
whole Cr–pyridine–R moiety, and it is additionally reflected in the corresponding changes in metal–carbonyl bonds, particularly the trans

Cr–CO bond.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of M(CO)5–L transition metal complexes
is thoroughly explored because of unique properties of the
compounds belonging to this organometallic species. This
kind of compounds are used in industry as important
homogeneous and heterogeneous catalysts [1]. The photo-
chemistry of M(CO)5–L complexes (M = Cr, Mo, W) was
recognized and characterized in the early 70s of the previ-
ous century [2]. Moreover, these compounds were found
to exhibit non-linear optical properties [3]. Processes of dis-
placement of coordinated N2 by H2 in unstable compounds
using low-temperature/high-pressure techniques were also
investigated for the M(CO)5–L (M = Cr, Mo, W) com-
plexes [4]. The M(CO)5–L derivatives are the attractive
model systems for many investigations carried out by
0022-328X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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means of quantum-chemistry modeling. For instance, the
systematic M–L bond characterization in M(CO)5–L,
where M = Cr, Mo, W and L were different simple ligands,
was carried out using computational methods [5].

It is well known that the introduction of a substituent
into the suitable position of the molecule of a given chem-
ical compound results in changes in chemical and physical
properties of this compound [6]. Thus, the controlled sub-
stitution is a commonly used tool in the synthesis of chem-
ical compounds having specified properties. An excellent
example from the field of chemistry of the M(CO)5–L com-
pounds can be a case of the W(CO)5–L complexes, where L
is a pyridine-type nitrogen [7]. It was found that electronic
excitation of such complexes leads to ligand field or metal-
to-ligand charge transfer excited states. The latter becomes
the lowest excited state when the pyridine ligand bears the
electron-withdrawing substituents in position 4. Another
example of substituent effect analysis in related organome-
tallic species that can be mentioned here is the systematic
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Fig. 1. Graphical representation of the optimized geometry of (CO)5Cr–
pyridine (a), and corresponding to this system molecular graph with the
bond and ring critical points as small red circles for BCPs and small yellow
circles for RCPs (b). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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analysis of different reactivities of Fisher and Schrock
Cr(CO)5–L carbine complexes [8].

Pyridine belongs to a group of typical heterocyclic aro-
matic compounds and is widely applied in experimental
organic and organometallic chemistry. The nitrogen atom
in the pyridine ring is endowed with a lone electron pair.
This electron pair can be involved in different interatomic
interactions, including H-bonding in which the N atom
plays the role of the acceptor of proton [9–12] or in the
ligand–metal interaction. Thus, pyridine belongs to Lewis
bases and in organometallic chemistry is considered as a
common and relatively strong r-donating ligand [13]. It
was shown by Krygowski and co-workers [14] that the pyr-
idine moiety is relatively weakly sensitive to substituent res-
onance effect, when the N atom is involved in H-bond
creation. In this work quantum chemical methods were
used in order to gain a deeper insight into the phenomenon
of the substituent effect in a series of para substituted
Cr(CO)5–pyridine complexes. The obtained results were
related to the experimentally estimated substituent con-
stants [15]. Additionally, the metal–ligand bonds were
characterized by means of the Atoms in Molecules [16]
topological analysis of electron density function.

2. Methodology

A set of simple and most common substituents, having
possibly different properties in resonance effect according
to the values of substituents constants [15] were chosen in
order to simulate the influence of substitution in the
para-position of pyridine ring in Cr(CO)5–pyridine. The
following substituents were taken into consideration: NO,
NO2, CN, CHO, F, H, CH3, OCH3, OH and NH2. The
geometries of all the molecular systems were optimized
without any restrains using DFT-B3LYP functional
[17–19] in combination with 6-31+G(3df) basis set (Pople’s
6-31+G(3df) basis set for O, N, C and H [20–23] and
6-31+G basis containing additional three f and one g
polarization functions for the Cr atom) implemented in
GAUSSIAN-03 set of codes [24]. The obtained geometries
are generally in agreement with the previously reported
geometry of Cr(CO)5–pyridine molecule in the crystal state
[25]. A graphical representation of the optimized geometry
of unsubstituted Cr(CO)5–pyridine is shown in Fig. 1a.
Electron densities estimated for fully optimized systems
were used to AIM-based analysis of electron density [16].
Topological analysis of electron distribution was per-
formed using AIM-2000 package [26]. The number of critical
points found for all the analyzed systems is in agreement
with the Poincaré-Hopf rule [27]. The electron density at
bond critical point (q(BCP)), its Laplacian $2q(BCP), total
electron energy density (H) and its components, kinetic
(G) and potential (V) electron energy densities were ana-
lyzed in order to characterize metal–ligand bonding. A
molecular graph with positions of critical points is shown
in Fig. 1b. Additionally, the energies of LUMO orbitals
in free pyridine derivatives were estimated at the same level
of approximation as that present above. A set of experi-
mentally estimated substituent constants [15] were taken
into account in order to investigate the substituent effect
in para substituted Cr(CO)5–pyridine. The following sub-
stituent constants were taken into account: r+, r�, F, R+

and R�. As it is known, substituent constants numerically
quantify mutual electron interaction between a given sub-
stituent and the para-placed reactivity centre, spaced by
the aromatic ring. The constants selected for these studies
can be characterized as follows.

The r+ is the substituent constant estimated for the
para-placed reactivity centre (in respect to a given substitu-
ent, see Chart 1, where X is the reactivity centre and R is
the considered substituent), which could effectively delocal-
ize a positive charge, e.g. C(CH3)2Cl [28]. In other words,



Chart 1.
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the r+ values are estimated for the centre which introduces
a positive charge onto its carrier ring. The values of r� are
estimated for the centre having lone electron pairs, e.g.
the OH or NH2 group, so the centre which introduces a
negative charge onto its carrier ring [29]. The F values
reflect field/inductive properties of a given substituent,
while R+ and R� are the resonance constants obtained
for suitable centers of reactivity. The large positive value
of a given constant implies high electron-withdrawing
power by inductive and/or resonance effect, relative to
the hydrogen atom; while the large negative value of a
given constant implies high electron-releasing power rela-
tive to the hydrogen atom. The choice of five different type
constants is due to the fact that the metal centre can inter-
act with a given ligand both as the electron donating and
electron withdrawing centre. It is known that M–L bond-
ing is considered as a simple lone-pair-donor–acceptor
bond (as for instance in M–NH3 bond) or as a more com-
plex interaction in which the metal atom plays the role of
accepting and/or donating centre (e.g. the case of back-

bonding or p-electron ligand-to-metal donation).

3. Results and discussion

As it was already mentioned, the pyridine moiety is rel-
atively weakly sensitive to substituent resonance effect in
the case when the N atom is involved in H-bond creation.
It was shown by Krygowski and co-workers [14] that the
influence of substituents on H-bridge is relatively weak.
According to those authors, the most probable reason of
this is that the 2p-type electron in the nitrogen atom is
weakly involved in the mesomeric and p-electron delocal-
ization due to H-bond formation. This is obviously related
to the fact that the 2p orbital of the H atom is only slightly
accessible during the complexation. In fact, it was reported
on the basis of UHF/cc-pVQZ calculations that the energy
of hydrogen 2p orbital is 14.48 eV as compared with
0.53 eV and 1.6 eV energies of Li and BeH 2p orbitals,
respectively [30]. Therefore, it is worth taking a closer look
on the case of the M–N(pyridine) bond, where M is the tran-
sition metal atom. In M–N(pyridine) bond not only r, but
also the p component of the bond should be considered.
This is because, being distinct from the hydrogen atom,
the transition metals form bonds through the d-type orbital
having a more complex three-dimentional geometry than
the s-type orbital on the H atom. For instance, carbonyl
ligands are known as both r-donating and p-accepting spe-
cies [13]. The M–CO r-bond is formed by the donation of a
lone pair of the carbon atom into empty d orbital of the
metal. When the metal atom has the d2 or higher configu-
ration, its filled d orbital is overlapping with the empty CO
p* orbital, which results in the so-called back-bonding. It
should be emphasized here that this back-bond is usually
considered as a main force linking the transition metal
and CO ligand [5,31–34]. For this reason, metals with d0

configuration seldom form stable carbonyl complexes.
Another example can be the anionic maleimidato ligand.
The maleimidato ligand exhibits significant r-donating
properties, however, being distinct from the CO ligand, it
is a p-donating moiety due to the filled p-type orbital on
coordinating nitrogen atom [35]. For this reason the effi-
cient p-electron donation can be observed in the case of
complexes containing maleimidato fragment [36,37]. In
the case of the N atom in pyridine the r-donating compo-
nent occurs as it takes place in the maleimidato ligand.
Also a filled p-type orbital is present on the pyridine N
atom, however, it can be expected that its availability in
M–N bond formation is limited due to the fact that p-elec-
trons are strongly involved in the formation of a stable
aromatic system within the pyridine ring. Therefore, the
p-donating properties of pyridine ligand should be strongly
restricted when compared with the anionic g1-N maleimi-
dato ligand. The situation should become even more com-
plicated when a set of variably para substituted pyridine
ligands are considered. As it can be seen in Table 1, the
M–N(pyridine) bond length in substituted Cr(CO)5–pyridine
is changing due to the presence of the substituent in posi-
tion 4 of the pyridine ring. For the strongest electron with-
drawing substituents (these having large positive values of
substituent constants, e.g.: NO, NO2) the M–N bond is
shorter than in the unsubstituted Cr(CO)5–pyridine system,
whereas for the electron donating substituents (these hav-
ing large negative values of substituent constants, e.g.
NH2, OH) this bond is, respectively, longer. Therefore,
the electron withdrawing substituents additionally stabilize
the Cr–N bond, while the electron donating ones weaken it.
This can be surprising, considering the fact that the surplus
of negative charge on the N atom should result in stronger
bassic properties of the pyridine ligand and therefore, it
should additionally stabilize the bond under discussion. It
should be pointed out, however, that in the case of pyridine
system the substituents do not affect the r-donating com-
ponent of the M–N bond, or at least this component is
affected very weakly, as it can be concluded on the basis
of H-bond investigations [14]. Therefore, it can be sup-
posed that the substituents in para-position of pyridine
affect the p-component of the Cr–N(pyridine) bond. It is
also worth taking a closer look on the possible canonical
structures of the substituted pyridine. It has been shown
in Fig. 2c and d, that the substituent effect for electron



T
ab

le
1

S
u

b
st

it
u

en
t

co
n

st
an

ts
,

L
U

M
O

en
er

gi
es

o
f

th
e

fr
ee

p
yr

id
in

e
sy

st
em

an
d

se
le

ct
ed

A
IM

b
as

ed
p

ar
am

et
er

s
o

f
o

rg
an

o
m

et
al

li
c

sp
ec

ie
s;

el
ec

tr
o

n
d

en
si

ti
es

,
q,

it
s

la
p

la
ci

an
s,

$
2
q,

to
ta

l
el

ec
tr

o
n

en
er

gy
d

en
si

ty
,

H
(q

),
an

d
it

s
co

m
p

o
n

en
ts

,
k

in
et

ic
,

G
(q

),
an

d
p

o
te

n
ti

al
,

V
(q

),
el

ec
tr

o
n

d
en

si
ti

es

S
u

b
st

it
u

en
t

co
n

st
an

ts
C

r–
N

b
o

n
d

tr
a

n
s

C
r–

C
b

o
n

d
ci

s
C

r–
C

b
o

n
d

L
U

M
O

r
+

r�
F

R
+

R
�

d
(N

–C
r)

q
$

2
q

H
(q

)
G

(q
)

V
(q

)
d
(C

r–
C

)
q

$
2
q

H
(q

)
G

(q
)

V
(q

)
d
(C

r–
C

)
q

$
2
q

H
(q

)
G

(q
)

V
(q

)

N
H

2
�

1.
30
�

0.
15

0.
08
�

1.
38
�

0.
23

2.
21

0
0.

05
1

0.
29

4
2.

37
3

0.
07

0
�

0.
06

6
1.

86
1

0.
12

3
0.

57
5
�

20
.8

86
0.

17
7
�

0.
21

0
1.

91
1

0.
10

9
0.

52
1
�

15
.3

35
0.

15
5
�

0.
17

9
�

0.
01

95
O

C
H

3
�

0.
78
�

0.
26

0.
29
�

1.
07
�

0.
55

2.
21

2
0.

05
1

0.
29

4
2.

44
6

0.
07

0
�

0.
06

6
1.

86
2

0.
12

2
0.

57
4
�

20
.8

19
0.

17
7
�

0.
21

0
1.

91
1

0.
10

9
0.

52
1
�

15
.2

59
0.

15
4
�

0.
17

9
�

0.
02

52
O

H
�

0.
92
�

0.
37

0.
33
�

1.
25
�

0.
70

2.
21

4
0.

05
1

0.
29

3
2.

49
5

0.
06

9
�

0.
06

5
1.

86
2

0.
12

2
0.

57
4
�

20
.7

93
0.

17
7
�

0.
21

0
1.

91
1

0.
10

9
0.

52
2
�

15
.3

41
0.

15
5
�

0.
17

9
�

0.
02

83
F

�
0.

07
�

0.
03

0.
45
�

0.
52
�

0.
48

2.
21

4
0.

05
0

0.
29

6
2.

60
9

0.
07

0
�

0.
06

6
1.

86
3

0.
12

2
0.

57
2
�

20
.6

30
0.

17
6
�

0.
20

9
1.

91
2

0.
10

9
0.

52
1
�

15
.2

55
0.

15
5
�

0.
17

9
�

0.
03

90
C

H
3

�
0.

31
�

0.
17

0.
01
�

0.
32
�

0.
18

2.
20

8
0.

05
2

0.
29

9
2.

45
6

0.
07

1
�

0.
06

7
1.

86
3

0.
12

2
0.

57
3
�

20
.6

91
0.

17
6
�

0.
20

9
1.

91
1

0.
10

9
0.

52
1
�

15
.2

81
0.

15
5
�

0.
17

9
�

0.
03

51
H

0.
00

0.
00

0.
00

0.
00

0.
00

2.
20

8
0.

05
2

0.
30

0
2.

51
2

0.
07

1
�

0.
06

7
1.

86
3

0.
12

2
0.

57
2
�

20
.6

07
0.

17
6
�

0.
20

9
1.

91
1

0.
10

9
0.

52
1
�

15
.2

59
0.

15
5
�

0.
17

9
�

0.
04

00
C

N
0.

66
1.

00
0.

51
0.

15
0.

49
2.

19
8

0.
05

2
0.

31
1

2.
66

3
0.

07
3
�

0.
06

9
1.

86
8

0.
12

1
0.

56
7
�

20
.1

94
0.

17
4
�

0.
20

6
1.

91
3

0.
10

8
0.

52
0
�

15
.1

24
0.

15
4
�

0.
17

8
�

0.
08

95
C

H
O

0.
73

1.
03

0.
33

0.
40

0.
70

2.
19

4
0.

05
3

0.
31

3
2.

56
4

0.
07

4
�

0.
07

0
1.

86
7

0.
12

1
0.

56
7
�

20
.2

04
0.

17
4
�

0.
20

6
1.

91
3

0.
10

8
0.

51
9
�

15
.0

79
0.

15
4
�

0.
17

8
�

0.
09

85
N

O
2

0.
79

1.
27

0.
65

0.
14

0.
62

2.
19

3
0.

05
3

0.
31

6
2.

67
7

0.
07

5
�

0.
07

0
1.

86
9

0.
12

0
0.

56
5
�

20
.0

38
0.

17
3
�

0.
20

5
1.

91
4

0.
10

8
0.

52
0
�

15
.0

65
0.

15
4
�

0.
17

8
�

0.
12

17
N

O
–

–
0.

49
–

1.
14

2.
18

4
0.

05
4

0.
32

1
2.

53
0

0.
07

6
�

0.
07

2
1.

87
0

0.
12

0
0.

56
3
�

19
.9

49
0.

17
3
�

0.
20

4
1.

91
4

0.
10

8
0.

51
9
�

15
.0

86
0.

15
4
�

0.
17

8
�

0.
13

25

B
o

th
L

U
M

O
en

er
gi

es
an

d
al

l
A

IM
-b

as
ed

p
ar

am
et

er
s

ar
e

in
at

o
m

ic
u

n
it

s.
T

h
e

o
n

ly
ex

ce
p

ti
o

n
is

H
(q

)
ex

p
re

ss
ed

in
k

ca
l

m
o

l�
1

b
o

h
r�

1
(c

o
n

ve
rs

io
n

fa
ct

o
r:

62
7.

50
9)

.
F

o
r

N
O

gr
o

u
p

so
m

e
o

f
su

b
st

it
u

en
t

co
n

st
an

ts
ar

e
u

n
av

ai
la

b
le

.

Fig. 2. Selected resonance structures of pyridine substituted with electron
donating (a) and (b), and electron withdrawing (c) and (d), substituent.
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withdrawing substituents results in a partial lack of
p-electrons on the N atom. This leads to a decrease of
the p-donating, or an increase of the p-accepting properties
of pyridine moiety. The latter can result in additional sta-
bilization via back-bonding effect in the M–N bond. When
the electron withdrawing substituent is replaced with the
electron donating one (Fig. 2a and b), the p-donating prop-
erties of the pyridine ligand increase (or p-accepting prop-
erties decrease) which in the case of the analyzed systems
seems to destabilize the interaction between pyridine ligand
and the rest of the complex. The postulate, according to
which the substituents mainly affect the p-component of
the Cr–N(pyridine) bond, can be additionally proved by per-
forming an analysis of LUMO energies in free pyridine
derivatives. Table 1 presents the values of energies of the
LUMO orbitals estimated for free pyridine molecule
substituted in the para-position with respect to the het-
ero-atom. Additionally, graphical representations of these
orbitals are shown in Fig. 3. As it can be seen, the LUMO
orbital can be involved in p-electron interaction with
d-orbitals of the transition metals. Thus it can be expected
that in the case of electron-withdrawing substituents the
energy of the LUMO orbital should be lowered, which
should favour back-donation. In the case of electron-
donating substituents an opposite effect should be
observed. In fact, the data collected in Table 1 is in
excellent agreement with the above statement. For signifi-
cantly electron-withdrawing substituents the LUMO
energy is considerably lower when compared with the case
of the substituents considered as electron-donating ones.
There is even a direct relation between the LUMO energy
and Cr–N distance (cc. = 0.964). Therefore, it can be
stated that in the Cr(CO)5–pyridine complexes the back-

bonding effect is the one which additionally stabilizes the
Cr–N(pyridine) bond, similarly as it occurs in the case
of M–CO bond. The interdependences between the



Fig. 3. Graphical visualization of LUMO orbital in (CO)5Cr–pyridine (a)
and its derivative (b) substituted in para-position of pyridine ring by the
NO2 group.
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Cr–N(pyridine) bond length and selected substituent con-
stants are presented in Fig. 4. There is a close to linear
interdependence between d(Cr–N) and R�, whereas there
is a lack of such relation between d(Cr–N) and R+. A
similar situation can be found if one considers the values
of r� and r+. It seems therefore that the communication
between the substituents and the Cr(CO)5 moiety through
the pyridine ring has the same character as the interaction
between a given substituent and the centre which intro-
duces the electrons onto the aromatic ring due to commu-
nication with this substituent (see the definition of
substituted constants used in this work). This observation
additionally corraborates the stabilizing effect of the
back-donation. The clearest interdependence observed for
R� can additionally prove that the main factor influencing
the Cr–N bonding within the investigated set of Cr(CO)5–
pyridine systems is connected with the p-electron effects,
particularly as it is difficult to find a clear relationship
between the field/inductive substituent constant F and the
considered bond lengths. It is worth mentioning here that
the introduction of a given substituent into position 4 of
the pyridine ring results in small but systematic chan-
ges in the Cr–C(carbonyl) bonding. This results from an
obvious connection between the back-donations in the
Cr–N(pyridine) and Cr–C(carbonyl) bonds. An increase in
Cr–N back-donation goes with a reduction in Cr–COtrans

back-donation, since the same occupied orbital of the
metal is involved in both these p-electronic effects [38].
The changes in Cr–C distances are relatively lower than
in the case of Cr–N bond, nevertheless the trends in these
changes seem to be equally systematic. As it can be seen
from Table 1, there is a relation between the substituent
constants and the length of trans placed Cr–C bond.
Clearly, the greater electron withdrawing properties of
the given substituent, the longer is the trans Cr–C(carbonyl)

bond. This can be a valuable observation, since it poten-
tially allows one to modulate the Cr–C(carbonyl) bonding
via substitution of pyridine in the para-position with the
appropriate chemical group. It is also worth emphasizing,
that this effect seems to be exactly the same for trans as well
as cis placed carbonyls. However, for cis carbonyl ligands
these changes are smaller. The trans Cr–C bond length
adopts the values in the range of 1.860–1.870 Å, whereas
in the case of cis placed carbonyls this value is in the range
of 1.910–1.914 Å. In addition to that, the cis Cr–C bonds
are relatively longer than their trans counterparts. This
can be explained by the presence of the pyridine ligand,
which, as a lower field ligand than the CO one, weakens
the cis-placed Cr–CO bonds.

It has been proved, that the AIM-based analysis of elec-
tron density can provide valuable information on many
physical and chemical properties of the molecular systems
[39–43]. (It is fair to mention here some criticism of AIM

Quantum Theory. For this criticism see Ref. [44].) It has
been found for instance that the value of electron density
(q) and its laplacian ($2q) estimated at bond critical point
(BCP) of a given bond correlate very well with the strength
of this bond, as well as with its length, since, as it is well
known, both the strength and the length of a given bond
are mutually dependent [45–48,39,49,50]. Also in this case
such a relationship can be observed and the linear regres-
sion can be found between q(N–Cr) and d(N–Cr)
(c.c. = 0.982). Similarly, the laplacian of q(N–Cr), $2q,
fulfils such a linear relationship (c.c. = 0.989).

Additional valuable information on chemical bond prop-
erties is available from the total electron energy density,
H(q), and its components; kinetic electron energy density,
G(q), positive by definition, and potential electron energy
density, V(q), negative by definition. The following relation
is known for H(q) and its components [16]:

HðqÞ ¼ GðqÞ þ V ðqÞ:

It is known that in the region of the bond CP of weak
closed-shell interatomic interactions the kinetic energy den-
sity dominates, with G(q) magnitude being slightly greater
than the potential energy density jV(q)j which implies the
total energy density H(q) > 0 and close to zero, whereas
for strong covalent interactions V(q) dominates over the
kinetic energy density and H(q) < 0. This is usually accom-
panied by $2q > 0 for the proper case and $2q < 0 for the
latter one (there is one exception mentioned in the further



Fig. 4. Mutual interrelation between Cr–N distance (in Å) and substituent constants under discussion. Only linear regressions for which c.c. > 0.8 are
present.
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part of the discussion). Interestingly, both G(q) and jV(q)j
values increase with electron-withdrawing properties of
substituents in the para-position of the pyridine ring. How-
ever, H(q) is invariably positive and very close to zero.
Probably, this could be due to the changes in the Cr–N
bond length. As already mentioned, the Cr–N(pyridine) dis-
tance decreases with an increase of electron-withdrawing
properties of the attached substituents. It can thus be ex-
pected that the shorter is the bond, the more covalent is
its character, which implies an increase of jV(q)j magni-
tude. However, this is compensated by an increase of
G(q) which is related with Pauli repulsion between two
closed shells. As a result, the H(q) varies within a very
small range. These changes are relatively small because of
a limited possibility of the influence of substituents on
the Cr–N(pyridine) bond, and can be more significant in the
case of a larger spectrum of variability of a given bond.
The above-described relations have a more variable, but
still systematic character if following from hydrogen bond
to covalent bond, as shown for the proton transfer reaction



Fig. 5. Total electron energy density (H) and its components, kinetic (G)
and potential (V) electron energy densities as functions of Cr–X distance
(where X = N, C). All electron densities are expressed in hartree/bohr3.
General trends are illustrated with the polynomial regressions.
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[51] or in AIM characterization of bonding in a series of
DMAN complexes and Schiff bases [52]. However, if one
summarize the data for the Cr–N and both cis and trans

Cr–C(carbonyl) bonds, as it was done in Fig. 5, then some
general trends are well represented. (It should be empha-
sized, that within a large range of bond length the values
of energy densities should form two independent trends
for the Cr–N and Cr–C bond, separately. These two trends
have been merged only by purposes of illustration of the
one general trend.) It can be seen that for shorter M–L
bonds V(q) predominate over G(q), as a result of which
H(q) adopts negative values. (For illustration purposes
polynomial regressions are shown in Fig. 5. These relations
can also be expressed by logarithmic regressions. C.c. for
both polynomial and logarithmic regressions practically
equals 1.) Interestingly, in the case of all the Cr–Ccarbonyl

bonds, both trans and cis placed, $2q values at correspond-
ing BCPs are positive, as it was found for closed-shell
interactions, but with H(q) < 0, as found for shared inter-
actions. This is in agreement with observations made for
the Ti–C bonds in titanium complexes [53], in the case
when the metal–ligand bonding has a characteristics that
represents a mix of the closed-shell and shared parameters.
Moreover, the H(q) values are more negative for trans
Cr–C bonds, which is directly connected with relative
greater predominance of jV(q)j magnitude over the G(q)
magnitude. This suggests a more covalent character of
the trans Cr–Ccarbonyl bond as compared with the cis ones,
and is also in line with general knowledge, according to
which low-field ligands (e.g. pyridine) weaken the cis-
placed M–carbonyl bonds. Generally, the grater value of
jH(q)j (with negative sign), the more covalent character
of the bond. It seems therefore that the covalent character
of the Cr–Ccarbonyl bonds increases with electron donating
properties of the substituent attached to the pyridine ring.
This can be partially connected with the trans-effect and the
fact that a relatively greater contribution of structure (b) in
Fig. 2 should lead to an increase of back-donation in the
trans placed Cr–Ccarbonyl bond. Summarizing this para-
graph, it can be said that in the analyzed organometallic
species the Cr–C(carbonyl) bonding has a more covalent
character than the Cr–N(pyridine) bonding. Moreover, the
trans placed carbonyl ligand forms a more covalent bond
than its cis counterparts.

4. Conclusions

In conclusion, the substituents in position 4 of the pyr-
idine ring affect the Cr–N(pyridine) bond in the Cr(CO)5–pyr-
idine complex in a systematic manner. It seems, that due to
substitution the pyridine moiety has a diversified ability of
participating in the interaction with the Cr atom of the
Cr(CO)5 moiety. Mutual interrelation between geometrical
and electronic properties of the Cr–N bond and the consid-
ered substituent constants shows the complexity of the
metal–ligand bonding. Unlike in the H-bonded complexes,
in transition metal complexes the pyridine moiety is a rela-
tively effective transferring moiety for p-electron effects.
The substituent effect mainly affects the p-component of
the Cr–N bond and moreover, the pyridine moiety exhibits
p-accepting properties. The electronic effect proceeds in the
whole Cr–pyridine–R moiety. The changes occurring in
the Cr–N(pyridine) bond are revealed as slight changes of the
Cr–CO bonds, particularly the trans Cr–CO bond. This
property can potentially be used for modulation of the
Cr–CO bond by substitution of the Cr(CO)5–pyridine com-
plex in para position of the pyridine ring.
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(2006) 1941.

[53] R.F.W. Bader, C.F. Matta, Inorg. Chem. 40 (2001) 5603.


	Substituent effect in para substituted Cr(CO)5-pyridine complexes
	Introduction
	Methodology
	Results and discussion
	Conclusions
	Acknowledgements
	Supplementary material
	References


