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Abstract

The 19-electron organometallic complexes [Co(CO)3(L2)] (L2�/2,3-bis phosphino maleic anhydride), [Co(CO)2(PH3)(L2)],

[Fe(CO)3(L2)]� and [ReBr(CO)3(L2)]� were studied theoretically at the B3LYP level. The SBKJC effective core potentials and their

associated basis sets were used for metals and the 6-31G(d) basis set was used for all other elements. The theoretically calculated

geometries are compared with experiment, where known. The results reveal that the 19th electron is predominantly distributed over

the chelating ligand, although partially localized onto the metal fragment, showing 18�/d character. Two different methods,

calculated IR-frequencies and natural atomic charges, were used to determine the value of d . The computed d values are compared

with the available experimental data.
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1. Introduction

In general, 19-electron organometallic complexes are

formed by the reaction of 2-electron donor ligands with

17-electron radicals [1�/17]. These systems are unstable if

the 19th electron occupies the high energy M�/L

antibonding orbital [2,13]. However, if the 19th electron

occupies the MO resulting from the interaction of an

additional metal orbital with the ligand’s p* MO rather

than the M�/L antibonding MO, then these compounds

are stable and have been denoted as 18�/d complexes

[1,2,13,16,18]. Though 18�/d complexes are stable

relative to 19e systems, they are reactive since they are

radicals and only a few of them have been studied by X-

ray crystallography [18�/28]. The d is defined as the

fraction of the electron charge of the 19th electron on

the metal. For complexes with no electron charge of the

19th electron on the metal, d would be 0, and for those

with the 19th electron delocalized between the metal and

ligands, d will lie between 0 and 1. There are some

previous reports in the literature in which the value of d

has been estimated using spectrascopic methods [29�/31].

The first value of d (0.016) was determined for

[Co(CO)3(bma)] (bma�/2,3-bis(diphenylphosphino)ma-

leic anhydride) in frozen toluene using EPR [29]. Tyler

and coworkers have devised an ingenious method to

measure d in 18�/d complexes using the analysis of C�/

O vibrational frequencies (IR method) [31]. These

measurements are restricted to experimentally known

complexes. There has been only one theoretical study

estimating the value of d in these complexes (using the

semi-empirical density functional theory (DFT) , SCF-

Xa-SW method) [32]. In the present study we determine

d using two different methodologies. The first method is

analogus to the experimental IR method, but uses

computed C�/O frequencies. In the second method, d

is derived from the calculated atomic charges on the

metal and ligand. These results are compared with the

experimentally known values of d . We have first selected

[Co(CO)3L2]� (1, L2�/2,3-bis phosphino maleic anhy-

dride) and [Fe(CO)3L2] (2) to compute d as their values

are known experimentally. Then we have selected two

experimentally known complexes [Co(PH3)(CO)2L2]�

(3) and [ReBr(CO)3L2] (4) for which d has not been

measured. The experimentally known complexes have

bma as L2. However, for the feasibility of computations,

all the phenyl groups were replaced by hydrogen on P,
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leading to 2,3-bis phosphino maleic anhydride (Hbma)

as L2 instead of bma and PH3 instead of PPh3.

2. Computational methods

All the 18 electron (1�/4) and 19 electron complexes

(1a�/4a) were optimized using the hybrid B3LYP

method [33]. This DFT method uses the combination

of the three parameter Becke exchange functional with

the Lee-Yang-Parr non-local correlation functionals.

The relativistic effective core potentials (SBKJC) and

their associated basis sets (Re: [4111/4111/311], Co and
Fe: [4211/4211/411]) were used for the transition metals

[34,35]. These effective core potentials replace all but the

outermost electrons. For all other elements, the 6-

31G(d) basis set was used [36]. The nature of the

stationary points was determined by evaluating the

second derivatives of the energy (Hessian matrix) [37].

All the computations were performed using the GAUS-

SIAN 98 program package [38]. Natural atomic charges
were obtained from NBO analysis [39].

3. Results and discussion

All the 18 and 19 electron complexes studied here are

minima (Fig. 1) and s2:/0.76 for all the radical (19e)

systems. The s2 (squared spin angular momentum)
should be 0.75 for a pure doublet, and the present value

of 0.76 for the 19e systems indicate that there is no spin

contamination. It is interesting to note that the single

crystal X-ray diffraction studies of 1a and 3a differ

stereochemically [18�/20,29]. The structure of 3a is close

to trigonal bipyramidal (TBP), whereas the structure of

1a is close to square pyramidal (SP). It has been

suggested in the literature that 1a and 3a might have
at least two local potential energy minima (TBP and SP)

and may exhibit non-rigid stereochemical character [29].

Our present theoretical investigations have shown that 3

is indeed a minimum as TBP, and an SP initial

conformation for 3 collapsed to TBP on optimization,

in which the PH3 is in the equatorial plane (this TBP

structure is 1.7 kcal mol�1 less stable than 3). Similar

results were found for 1 and 2, that is 1 and 2 are
minimum in TBP geometry and an SP starting geometry

collapsed to TBP on optimization (Fig. 1). Therefore, in

the present study, a TBP geometry was used for both 18

and 19 electron systems of Co and Fe. The calculated

geometrical parameters of 4a agree quite well with the

experimental values (to within 0�/2.6% for computed

bond distances) [21].

Similar to experimental observations, the present
theoretical calculations have shown the following

changes in geometrical parameters between 18 and 19

electron complexes [18�/28]. The major change between

18e and 19e complexes occurs at the Hbma ligand. The

C6�/C7 bond distance (Fig. 1) is increased in 19e

complexes by �/0.07�/0.06 Å in 1a�/4a. Similarly, the

C2�/O4 and C3�/O5 distances are increased in 19e
complexes. However, the C2�/C6 and C3�/C7, C6�/P8

and C7�/P9 distances are shorter in the 19e complexes.

Other than these major changes, the metal�/P (in the

Hbma ligand) distances are slightly lengthened and the

metal�/C distances are slightly shortened. These changes

are in accord with the electronic structure of 1a, 2a, 3a

and 4a where the SOMO is a p* orbital on the Hbma

ligand, which has an antibonding character between C2�/

O4, C3�/O5 and C6�/C7, and bonding character between

C2�/C6, C3�/C7, C6�/P8 and C7�/P9. A similar electronic

structure has been reported for 1a and 4a using the SCF-

Xa-SW and extended Huckel methods, respectively

[21,30]. Therefore, the bonding in 1a�/4a clearly show

18�/d character.

The carbonyl ligand (C�/O) is known to exhibit the p-

acceptor properties in organometallic complexes. All the
complexes (1a�/4a) studied here contain carbonyl li-

gands. The differences in C�/O bond distances in

carbonyl ligands are very small (�/0.008 Å) in the 18e

and 19e complexes (Fig. 1). Similarly, the change in the

vibrational C�/O frequencies between 18e and 19e

complexes is only �/45 cm�1. These results clearly

show that only a small fraction of the 19e in 1a�/4a is

delocalized onto the carbonyl ligands.
The infrared spectroscopic method (IR method) for

measuring d in these complexes makes use of the linear

relationship between C�/O force constants and the

charge on a ligand leading to [31]

ȳ2
2� ȳ2

1�bDq (1)

/ȳ2/and ȳ1 corresponds to the C�/O stretching frequencies

of the 18�/d and 18 electron complexes, respectively. Dq

is the charge difference on the Hbma ligand between
18�/d and 18 electron complexes, and b is the propor-

tionality constant.

In the present study we have used the above Eq. (1) to

calculate the value of d theoretically. To determine the

proportionality constant, b , the free ligand (Hbma) was

optimized in its neutral (5) and anionic (5a) configura-

tions. The scaled C�/O stretching frequencies (Table 1)

were used to calculate the root-mean-square (r.m.s.)
frequencies, from which one finds b�/4.07�/105. Simi-

larly, the r.m.s. C�/O frequencies (after scaling them) of

18 and 19 electron complexes (1�/4 and 1a�/4a) were

used in Eq. (1) to compute the values of Dq and d (1�/

Dq) (Table 1). Though present theoretical predictions

are in vacuum, the calculated d value (Table 1) for 1a

(0.20) is very close to the experimentally known values

in 2-MeTHF (0.259/0.03) and THF (0.199/0.03) sol-
vents (with a bma ligand) [31]. However, for 2a there is

no experimental d value known in 2-MeTHF and THF

solvents, and the value in CH2Cl2 solvent (0.019/0.03) is

G.N. Srinivas et al. / Journal of Organometallic Chemistry 677 (2003) 96�/100 97



smaller than the present theoretical prediction [31]. It is

known in the literature that d is sensitive to the solvent,

and changes by as much as a factor of four between

THF and CH2Cl2 (d is 0.19 and 0.05 in THF and

CH2Cl2, respectively for Co(CO)3(bma)) [31]. Further

computational analysis by optimizing 2a with CH2Cl2
solvent effects has given a d value (d:/0.0; Dq :/1.0),

which is very close to the experimental data [40].

The above method requires reference molecules (i.e.

free ligand) to calculate the value of d . However, we feel

that an alternative and more general method to calculate

d is by using atomic charges. Let us say q18 is the sum of

all the atomic charges on the chelating ligand Hbma of

the 18-electron complex. Similarly, q19 will be the sum of

all the atomic charges on the chelating ligand Hbma of

the 19-electron complex. The difference between q19 and

q18 should be Dq , from which one may again determine

d as 1�/Dq . Natural atomic charges obtained by the

NBO analysis have been used to calculate d and the

values are given in Table 1. The calculated values of d

by this method are consistently higher for 1a�/4a than

the values obtained from IR frequencies. The difference

in d values between the two methods (IR frequencies

and atomic charges) is much larger in 2a. It is also

interesting to note that the change in the ligand sphere at

the metal from CO to PH3 (between 1a and 3a) results a

Fig. 1. Optimized structures and important geometrical parameters of the 18-electron complexes [Co(CO)3(Hbma)]� (1), [Fe(CO)3(Hbma)]� (2),

[Co(CO)2(PH3)(Hbma)] (3), [ReBr(CO)3(Hbma)] (4). The values in parenthesis are for the 19-electron systems 1a�/4a.
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small change in the value of d . Similarly, 1a has a higher

d than 2a due to the difference in the electronegativities

of Co (1.88) and Fe (1.83) [31]. However, a similar

comparison may not be appropriate between 1a and 4a

or between 2a and 4a due to the changes in the ligand

sphere (presence of Br in 4a) at Re compared to Co and

Fe.

Since the 19th electron is delocalized between the

metal and the chelating ligand (Hbma), the value of d

predicted by the NBO method might be dependent on

the quality of basis sets that are used on metal. To test

the basis set dependency, we have estimated the d value

using different combination of basis sets on the metal

and the ligands on a selected complexes (1 and 3). The

estimated d values (0.24 and 0.23 on 1a and 3a,

respectively) using all-electron triple-j and one f polar-

ization basis set [34,41] on metals (and 6-31G(d) on

ligands) are very close to those estimated using SBKJC

effective core potentials (Table 1). Similarly, a triple-j
basis set on ligands (6-311g(d)) with SBKJC potentials

on metal also did not change the calculated d values

(0.23 on 1a and 0.23 on 3a). Therefore, the d values

estimated by the NBO method have shown negligibly

small differences between different basis sets.

Though the experimental measurement of atomic

charges in a molecule is very difficult (determined by

X-ray diffraction methods), the theoretical calculation

of atomic charges is straight forward. The difficulty in

experimental determination of d is that the chelating

ligand L2 must be stable both in its neutral and anionic

form. Therefore, the atomic charge method can be used

as an attractive alternative way to predict the value of d

in 18�/d organometallic complexes when the value

cannot be determined by experiment. Indeed, it offers

a method of predicting the extent of charge delocaliza-

tion in a complex even prior to its synthesis. However,

caution needs to be exercised since the value of d

depends on solvent [31].

4. Conclusion

The 19e complexes [Co(CO)3(Hbma)],

[Co(CO)2(PH3)(Hbma)], [Fe(CO)(Hbma)]� and [Re-

Br(CO)3(Hbma)]� were studied at the B3LYP level.

All these 19-electron systems can actually be classified as

18�/d systems. The computed geometrical parameters

agree well with experiment, where available. The value
of d was measured by two different methods, from

computed IR frequencies and from atomic charges.

Values of d determined by the two methods are in

reasonably close agreement. It has been found that d is

sensitive to the ligand sphere at the metal and the

electronegativity of the metal. The suggested natural

atomic charge method can be used as a promising model

to predict the d value in systems where the experimental
determination is difficult.
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