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The mechanism of the reductive cleavage of organic halides (RX) by pentacyanocobaltate(II) Co(CN)g3-
was investigated by means of the extended Hiickel MO theory. First, the molecular structure of Co(CN);3- was
considered to be the square-pyramidal C,, configuration, without H,O as its sixth ligand. Secondly, the order
of the observed rate constants for the Co(CN);3~+RX—>Co(CN),X3-+R - reaction was found to be in satisfactory
accordance with that of the calculated binding energies of the R-X bond. Thirdly, the reductive cleavage of RX
by Co(CN);3~ proceeds by the aid of the predominant electron-migration from the highest-occupied, lone-pair
halogen-orbital to the singly-occupied d,2 Co-orbital and from the highest-occupied d, (or d,,) Co-orbital to
the lowest-unoccupied, antibonding po* orbital of the R-X bond. Finally, the mode of the interaction between
Co(CN),*~ and RX was precisely discussed in terms of the homolytic cleavage of the R-X bond.

It has been well established that organocobalt com-
pounds can be easily formed by the reductive cleavage
of organic halides with pentacyanocobaltate(I1)1-9:

2Co(CN)g~ + RX — Co(CN);R3- + Co(CN);X3- (1)
The mechanism of such a reaction has been inter-
preted mainly, by the kinetic and other studies of Hal-
pern et al.,23® in terms of the free-radical reaction
according to:

Co(CN)s*~ + RX —

Co(CN);X3- + R- (rate-determining) (2)

Co(CN)z*~ + R+ — Co(CN),R3- 3)

Since any precise discussion referred to the above
reactions, however, depends in the early stages on a
molecular level, molecular orbital study seems signi-
ficant.

The present study was undertaken in order to eluci-
date the mechanism of the reductive cleavage of RX
by Co(CN),®-, using throughout the extended Hiickel
MO method, with particular reference to the plausible
model of the interaction between the two compounds.

Method of Calculation

An extended Hickel MO (EHMO) method?
involving metal d-orbitals was used for the calcu-
lations on the following three systems:

(a) pentacyanocobaltate(II) : square-pyramidal
C;, and trigonal-bipyramidal D,, Co(CN)s-, (b)
organic halides: RI (R=CH,, C,H;, i-C;H,, and
-C,H,), XCH,CO,CH; and XCH,CONH, (X=Cl,
Br, and I), and (c) an interacting system of Co(CN)3~
and RX (CH,;I was tentatively taken).

The orbital exponents and ionization energies for
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Fig. 1. Geometries of pentacyanocobaltate(II) and organic
halides used for the calculation.

the s and p orbitals of the C, N, O, and halogen atoms
were supplied by Clementi® and by Jaffé® respecti-
vely. The ionization energies for the s, p, and d orbi-
tals of the Co atom were, respectively, taken to be
10.0eV,19 8.0 eV, and 11.0 eV.10)

The geometries used for the calculations are illu-
strated in Fig. 1; the interatomic distance and the
valence angles for XCH,CO,CH; and XCH,CONH,
were determined uniformly from those!® of CHzCO,-
CH; and CH;CONH,, with the fixed angle of C-C-X
(109°28"), for the sake of simplicity.

Results and Discussion

Molecular Structure of Co(CN)g3—. The molecular
structure of Co(CN) 3~ in solution has not yet been
strictly established; the square-pyramidal C,, Co-
(CN)4%~ has been predominantly discussed as compared
with the trigonal-bipyramidal Dg, one.
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10) L. L. Lohr, Jr., and W. W. Lipscomb, Inorg. Chem., 3, 22
(1964). Another values of the ionization energies, for the s, p, and
d Co-orbitals, such as 5.66 eV, and 7.84 eV'V respectively,
were found to be unsuitable for the present calculations on Co-
(CN);z3-, because in the calculations with the above parameters,
Co was much positively charged and the bond population of Co-C
was negatively calculated.
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Fig. 2. Electronic structures of Cg4y and Dy Co(CN)g3~.

We will first discuss which structure, the C,, or the
D,,, is more likely for Co(CN)g3-. Fig. 2 shows the
formal charges (Q,), the bond populations (M, g),
and the total electronic energies (Egy) of G4, and Dy,
Co(CN)g~ at a fixed Co—C distance of 1.81 A.13) As
Fig. 2 indicates, the electronic structures of the Gy,
and the D,, Co(CN),3- resemble each other, since they
have almost the same values of Q,, M, 5, and Fgy.

According to the Eg, values of the C,, and Dy,
Co(CN)3~ at the Co-C distances of 1.5~2.3A
(Table 1), the latter cobaltate seems to be slightly more
stable than the former. The energy difference be-
tween the two cobaltates is, however, quite small;
that is, it is difficult to conclude the stability of the tri-
gonal-pyramidal Dj, structure for Co(CN)g %~ from
the total energy, neglecting the electron-electron and
nuclear-nuclear repulsions.

On the other hand, the 10 Dq value estimated from
the energy difference between the lowest-unoccupied
(LU) and the singly-occupied (SO) orbitals!®) of the
Co atom offers some information about the molecular
structure of Co(CN);%~. The 10 Dq value for the C,,
Co(CN),3-, 32.09 kK, at the Co-C distance of 1.81 A
was found to be in good agreement with that of 33 kK
obtained experimentally by Caulton.®

Since the C,, structure was demonstrated by Alex-
ander and Gray'® in their ESR and UV spectro-
scopic investigations of Co(CN);*~, and since the theore-
tical values of 10 Dq agree with those in the experi-
ments, the square-pyramidal G, Co(CN);3~ seems to be

TaBrLe 1. TOTAL ELECTRONIC ENERGIES
or C,;y AND D;, Co(CN),3-

Co(CN)s™™ | 508 1.81A 2.30 A
geometry
oy Dy —1013.015 —1009.770 —1006-616
n(eV) {C" —1012.333 —1009.116 —1006.217
Nuclear-nuclear Dah 7516.707 6821.210 5998.764
repulsion (eV) {Cu 7606.707  6821.210  5938.764
D,  29.77 18.88 3.47
10Dq (kK) { C,. 126.3 33.04 3.19

13) Lipscomb et al.1 emphasized the Co—CN distance of 1.81 A
by their study on Co(CN)H3-.

14) The LUMO and the SOMO are, respectively, d,z_yz and
d,2 orbitals for the G,y Co(CN),*~ and are, respectively, d,2 and
d,, orbitals for the D,n Co(CN)z~.

15) K. G. Caulton, Inorg. Chem., 7, 392 (1968).

16) J.J. Alexander and H. B. Gray, J. Amer. Chem. Soc., 89, 3356
(1967).
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TaBLE 2. Bonp popuraTiONs OF Co-C anp C-N#

g n
Bond —— —_—
Overlap Ngo-¢ Overlap Neo-c¢
s-S 0.0476 Py-Py 0.0178
Co-c 5P 0.0430 PPz 0.0462
Pz-Px 0.0899 dz.-ps 0.0381
Pz 0.1442 dzy-pPy 0.0376
dz2_y2-s  0.0317 d,-p, 0.0067
total 0.4225 total 0.1464
o n
Bond v
Overlap Negox Overlap Ne-n
-8 0.1701 Py-Py, 0.2471
C-N SPg 0.2432 P2P: 0.2443
' Pz-Pz 0.1744
Pz-S 0.2226
total 0.8103 total 0.4914

a) Co-CN bond on x-axis.

more likely than the trigonal-pyramidal Dj, one, and
the Co-C distance seems to be about 1.81 A.

On the other hand, there have been some discus-
sions'?) referred to Co(CN)g%~ coordinated by H,O
as its sixth ligand in aqueous solutions. According to
the calculated results of the C,, Co(CN)3-, H,0O, and
octahedral Co(CN);OHy3~ (Co-O was taken to be
1.93 A,18) the isolated systems of Co(CN),3~ and H,O
(the sum of their Egyz values=-—1169.72 ¢V) can be
said to be energetically more stable than Co(CN);-~
OH3~ (Egg=-—1167.96¢V). It may be deduced,
therefore, that H,O does not coordinate directly to
Co(CN)g3.

Here, the bond nature of the C,, Co(CN);3~ will be
discussed briefly. Table 2 lists the AO bond popu-
lations (N,_g) of the Co-C and C-N bonds. The
d Co-orbitals contribute mainly to the dp-m-type bond
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Fig. 3. Charge density contour of Cgqv Co(CN)g3~.
(The representation is in xy cross section.)

17) For instance, see J. M. Pratt, and R. J. P. Williams, J. Chem.
Soc., Ser. A, 1967, 1291.

18) The purely covalent bond-distance was used because the
usual bond-distances of metal-oxygen in aquo-complexes are purely
covalent (see Ref. 12).
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TABLE 3.

Reductive Cleavage of Organic Halides by Pentacyanocobaltate(II)

AND THE Kops VALUES FOR THE REACTION, RX+ Co(CN);*~ — R-+ Co(CN);X3~

CORRELATION BETWEEN THE ELECTRONIC PROPERTIES AND REACTIVITIES OF RX

3097

a) b) inding® ener:

RX (l\l/;(ilisS«l) (kcla?lz/srsnol) . d(lkcgal/mof) & Mg-x Np, Nione-pair
CH,I 9.5x10-3 56.0 60.88 0.5107 0.3435 1.9995
C,H,I 5.9%x10-2 53.0 58.40 0.580 0.3384 1.9990
1-G;H, I 1.2 50.0 54.11 0.5153 0.3319 1.9987
t-C,H,1 9.1 50.0 53.24 0.5197 0.3285 1.9983
CICH,CO,CH,4 ~10-3 28.05 0.6030 0.3648 1.9965
CICH,CONH, ~6x10-1 32.28 0.6266 0.3638 1.9934
BrCH,CO,CH;, ~34 37.68 0.5980 0.3862 1.9977
BrCH,CONH, 16.4 40.61 0.6218 0.3845 1.9948
I1CH,CO,CHj, 8.8x10* 55.71 0.5037 0.3417 1.9988
ICH,CONH, 2.95x10% 62.43 0.5190 0.3419 1.9975

a) 1:1 methanol-water by volume at 25°C for XCH,CO,CH; and XCH,CONH,, and 2:8 water-methanol at 25°C for RI.

Cited from Refs.

2 and 6. b) Quoted from J. A. Kerr, Chem. Rev.,

(Eer(R-) +Epu(X-)) |-

66, 465 (1966).

TapLe 4. BonND PoPULATIONS OF C-I IN VARIOUS MODES OF INTERACTION BETWEEN CH,I anp Co(CN);3-

c) Binding energy=|Egg(RX)—

Bond population of G-I

. Type of 9, (deg.)
Interaction Initial Transition Final®
0 0.5065 0.1287 —0.0057
30 0.5.73 0.1251 —0.0001
A 45 0.5082 0.1281 0.3104
60 0.5089 0.1413 0.0045
90 0.5090 0.1455 0.0082
12 0.5065 0.1215 —0.0053
B 22.5 0.1160 —0.0050
33 0.5051 0.1081 —0.0046
45 0.5011 0.1005 —0.0031

a) Co-I=3.60A, C-1=2.139 A, and LHCI=109°28" for the initial system, Co-1=2.90 A, C-1=2.82 A, and /HCI=99°44"

for the transition system, and Co-I1=2.52A, C-I1=3.50 A, and £HCI=90° for the final system.

NC— —-—CN
NC

TasLe 5. ErLectroN DENsiTIES OF I 1N CH;I AND Co IN Co(CN);3~ IN THEIR VARIOUS STATES

o~

e qemandCendaan
>

Type A

Type B

Atom Orbital

Electron densities

CH,I» CH,I? Co(CN)3- @ Initial® Transition® Final®

s 1.8207 1.9731 1.8046 1.7657 1.6344

Pz. 1.3582 1.5690 1.3025 1.2714 1.4452

I Py 1.9995 1.9999 1.9967 1.9496 1.8324
P: 1.9995 1.9999 1.9948 1.6552 1.2559

dz, 1.5844 1.6068 1.4552 1.2878

dy. 1.5844 1.5848 1.5909 1.6063

Co dgy 1.3491 1.3507 1.3827 1.4657
dg2ye 1.1621 1.1696 1.1523 1.1262

d,’ 0.9511 0.9805 1.2595 1.0930

a) In the geometry of the initial state (see Fig. 1).
b) In the geometry of the transition state (see Table 4).
c) In the geometry of the initial state (see Fig. 1).

d) Interacting system between CH;I and Co(CN)z?*~, and the geometries were

shown in Table 4.
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Fig. 4. d-Orbital separation of Csy Co(CN)s?~ as a function
of Co-C distance.

formation of the Co-C bond, and the dx:—y> Co-orbital
takes part in the ds-o-type bond formation of the Co—C
in some measure. The net charge-density contour for
the C,, Co(CN),3~ is illustrated in Fig. 3 to facilitate
an understanding of the bond nature discussed above
and the electron distribution of the compound.

Frontier Orbitals of Co(CN)g23~ and RX. The d-
orbital separation on the Co atom of the C,, Co(CN),*-
is shown in Fig. 4; the cobaltate is characterized by the
SO d.: and the doubly-degenerate, highest occupied
(HO) d,, and d,, Co-orbitals. = On the other
hand, the frontier orbitals of RX are the doubly-degen-
erate, HO lone-pair p, and p, orbitals on X and the
antibonding, LU po* orbital on the C-X axis. It
seems certain that the above-mentioned orbitals cor-
responding to the frontier MOs play an important role
in the reductive cleavage of RX by Co(CN)3-: The
SOMO (and/or the HOMO) of Co(CN)g®~ interacts
predominantly with the LUMO, the HOMO, or both
the MOs of RX respectively in the nucleophilic, elec-
trophilic, or radical attack of the former. on the latter.

Correlation between the Electronic States of RX and the
Reaction Rates for Co(CN)23~+RX—Co(CN)X3+R-.
In this section, we will discuss the correlation between
the bond nature of RX and the observed rate constants,
kopsas Tor Eq. (2) (see Introduction). As can be seen
from Table 3, the order of k.., values is satisfactorily
reflected in that of the dissociation energies, D,gq (in
other words, binding energies or M;_x values). On
the other hand, no parallelism between the order of the
AO-bond population of the po-orbitals on the G-X
axis (MNp,) or of the lone-pair p,-orbital on X
(Mione-pair) and that of the £, values can be con-
sistently realized between the two series of RI and
XCH,CO,CH,; and/or XCH,CONH,; that is, the
order of the k.., values cannot be explained by only
that of the Ny, or N, p.i- values. It can be de-
duced, therefore, that both the po* C-X orbital and
the lone-pair X-orbital take part directly in the inter-
action with Co(CN),3-.

Interacting System of Co(CN)23~ and RX. We
will here determine the most plausible mode of the
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interaction between Co(CN);*~ and RX in terms of
the homolytic cleavage of the R—X bond. The EH-
MO calculations were performed on the two modes of
interaction between Co(CN) 3~ and RX (CH,l was
tentatively used), i.e., Type-A and Type-B, both illu-
strated in Table 4.

It may be found from Table 4 that the C-I bond of
CH,I is most weakened by the Type-B interaction at
6=45° in view of the fact that the M _; values of
such interaction are the smallest throught the reaction
progress. The Type-B interaction at 6=45° seems
to be the most appropriate interacting form in which
plausible overlappings between the frontier orbitals
of both compounds can be established (see Fig. 5).

With regard to the electron migrations between
Co(CN)g* and RX, the migrations depicted by Egs.
(4)~(7) can be considered on the basis of the changes
in the electron densities of the s and p X-orbitals and
the d Co-orbitals, as is indicated in Table 5:

through d;; (Co) —p, (X> .
. > d,2(€9 (predominant)

4)
dyz(CO) (5)

p¥® (lone-pair)

through dy; (o) —py, X

py® (lone-pair)

\through dgy €0> —py X

dgy O ®)

through dg; (Co) —pg (X0

d,(Co pzX (predominant)

@)
The predominant electron-migrations depicted by
Egs. (4) and (7) bring about, respectively, the de-
crease in the bonding character of the R-X and the
increase in the antibonding character of the same bond,

as may be seen from the energy-change in the frontier
orbital levels of RX (viz. CHgI) in Fig. 5.
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Fig. 5. MO-energy changes in frontier orbitals of RX by
optimized interaction of Co(CN)s%.

The present calculations were carried out on a
FACOM 230-60 computer at the Data Processing
Center of Kyushu University.





