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Abstract 

The binding of nitroprusside, [Fe(CN)sNO]*-, and 
hexacyanoferrate(I1) to methylcobaloxime, and to a 
cobalt corrin, has been analysed by means of extend- 
ed Hiickel calculations. The binding of [Fe(CN),- 
NO]*- to the cobalt atom in methylcobaloxime can 
occur in three isomeric configurations, of which the 
most stable involves the axial cyano ligand in a Fe- 
C-N-Co bridge, and the least stable involves the 
nitrosyl ligand in a Fe-N-O-Co bridge. The binding 
of both cyanoferrates involves primarily a u orbital 
largely localised as a lone pair on a cyano nitrogen 
and the vacant dL2 orbital of cobalt: 7~ interactions 
involving cobalt d-orbitals and the n orbitals of the 
cyano ligands are of negligible importance. 

Introduction 

Sodium nitroprusside, Na2 [Fe(CN),NO] *2Hz0, is 
a powerful hypotensive agent which has been widely 
used in the treatment of severe hypertension, in the 
management of myocardial infarction, and in the 
induction of surgical hypotension [l-4] . However, 
there have been a number of reports [5] that the 
nitroprusside ion is metabolized in the red blood 
cells, with rapid release of cyanide into the blood- 
stream. As a possible antidote to potential cyanide 
poisoning induced by the administration of nitro- 
prusside, the use of aquocobalamin, Vitamin B12,, 
has been suggested [6, 71 : (this material is often 
referred to as hydroxocobalamin, but its pK, is 8.1 
[8], and hence at physiological pH it is primarily in 
the aquo form). 

Following experiments [9] which showed that 
aquocobalamin significantly influences the pharma- 
cokinetics of the hypotensive action of nitroprusside, 
and suggested the possibility that aquocobalamin 
might interact with nitroprusside, rather than simply 
acting as a means of removing free cyanide (as cyano- 
cobalamin, Vitamin B12), we undertook a 13C NMR 
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study [lo] of the interactions between aquocobal- 
amin and nitroprusside, using highly enriched Na,- 
[Fe(13CN),NO]*2H,0. The results of the NMR 
study [lo] may be summarised as follows: (i) in 
an equimolar mixture, at concentrations of CQ. 5 X 
lop3 mol dmm3, nitroprusside and aquocobalamin 
are entirely in the form of a 1: 1 adduct, in which the 
nitrogen of the axial cyano ligand of [Fe(CN),NO]*- 
has displaced the aquo ligand from cobalt; (ii) at 
molar ratios of cobalamin:nitroprusside of 5: 1 or 
greater, all of the nitroprusside is in the form of a 
2: 1 complex in which a pair of truns equatorial cyano 
ligands are bound to the cobalt atom of two cobal- 
amin fragments (at intermediate concentration 
ratios, mixtures of these two complexes, or of the 
1:l complex and free nitroprusside are observed); 
(iii) the nitrosyl ligand in [Fe(CN),NO]*- is not 
involved in the binding to cobalt, nor is it essential 
for such binding since hexacyanoferrate(II), [Fe- 
(CN),] 4-, forms entirely similar complexes; and 
(iv) the binding of cyanoferrate to cobalt via a 
FeCNCo bridge is not specific to aquocobalamin, 
as similar complexes are formed with aquomethyl- 
cobaloxime, CH3Co(dmg),H,0 (dmg = dimethyl- 
glyoxime). For the cobalamin, the binding at cobalt 
was proved by inter alia the observation that no 
change occurred in the 13C spectrum of the cyano- 
ferrates when the sixth ligation site at cobalt was 
blocked by cyanide (for which the stability cons- 
tant K= 1.2 X1014 dm3 mol-’ [ll]); for the 
cobaloxime, such binding at cobalt was demonstrated 
by direct observation of the 59Co resonance. 

In the present paper we present the results of a 
computational study of the interaction of two 
cyanoferrates, [Fe(CN)sNO]‘- and [Fe(CN)6]4- 
with both aquomethylcobaloxime and with a cobalt 
corrin model for aquocobalamin which sheds light on 
the following questions concerning complex forma- 
tion: (i) the geometry of the FeCNCo bridge; (ii) 
the relative energies of the possible isomeric forms of 
the nitroprusside isomers; (iii) the nature of the 
bonding in the complexes, especially the orbital 
interactions involved; (iv) the greater stability of the 
cobalamin complexes compared with the cobaloxime 
complexes. 
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Calculations 

All molecular-orbital calculations were made with 
the extended Hiickel method [12, 131, using 
published atomic parameters [ 141. Structure data 
were taken from X-ray studies [ 15-171. Electro- 
static potentials were calculated and plotted [ 181 
using the net atomic charges taken from the extend- 
ed Hiickel calculations. 

Results 

Nitroprusside and Hexacyanoferrate(II) 
In the nitroprusside anion, [Fe(CN),N012-, the 

HOMO is calculated to be the d,, orbital, at -12.79 
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Fig. 1. (a) Electrostatic potential in ov plane of [Fe(CN)5- 

NO]‘-. (b) Electrostatic potential in equatorial plane of 

[Fe(CN)sNO]*-. (c) Electrostatic fTtentia1 in crh plane of 

[ Pe(CN)6 ] 4-. For (Fe(CN)s NO] , successive contours 

represent -1.0, -0.5, -~0.2, 0.1, 0.0, +O.l. +0.2, +0.5, and 

+l.O a.u.; for [Fe(CN)6]4P, successive contours represent 

2.0, -1.0, -0.5, -0.2, 0.0, and +O.S a.“. (-- negative; 

- - zero; - - - - - - positive). 

eV, closely followed at -12.95 eV by the equatorial 
a(FeCN) combination of type E in C4, symmetry: 
the equatorial a(FeCN) levels of types A, and BI 
lie at -13.95 eV and -13.76 eV respectively. The 
dyr and d,, orbitals are at -13.12 eV, while the axial 
a(FeCN) and n(CN) levels which turn out to be the 
most important in binding to cobalt (see below) are 
at -13.33 eV and -14.49 eV respectively. The 
LUMO in nitroprusside is calculated to be the n*(NO) 
orbitals, at -10.01 eV, for which the coefficients 
indicate fairly strong localisation on the nitrogen 
atom, as expected for an anti-bonding orbital: next 
above the LUMO amongst the virtual orbitals is the 
axial r*(CN) at -8.45 eV. 

The nitrogen atoms of the cyano-ligands are cal- 
culated to be the most negatively charged: the axial 
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cyano nitrogen carries a charge of -l.O7e, and the 
equatorial nitrogen slightly less, -0.98e. In contrast, 
the terminal oxygen atom of the nitrosyl ligand 
carries a charge of only -0.42e. Hence it is to be 
expected that electrophilic reagents will interact 
primarily, if not exclusively, at the terminal atoms 
of the cyano ligands, with perhaps a marginal prefer- 
ence for the axial site over the equatorial. On the 
other hand the nitrogen atom of the nitrosyl ligand 
bears the highest positive charge, +0.72e, of any atom 
in the nitroprusside anion (the equatorial carbons 
bear charges of tO.46e. and the axial carbon t0.51e). 

These results indicate that nucleophilic reagents 
are expected to attack, whether in orbital-controlled 
or in charge-controlled reactions, exclusively at the 
nitrosyl nitrogen, as observed [ 19-221. 

In hexacyanoferrate(II), of Qh symmetry, the 
HOMO at -12.83 eV is calculated to comprise the 
d XY’ dyr, and d,, orbitals, of symmetry class Tzg. 
Next below these lie the Tr,, E,, and Ai, combina- 
tions of the o(FeCN) orbitals, at -13.04 eV, -13.91 
eV, and -14.12 eV respectively. Immediately above 
the large HOMO-LUMO gap are the four sets of 
n*(CN) orbitals, respectively of symmetry classes 
Tzu, Tru, T,,, and T,,, at -8.32, -8.16, --7.89 and 
mm-7.54 eV. The nitrogen atoms bear a charge of 
--1 .15e, and the carbons t0.44e. 

! / 
L 
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(a) 

In Fig. 1 we present sectional plots of the electro- 
static potentials around these two anions, [Fe(CN),- 
NO]*- and [Fe(CN),14-. In Fig. 1 a, the plot repre- 
sents a section in one of the a, planes, to include 
the axial nitrosyl, the axial cyanide, and two of the 
equatorial cyanides. Figure lb represents an alter- 
native section through the equatorial plane. Figure 1 c 
represents a section in one of the oh planes of [Fe- 
(CN),14-, to include iron and four coplanar ligands. 
The dominant feature in Fig. la is the very electro- 
philic reactive site at the nitrosyl ligand, whereas the 
potential sections shown in Figs. lb and Ic are 
comparatively featureless. It should be noted that 
different contours have been chosen for Figs. lb and 
Ic such that the second contour in [Fe(CN)6]4- 
corresponds in electrostatic potential to the first con- 
tour in [Fe(CN)sNO]*-: this difference in scaling 
is due primarily to the difference in overall charge 
between the two anions. In every section, the nucleo- 
philic sites of reaction are seen to be the peripheral 
nitrogens of the cyanide ligands. 

(b) 

I:&. 2. (a) Electrostatic potential of CHjCo(dmg)l in the 

xy plane. (b) Electrostatic potential of CH3Co(dmg)x in the 

zx plane. Successive contours represent -1.0, -0.5, -0.2, 

-0.1, 0.0, +O.l, +0.2, +0.5, and +l.O au. (hatching as in Fig. 

1). 

Aquomethylcobalaxime and Methylcobaloxime 
For CH,Co(dmg),HzO (dmg E monoanion of 

dime t hylglyoxime (butane-2,3-dionedioxime)), 
atomic coordinates were taken from the X-ray 
analysis [ 171 : identical coordinates were used 
throughout for the CHaCo(dmg), portion, regardless 
of the axial ligand. In CH3Co(dmg),, containing a five 
coordinate cobalt(III) in an approximately square- 
pyramidal environment, the LUMO may be described 

approximately as cobalt 3d,2, with some admixture 
of 4pz, to provide an axial orbital directed towards 
the vacant site. The first two occupied orbitals, at 
-12.26 eV and -12.68 eV are d,, and d,, respec- 
tively (the molecule is oriented so that the Co(dmg), 
fragment lies in the xy plane such that the y axis 
bisects the central C-C bond of each dmg ligand). 
The only important interaction between CHaCo- 
(dmg), and a water molecule involves a p orbital on 
the oxygen of water and cobalt 3d,2. In Fig. 2, we 
present two sections of the electrostatic potential 
around CHaCo(dmg),, iaken in the xy and zx planes. 
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The XJJ section, as well as showing clearly the asym- 
metric 0-H. . * 0 bonds [ 171, indicates a large posi- 
tive region, attractive to incoming nucleophiles, centr- 
ed on the cobalt, but extending across the dmg 
ligands: the zx section, however, as well as showing 
the methyl Iigand directly bound to cobalt, indicates 
the rather narrow potential channel down which an 
incoming nucleophile is expected to approach the 
coordinatively unsaturated electrophilic centre at 
cobalt. 

Cobalt Cm-in Models 
For the sake of computational economy, the 

corrinoid structure of vitamin B12 [16, 23j was sub- 
stantially simplified in the present work. While the 
macrocyclic skeleton was retained, in the proper 
oxidation level, so that the B1? chromophore is 
unchanged, all substituents on the macrocycle were 
replaced by hydrogen: of the two axial ligands, one 
is to be reserved for either cyanide or a cyanoferrate. 
while a range of different substituens were investigat- 
ed at the second axial site. The system thus 
investigated is shown at I 
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First a series of derivatives was investigated having 
no substituent X, where Y was a series of simple 
ligands. When Y was a good u donor, the cobalt 
was calculated to be d6 Co(II1); the LUMO in these 
complexes was the dZz orbital and the HOMO a delo- 
calised 71 orbital concentrated substantially in the 

CP-C~S-CK,-NJ-C~~ fragment, and bonding 
between Cl4 and Cl5 and between C,6 and Nqr but 
otherwise antibonding. However when Y was a poor 
u donor/good 7~ donor, or was absent entirely, the 
dZ2 orbital was at a lower energy than the delocalised 
n orbital, so that the n was then the LUMO and d,z 
the HOMO, corresponding to a ds Co(l) system in 
which the macrocyclic ligand had undergone a two- 
electron oxidation, from II to III. 

(a) 

--7 

,’ 

,’ \\ 

(b) 

l‘ig. 3. (a) Electrostatic potential of (I. Y = NH3) in CoNa 

plane. (b) Electrostatic potential of (I, Y = NH31 perpendic- 

ular to CoN4 plane. Conrours and hatching as in I‘ig 2. 

The system was calculated to be Co(I) when Y was 
absent, or was Hz0 or NH,-; but to be Co(II1) when 
Y was NH3, CH,-, or CN-. Hence, there is a require- 
ment for a good CJ donor as one of the axial ligands 
in order to preserve the oxidation state of cobalt 
as Co(II1): without such a u donor, an internal redox 
reaction between Co(II1) and the 71 electron-rich 
macrocycle is likely to occur. In the d6 examples, 
the net charge on cobalt is always positive, ranging 
from +O.O3e when Y = CH3- to i-O.36 e when Y = 
CN-: in the d8 cases, this charge is always negative, 
ranging from -0.43 e when Y = NH2- to -0.66 e 
when Y = Ej,O. 
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It is of some interest that the u-donor order deduc- 
ed from the ligands Y studied here is Hz0 < NH2- < 
NH3 < CH,-- CN-: i.e. the cyano ligand, commonly 
thought of as a powerful n-acceptor, is here acting 
primarily as a powerful u-donor. A recent ab initio 
study of [Co(CN),] 3- and [Co(CN)sOH] 3- conclud- 
ed 1241 that the principal difference between CN- 
and OH- acting as ligands towards Co(II1) arose from 
their u-donor capacity rather than from their rr- 
donor/acceptor properties. 

In Fig. 3, we show sections of the electrostatic 
potential for the cobalt corrin model having Y = NH3, 
taken in Fig. 3a through the best plane through the 
cobalt atom and the four nitrogen atoms and 
perpendicular to this in Fig. 3b: the irregular 
contours in Fig. 3a are partly a reflection of the 
deviations of the macrocycle from planarity [16], as 
the peripheral carbon and hydrogen atoms exhibit 
differing deviations from the plane chosen for the 
section. The electrostatic potential in the CON, 
plane, in contrast to that of the cobaloxime CH3- 
Co(dmg),, is dominated by the uniformly positive 
residual charges on the peripheral atoms of the 
macrocycle. Figure 3b shows clearly the electrophilic 
site. Whereas CH3Co(dmg)* (Fig. 2) exhibits substan- 
tial negative regions around the oxygen atoms, the 
only negative regions in Fig. 3 are those in the imme- 
diate vicinity of the ligating nitrogens, and the quasi- 
aromatic type carbons, C5, CIO, and CIS: on the 
other hand, in CH3Co(dmg), the nitrogen atoms all 
bear a net positive residual charge, consequent upon 
their being bound to oxygen. 
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The Methylcobaloxime-Nitroprusside Complex 
When making calculations on the interaction be- 

tween methylcobaloxime and nitroprusside it was 
assumed that the structure of the methylcobaloxime 
fragment was unchanged from that in the aquo com- 
plex [17], and that the bond lengths in the nitro- 
prusside fragment were unchanged from the free ion 
values [IS], although with all interbond angles 
around iron set at 90”. Further the Fe-X-Y-Co 
bridge was assumed to be linear: the modest 
deviations from linearity of the Co-C-N-Co bridges 
in the isomeric compounds (NH3)5CoNCCo(CN), 
[2.5] and (NH3)sCoCNCo(CN)s [26] were regarded 
[25, 261 as the result of forces exterior to the 
bridges, rather than as resulting fron ay factor 
intrinsic to the bridges. 

Subject to these assumptions, three isomeric forms 
were investigated, having the nitroprusside bound to 
cobalt via axial cyanide, equatorial cyanide, and 
nitrosyl ligands respectively. All three isomers showed 
clear energy minima as the distance Y-Co was vari- 
ed. For the axial and equatorial cyano ligands bind- 
ing to cobalt, the N-Co distances corresponding to 
the energy minima were 1.80 a and 1.82 A respec- 
tively, while for the nitrosyl ligand binding to 

cobalt, the O-Co distance for minimum energy was 
1.65 A. 

The energy differences between the isomers, tak- 
ing the axial cyano isomer as zero, are for the cqua- 
torial cyano isomer, +1.9 kJ mol-‘, and for the 
nitrosyl isomer, t22.2 kJ mol-‘; so that the prefer- 
ence found experimentally [lo] for axial binding 
in a complex of 1: 1 stoichiometry is only very slight. 
Comparison of the energy, at the minimum, for the 
axial cyano isomer of the 1: 1 complex with the 
energies of its two components, methylcobaloxime 
and nitroprusside, shows that the interaction energy, 
equivalent to the axial N-Co bond energy term, is 
235 kJ mol-‘. It must be noted however that this 
value refers to isolated species, and does not take 
any account of solvation effects. On the other hand, 
it is probable that the relative energies calculated 
for the isomeric forms are reasonably accurate, since 
solvation effects are expected to be similar for all 
three isomers. 
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Fig. 4. Important orbital interactions between CH3Co(dm& 

(Cx) and [ I;e(CN)5 ] 2-(NP2-) or H2 0. 

The principal orbital interactions within the 1 :I 
complex of methyl-cobaloxime and nitroprusside 
are summarised in Fig. 4 for the axial isomer. there 
is a very strong o interaction between the axial o- 
(FeCN) orbital in [Fe(CN),NO]‘- (which approx- 
imates to a nitrogen lone pair) and the cobalt d,l 
orbital, together with a very small n interaction 
involving the axial r(CN) orbitals of nitroprusside 
and the cobalt d,, and d,, orbitals, all of which are 
occupied. Neither in this complex nor in the very 
simple model trans-[(ON)Fe”H4CNCo”‘Hs]4V is 
there any interaction between the occupied cobalt 

d,, and d,,, and the unoccupied n*(CN) orbitals 
of the axial cyano ligand. Such 71 back-bonding from 
the electrophile to the ligand 7r* orbitals is not 
necessary for the stabilisation of cyano-bridged com- 
plexes of type M-C-N-E (where E represents an 
electrophile), since cyanoferrates readily bind 
through nitrogen to simple electrophiles including 
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BF, [27-291 and H’ [29, 301. Structural evidence 
in the two linkage isomers of (NH,),Co(CN)Co(CN), 
[25, 26j indicates that even when the appropriate 
orbitals are present, the 7~ back-bonding interaction 
appears to be negligible in the Co--NC bond, as 
calculated here, although significant in the Co--CN 
bonds. 

7ke Methylcobaloxime-Hexacyanoferrate(H) Com- 
plex 

This 1: 1 complex is very similar to cyanide bound 
isomers of the nitroprusside complex with methyl- 
cobaloxime. The minimum energy occurs at a N-Co 
distance of 1.83 8, where the interaction energy 
(N-Co bond energy) is 174 kJ mol-‘, less by 
some 60 kJ mol-’ than the interaction energy in the 
nitroprusside complex. Further comparison may 
be made by inspecting the corresponding axial 
N-Co overlap populations. In the hexacyanoferrate- 
(II) complex, this is 0.297, compared with 0.309 
for the nitroprusside complex (axial isomer): for 
binding of nitroprusside via the nitrosyl ligand, 
the corresponding O-Co overlap population is only 
0.257. Thus the calculations point to rather weaker 
binding of hexacyanoferrate(I1) compared with 
nitroprusside, entirely consistent with the experi- 
mental observations [IO] 

The Cobalt Corrin-Nitroprusside Complex 
The interaction between the cobalt corrin model 

I (Y = NH3) and nitroprusside was studied as a func- 
tion of the axial N-Co distance, subject to essentially 
the same constraints as employed in the methylcobal- 
oxime system. For the sake of computational 
economy, only the axial isomer of nitroprusside 
was studied. The energy minimum for the 1: 1 com- 
plex was located at a Co-N distance of 1.75 a 
rather shorter than in the cobaloxime, corresponding 
to an interaction energy of 288 kJ mol-‘, substan- 
tially higher than for the cobaloxime: the orbital 
interactions involved are very similar to those in the 
simpler cobaloxime model, but the key N-Co 
overlap population is 0.347 in the corrin sys- 
tem, compared with only 0.309 in the cobal- 
oxime. Thus, upon all three criteria of bond length, 
bond strength, and orbital overlap, the inter- 
action of nitroprusside is calculated to be much 
stronger with the cobalt corrin (I, Y = NH3) than 
with a cobaloxime. 

Discussion 

For the binding both of [Fe(CN),N012- and 
of [Fe(CN),14- to methylcobaloxime, the Co-NC 
distances corresponding to the energy minima are 
significantly longer than the isomeric M-CN dis- 
tances: this, and the absence of any n-bonding 

between cobalt and the bridging cyano ligand, are 
in agreement with experimental results [25, 261 on 
the isomeric p-cyan0 complexes (NH,),Co(CN)- 
Co(CN), . 

The results for the axially and equatorially bound 
complexes of [Fe(CN),N012- with methylcobal- 
oxime indicate only a small energetic advantage for 
the axial isomer, but a significant disadvantage for 
the nitrosyl bound isomer. In 2: 1 complexes [lo], 
both steric and electrostatic considerations require 
the two cobalts to be bound to a pair of tram 
ligands in a cyanoferrate. The additional binding 
energy resulting from complexation of the cyano- 
ferrate to a second cobalt species overcomes the small 
preference for axial binding, and thus the 2:l com- 
plexes of nitroprusside involve [lo] a tram pair of 
equatorial cyanide ligands. 

Although in complexes of [Fe(CN),N012- there 
is preference, albeit small, for binding at the axial 
cyanide, in the [Fe(CN)6]4- complexes all the ligand 
sites yield complexes of identical energy. 
Consequently, there is in these complexes no thermo- 
dynamic impediment to migration of the cobalt 
species from one cyano ligand to another. Such 
fluxional behaviour in the case of [Fe(CN),14- 
could explain why the 13C NMR observed [lo] in the 
[Fe(CN),14- cobalamin system contain broad un- 
resolved resonances from which no coupling data 
could be derived, whereas in the analogous [Fe(CN)s- 
NO] 2- system, very sharp, well-resolved first-order 
spectra were always obtained [lo]. 

The interaction of [Fe(CN)sN012- was calculat- 
ed to be much stronger with the cobalt corrin (I, 
Y= NH,) than with CH,Co(dmg),: this reproduces 
the experimental findings [lo] that nitroprusside 
forms far stabler complexes with cobalamin than 
with CH3Co(dmg),. Although all these cobalt species 
contain Co(III), in CH,Co(dmg), the cobalt is bound 
to two uninegative (dmg)- ligands and to a negative 
(CH,)- axial ligand: in both aquocobalamin and (I, 
Y = NH,) the axial ligand is neutral (either a benzi- 
midazole or NH3 respectively) and the macrocyclic 
ligand is only uninegative. Hence, on these grounds 
alone, the cobalt in CH3Co(dmg), is expected to be 
rather less electrophilic than that in I or in a natural 
cobalamin. Nonetheless, the binding of [Fe(CN),- 
N012- to CH3Co(dmg), demonstrates that such 
complex formation is not a unique property of 
cobalamins. 

The known chemistry of the [Fe(CN),NO]‘- 
anion [19-22, 31-351 points to the nitrosyl ligand 
as being the crucial site in the physiological acti- 
vity [l-4] of nitroprusside. If this is indeed so, 
then the formation of 1: 1 complexes with cobal- 
amins will not impair the accessibility to the 
nitrosyl ligand of external nucleophiles, such as 
those in potential receptors: on the other hand, 
in 2: 1 complexes with cobalamins, the nitrosyl 
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ligand is effectively masked by the corrin macro- 
cycles. If however, the nitroprusside anion requires 
access from the bloodstream (the normal site 
for infusion) to its receptor via a specific ion 
channel through a membrane (e.g. the chloride 
channel) then even 1: 1 complex formation will 
hamper such access. 
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