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Dissecting the Intimate Mechanism of Cyanation of {2Fe3S} Complexes
Related to the Active Site of All-Iron Hydrogenases by DFT Analysis of
Energetics, Transition States, Intermediates and Products in the Carbonyl

Substitution Pathway

Giuseppe Zampella,”™) Maurizio Bruschi,™ Piercarlo Fantucci,'”! Mathieu Razavet,'!
Christopher J. Pickett,*'! and Luca De Gioia*!*!

Abstract: A bridging carbonyl inter-
mediate with key structural elements
of the diiron sub-site of all-iron hydro-
genase has been experimentally ob-
served in the CN/CO substitution path-
way of the {2Fe3S} carbonyl precursor,
[Fe,(CO)s{MeSCH,C(Me)(CH,S),}].

Herein we have used density functional
theory (DFT) to dissect the overall
substitution pathway in terms of the
energetics and the structures of transi-
tion states, intermediates and products.
We show that the formation of bridging
CO transitions states is explicitly in-
volved in the intimate mechanism of
dicyanation. The enhanced rate of
monocyanation of {2Fe3S} over the
{2Fe2S} species [Fe,(CO)s{CH,(CH,S),}]

is found to rest with the ability of the
thioether ligand to both stabilise a
u-CO transition state and act as a good
leaving group. In contrast, the second
cyanation step of the {2Fe3S} species is
kinetically slower than for the {2Fe2S}
monocyanide because the Fe2 atom is
deactivated by coordination of the
electron-donating thioether group. In
addition, hindered rotation and the re-
action coordinate of the approaching
CN~ group, are other factors which ex-
plain reactivity differences in {2Fe2S}

Keywords: bioinorganic chemistry -
carbonyl ligands - density functional
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and {2Fe3S} systems. The intermediate
species formed in the second cyanation
step of {2Fe3S} species is a p-CO spe-
cies, confirming the structural assign-
ment made on the basis of FI-IR data
(S.J. George, Z. Cui, M. Razavet, C. J.
Pickett, Chem. Eur. J. 2002, 8, 4037-
4046). In support of this we find that
computed and experimental IR fre-
quencies of structurally characterised
{2Fe3S} species and those of the bridg-
ing carbonyl intermediate are in excel-
lent agreement. In a wider context, the
study may provide some insight into
the reactivity of dinuclear systems in
which neighbouring group on-off coor-
dination plays a role in substitution
pathways.

Introduction

[b]
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X-ray crystallographic structures of Fe-only hydrogenases
from Desulfovibrio desulfuricans™ and Clostridium pasteur-
ianum,”? together with spectroscopic data on Fe-only hydro-
genase from Desulfovibrio vulgaris,”! show that the H-clus-
ter, the active site at which protons are reduced to dihydro-
gen, is a conventional {Fe,S,} cluster linked by a bridging
cysteinyl sulfur group to an “organometallic” {2Fe3S} sub-
site (Figure 1). At the sub-site a terminal carbon monoxide,
a bridging carbon monoxide and a cyanide ligand are bound
at each iron atom, which also share two bridging sulfur li-
gands of a 1,3-propanedithiolate or possibly the related di-
(thiomethyl)amine unit. The Fe atom distal to the {Fe,S,}
cluster has a coordinated water molecule (or vacancy) in the
resting paramagnetic oxidised state of the enzyme {H,},
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Figure 1. a) Proposed structure of the bimetallic cluster of Fe-only hydro-
genases; this is a composite model combining features reported in refer-
ence [1] and [2]. The chelating disulfide ligand has been shown as 1,3-
propanedithiolate but X-ray data are compatible also with a related azap-
ropanedithiolate unit. b) Schematic representation of the class of {2Fe3S}
models investigated in the present work. The thiother sulfur atom is
labeled with * to denote that in some models this atom is coordinated to
Fe2.

whilst carbon monoxide occupies this site in the CO-inhibit-
ed form of the enzyme.

The unusual structure of the sub-site has stimulated inves-
tigations aimed at shedding light on its structural, electronic
and catalytic properties.*?!! The sub-site resembles well-
studied organometallic Fe'Fe' complexes of the type [(u-
RS),Fe,(CO)s] (R=bridging organic group)?*! and such
complexes provide precursors to di-cyanide derivatives such
as [Fey(CO),(CN),{CH,(CH,S),}]* ' which is related to
the structure of the CO-inhibited sub-site but lacks both dif-
ferential S ligation and a bridging carbonyl ligand, as ob-
served in the enzyme. The synthesis of model compounds
even more closely related to the enzymatic subsite has been
recently reported by Pickett and co-workers,">?? which
have shown that the backbone modification of a propane di-
thiolate ligand can lead to {2Fe3S} species (Figure 1). In par-
ticular, the initial reaction of the molecule [Fe,(CO)s-
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{MeSCH,C(Me)(CH,S),}] (A) with cyanide takes place
regioselectively at the Fe atom distal to the thioether
ligand to give [Fe,(CO)s(CN)(MeSCH,C(Me)(CH,S),)]'"~
(B; Scheme 1), in which the thioether has dissociated from
the iron center. Reversible dissociation of CO from B
leads to the {2Fe3S} species [Fe,(CO),(CN){MeSCH,C-
(Me)(CH,S),}]'~ (C). Subsequent reaction of C with cyanide
results in the formation of a dicyanide species which has
been spectroscopically characterised as [Fe,(CO);(u-
CO)(CN),{MeSCH,C(Me)(CH,S),}]*~ (D; Scheme 1). This
species possesses key attributes of the natural sub-site, a
2Fe3S core, a bridging CO, and CN groups ligating each Fe
atom. D slowly rearranges to the thermodynamically stable
product [Fe,(CO),(CN),{MeSCH,C(Me)(CH,S),}]*" (E), in
which the bridging carbonyl ligand has switched to a termi-
nal bound mode with concomitant dissociation of the thio-
ether ligand (Scheme 1).

Kinetic data are consistent with both the initial cyanation
of the {2Fe2S} complex [Fe,(CO)s{CH,(CH,S),}] and that of
the {2Fe3S} complex A taking place by an associative mech-
anism.!'"?*! However, the reaction rate for monocyanation of
the {2Fe3S} species A is about 10000-fold larger than that
observed for the {2Fe2S} species.”!! Other major differences
are related to the substitution of CO by a second cyanide
ligand. In particular, spectroscopic data are consistent with
the presence of a p-CO group in D, whereas no long-lived
intermediates featuring bridging CO have been character-
ised along the pathway to [Fe,(CO),(CN),{CH,(CH,S),}]*".

Density functional theory (DFT) is a valuable tool to
study properties of models of metal-containing enzymes,®!
and theoretical investigations of models related to the Fe-
only hydrogenase active site have been recently report-
ed.’3! In particular, DFT has been successfully used to
study the fluxional properties of {2Fe2S} clusters,*! to pre-
dict structures and redox states of intermediate species
formed in the catalytic cycle of the enzyme,””?! to explore
the structure and reactivity of {2Fe2S} models® and to com-
plement experimental data in the characterisation of bio-
mimetic synthetic complexes.**3!

Herein we describe a DFT investigation of the mechanism
of cyanation of the {2Fe3S} complex A that complements ki-
netic and spectroscopic data obtained for intermediate spe-
cies in the substitution pathway, including D, and provides a
deeper insight into the intimate mechanism of cyanation of
the dinuclear assembly. Importantly, in silico elucidation of
the structural and electronic properties of the intermediate
D is pertinent to the enzyme sub-site in its CO inhibited
form. In a wider context, the study provides an insight into
intermediate species and transition states involved in substi-
tution at dinuclear carbonyl species, into the role of bridging
CO in such substitution pathways, and clarifies how a neigh-
bouring group with the capability of on/off coordination can
influence reactivity.

We first validate the computational method by comparing
calculated structures and spectroscopic data with that ob-
tained for the species A and C, whose structures have been
established by X-ray crystallography. We then examine the
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Scheme 1. Summary of the cyanation chemistry of A.

first cyanation step and show that, as intimated from the ki-
netic studies, the DFT results are consistent with the forma-
tion of a bridging carbonyl transition state, [Fe,(CO),(u-
CO)(CN){MeSCH,C(Me)(CH,S),}]". We then go on to
show how this can lead to the stable intermediate B, and by
CO loss to isolable C. Penultimately, we examine the second
cyanation step defining the transition-state which leads to D,
which then rearranges to E. Finally, we show that the corre-
spondence of calculated and experimental IR data further
support the structural assignment of D.

Results and Discussion

Three intermediate species along the pathway going from A
to E have been experimentally characterised (B, C and D;
see Scheme 1). The structures of A and C have been deter-
mined by X-ray diffraction,”” whereas the structures of B,
D and E have been assigned on the basis of spectroscopic
data.”” Hereafter, experimental complexes are designated
by bold upper case letters (A, B, C...) as in Scheme 1 and
their corresponding computational structures by lower case
letters (a, b, ¢-+-). Fel and Fe2 refer, respectively, to the iron
atoms distal and proximal to the R-S-CHj; arm of the chelat-
ing ligand.

Validation of computational results: Initially, with the aim
of verifying whether the adopted DFT approach (BP86/

Chem. Eur. J. 2005, 11, 509 —520 www.chemeurj.org

TZVP; see Methods) is suitable to describe this class of
compounds, we have optimised the structures of the theoret-
ical models a and ¢ (see Figure 2) and compared them with
the corresponding experimental structures A and C (see
Table 1). Computed bond lengths are within +0.02 A of
those determined experimentally, with the exception of Fe—
S distances involving bridging sulfur atoms, which are sys-
tematically overestimated by about 0.04 A. The adoption of
other functionals commonly used to investigate coordination
compounds, such as B3LYP® leads to similar or slightly
poorer results (data not shown), as previously observed for
other Fe—S species.*¥! BP86/TZVP predicts that, in the gas
phase, the most stable ¢ isomer is characterised by axial ori-
entation of the CN group, whereas the equatorial isomer,
which is experimentally observed in the solid state,*? is
slightly less stable (AE=2.1kcalmol™). The presence of
almost isoenergetic cyanide positional isomers, whose rela-
tive stability can be affected by crystal packing forces that
cannot be taken into account in the calculations, was already
noted in investigations of similar species.”'*! Notably, the in-
clusion of zero-point vibrational (plus thermal enthalpy),
solvation and entropy effects reverse the relative stability of
the ¢ isomers, leading to the prediction that the equatorial
isomer is slightly more stable (AG=-1.1kcalmol;
Table 2), in agreement with experimental data. Thus the
Fe—CN bond length computed for the isomer of ¢ in which
the CN™ group is equatorial (structure not shown) is in good
agreement with experimental values, whereas the corre-
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Figure 2. Optimised structures of the investigated {Fe,S,} complexes. Selected distances are in A. N atoms of CN ligands are labeled with * to easily dis-

tinguish between N and O atoms.

sponding bond length for the axial isomer shows poorer cor-
respondence (Table 1).

The Fe—Fe distances, which are expected to be affected
by subtle differences of the electronic properties of the com-
plexes, are well reproduced both in a and ¢, the error being
less than 0.03 A. Also the differences between experimental
and computed bond angles are very small (lower than 5°;
data not shown), confirming that the adopted computational
scheme is well suited to investigate the structural properties
of this class of compounds.

The comparison of experimental and computed vibration-
al frequencies of CO and CN groups can help in defining
the structural properties of coordination compounds for
which the X-ray experimental structure is not known. There-

512 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

fore, to complete the evaluation of the adopted DFT proto-
col, we have compared the computed vibrational frequen-
cies of CO and CN groups in a and ¢ models with the corre-
sponding experimental values. The good agreement between
experimental and computational data (Table 3) shows the
adequacy of the adopted level of theory also for the repro-
ducibility of the spectroscopic data, and confirms previous
observations indicating that harmonic wave numbers from
BP86 calculations compare well with experimental data,
with the caveat that the excellent agreement is in some part
due to an error cancellation effect.>!

The first cyanation step: Experimental data support a mech-
anism in which the monocyanation of A proceeds through

www.chemeurj.org Chem. Eur. J. 2005, 11, 509 —520


www.chemeurj.org

Cyanation of {2Fe3S} Complexes

TS-CO

Figure 2 (cont.)

Table 1. Comparison of selected bond lengths (in A) obtained for experi-
mentally characterised {Fe,S;} complexes (upper case,'>?*)) and their cor-
responding computational models (lower case). S; and S, stand for termi-
nal and bridging sulfur atoms, respectively.

a A c C
Fe2—S, 2.256 2261 2.260 2255
Fe2—S, 2.286 2251 2.299 2.260
2.289 2251 2.308 2265
Fe2—CO 1.765 1755 1.753 1.752
1.770 1.764 1.755 1761
Fel-S, 2.291 2255 2293 2241
2.294 2256 2297 2.249
Fel-CO/CN 1.783 1.779 1.757 1761
1.785 1.795 1.758 1.765
1.787 1.795 1.907 1.941
(1.922)H!
Fel—Fe2 2.536 2.516 2.567 2.538

[a] The value in parenthesis refers to the isomer in which the cyanide
group occupies an equatorial position, as observed in the X-ray structure
of C.

the formation of the intermediate species B (Scheme 1).
This intermediate is an analogue of the isolable species
[Fe,(CO)s(CN){CH,(CH,S),}]~, which has been character-
ised crystallographically™ and which shows an IR spectrum
essentially identical to that of B. The intimate mechanism of
the conversion of A to B has been argued to proceed via a

Chem. Eur. J. 2005, 11, 509 —520 www.chemeurj.org
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Table 2. Energetics for the cyanation of [Fe,(CO)s{MeSCH,C-
(Me)(CH,S),}].1
AG AE, AE,, AG-AE,,

a—al 3.1 4.6 37 0.6

al + CN —TS1 5.8 4.5 2.5 33
TS1—b -194 =285 177 1.7
b—bl —8.2 —8.2 -64 —1.8
b1—b2 8.3 14.7 7.4 0.9
b2—-TS-CO 15.5 229 175 =20
TS-CO—¢ +CO -166 —114 -82 -84

c—cl 11.9 10.9 11.9 0.0

cl + CN™—TS2 34.9 47.7 26.2 8.7
TS2—d -385 —40.0 —41.6 31

d—e -82 -—16.8 -70 -12

a + Nat + CN™—TS1-Na* 12,5 22 7.0 5.5

¢ + 2Nat + CN™—TS2-Na* 49.5 26.9 45.4 4.1

Fe,S, + CN™—TS 12.6 12.1 10.4 22

Fe,S, + Nat + CN™—TS-Na 18.4 6.7 13.2 52

Fe,S, (+2Na* + CN-; 214 116 163 51

second cyanation step)

[a] AE,,,=SCF total energy values computed for isolated molecules,
AE,,;,=SCF total energy values computed according to the COSMO
model for solvation, AG—AE,,,=free energy values computed taking
into account zero-point vibrational (plus thermal enthalpy) and entropy
effects. Energy values in kcalmol .

transition state structure in which a CO group bridges the
two iron atoms.”! We have used DFT to further probe this

— 513
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Table 3. Experimental and computed CO and CN~ frequencies (cm™') for the Fe'Fe' di-iron complexes A, B,

C, D and E and their corresponding computational models.

{MeSCH,C(Me)(CH,S),}] show
that, in structures where the

Complex A Complex B Complex C Complex D Complex E Fe(CO)3 group is slightly rotat-
Exp. a al  Exp. b bl  Exp. [ cl Exp. d dl  Exp. e ed with respect to a, an energy-
1927 1951 1947 1915 1817 1922 1890 1903 1866 1780 1726 1765 1873 1875 minimum structure is obtained

1971 1964 1947 1919 1929 1905 1925 1926 1878 1878 1856 1884 1898 (al, see Figure?2) that resem-

198311 1988 1972 1957 1958 1945 1941 1939 1941 1919 1900 1886 1922 1912 ’ g o
1991 1998 1976 1969 1971 1981 1981 1993 1957 1952 1934 1963 1955 bles the computed transition
2048 2044 2035 2031 2009 2008 2085 2095 2108 2075 2075 2081 2076 2071 state arising from the rotation
2092 2108 2106 2083 2080 2101 2075 of an Fe(CO); group in
[a] Broad. [Fe,{CH,(CH,S),}(CO)¢].*"! In

hypothesis and fully dissect the cyanation reaction. In the
following, unless stated differently, energy values are free
energy differences, computed by adding to the SCF total
energy, solvation effects, zero-point vibrational (plus ther-
mal enthalpy) contribution, as well as entropy effects (see
Methods). The detailed mechanism and energetics for the
cyanation of a are summarised in Scheme 2 and 3, and in
Table 2.

The Fe(CO); group at Fel in A would be expected to
rotate relatively easily, as observed at both Fe atoms in
[Fe,{CH,(CH,S),}(CO),] B! whereas at Fe2 the coordinated
R-S-CHj; arm locks the configuration thereby restricting ro-

al, the coordination environ-

ment of Fel is better described

as a trigonal bipyramid, with one CO and one S ligand in
axial position, and with one equatorial CO group approach-
ing the proximal Fe2 centre. Importantly, the rotation of the
Fe(CO); group leads to the incipient formation of a vacant
coordination position trans to the semi-bridging CO group.
The observation that al is a stable intermediate
species, whereas the corresponding structure for the
[Fe,{CH,(CH,S),}(CO)¢] computational model corresponds
to a saddle point on the potential energy surface (i.e. a
transition state structure), underscores the role of the
R-S-CH; ligand in stabilising bridging-CO species. In fact,
the conversion a—al is endoergonic by only 3.1 kcalmol .

tation. Thus geometry optimisations from [Fe,(CO)s- The comparison of atomic charges for a and al reveals that
the movement of a CO group
from terminal to semi-bridging
position is accompanied by an
_|0 TO - increase in the electrophilicity
oc & . ( oN- NC‘\ S5 :éo \S:; distal Fel atom (not
>Fe/iF/S\ OC\FQLFé ~ OC//Fe\C/F\\CO .
ocy co 2 ~co o I o The c.()l.nputed structure of
oc a © co_, ¢o '?S 1 the transition state (TS1) corre-
¢ sponding to the attack of CN~
i |—|_ —‘_ on al is shown in Figure 2. In
S TS1 the distal Fel atom has a
OC\ //Ssz‘jS\ - NC\ //SS\%\/C/O <_NC\ //Ssé\‘/s\ f;listort.ed octahedral geometry,
N e /Fe\\CO OC?Fe_/Fe\Co OC//Fe\C P e\\co in which one of theﬁ ligands is
oc co oc é oc [ co the approachlng CN group. A
TS-CO b1 b CO group brldges. the iron
atoms 1n a quasi-symmetric
° fashion and the bond between
—“ §|’ . the proximal Fe2 centre and the
NC. & 1 . NC\ s s CN- NC\/F//SS\F éS\ terminal slllfur .ligand is elongat-
SO T SEESRE TS 0C/ X/ ©ICOo ed (2.35A) with respect to a
oF S0 A s o 6 1 ¢ and al (2.26 A), indicating that
the thioether group functions as
¢ el Ts2 a good leaving group. The com-
l puted potential free energy bar-
—|2_ rier for the cyanation of al to
%vg > give TS1 is 5.8 kcalmol .
NG In principle, the cyanation of
NC\/Fe/SS‘\Fe/ CN \/FQ/SS\Fgf\ a could proceed via other reac-
Oocé \;80 Oocé g e tion pathways (Scheme4). In
% the transition state structure in
e

Scheme 2. Computed reaction path for the cyanation of a.
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which the distal Fel centre
could still be pseudo-octahedral,
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Scheme 3. The energetics (kcalmol™) for the cyanation of a. The energy barriers for the first cyanation of the {2Fe2S} complex [(u-pdt)Fe,(CO),] are re-

ported in the inset.
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Scheme 4. Possible reaction coordinates for the first cyanation of a.
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the CN~ group could attack
trans to one of the sulfur atoms
bridging the two metal centres
(Scheme 3). However, the com-
puted energy barrier for this
reaction coordinate is very
large (>25.0 kcalmol™), indi-
cating that this reaction chan-
nel is kinetically unfavourable.
The large energy barrier can
be mainly attributed to the
presence of a strong o-donor
trans to the approaching CN~
group. To study the factors
affecting the regiospecificity
observed in the cyanation of
a, we have investigated also
a reaction path where the in-
coming CN™~ group approaches
the Fe2 ion. The hindered
ligand rotation at Fe2 imposed
by coordination of the thio-
ether ligand restricts approach
of CN™ to a reaction coordi-
nate trans to one of the bridg-
ing S atoms (Scheme 4). The
corresponding  free  energy

— 515
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barrier for this reaction channel is 35.2 kcalmol™ and is
thus also unfavourable with respect to that going through
TS1.

To assess possible effects due to the different charge of
the reactant (al; charge=0) and the transition state (TSI,
charge=—-1), we have computed the transition state struc-
ture (TS1-Na) obtained considering NaCN as the cyaniding
species, as done in an earlier investigation addressing the cy-
anation of the {2Fe2S} species [Fe,(CO)s(CH,(CH,S),}].”
We find that the structures of TS1 and TS1-Na are very sim-
ilar, differing markedly only in the distance between the at-
tacking CN~ group and Fel (Figure 2). Optimisation of re-
agents, that is, the van der Waals adduct between al and
NaCN, led to a species resembling a, in which the semi-
bridging CO group has moved to a terminal position (not
shown), an observation which indicates that ion-pairing can
modulate to some extent the coordination geometry of Fel.
However, the computed potential free energy barrier for the
reaction a + NaCN—TS1-Na is still small (decreased to
12.5 kcalmol™'; Scheme 3). Most importantly, the other con-
ceivable reaction paths (Scheme 4) are characterised by very
large energy barriers (>35 kcalmol™").

As stated above, the experimental reaction rate for mono-
cyanation of the {2Fe3S} species A is some 10* times faster
than that observed for the {2Fe2S} species [Fe,-
(CO){CH,(CH,S),}].¥ To probe this difference we have
also computed the transition state along the cyanation
pathway leading to the {2Fe2S} species [Fe,-
(CO)5s(CN){CH,(CH,S),}]. This latter reaction path was in-
vestigated in an earlier study by Hall et al.,* who found a
transition state structure characterised by a p-CO group and
a corresponding activation energy of 13.60 kcalmol™". Their
investigation was carried out using the B3LYP functional
and maintaining a neutral model system by addition of Na™*
counter-ions. The B3LYP functional generally predicts
slightly larger barriers than BP86,*”) making the direct com-
parison of the computational data for the two systems prob-
lematic. We have therefore re-investigated the cyanation of
[Fe,(CO)s{CH,(CH,S),}] at the BP86/TZVP level of theory,
including also solvation effects, to allow a fair comparison
with results obtained for the {2Fe3S} system. It should be
noted that both iron centres are equivalent in the [Fe,-
(CO)({CH,(CH,S),}] complex, at least within the time scale
of the ring flip, whereas only the distal Fel centre undergoes
attack in A. However, this statistical effect is not expected
to influence significantly DFT results. We find that the po-
tential free energy barriers computed for the cyanation of
[Fe,(CO)s{CH,(CH,S),}], with CN~ or NaCN as reactants,
are 12.6 and 18.4 kcalmol ™!, respectively. Hence, the pres-
ence of the thioether group decreases the energy barriers
for the cyanation reaction by 6.8 kcalmol™! (CN-) and
5.9 kcalmol ™' (NaCN), in full agreement with experimental
observations. This effect is consistent with the thioether
ligand both stabilising the incipient bridging CO vis a vis a
terminal CO at Fe2, in agreement with the proposal that the
Fe(CO); rotational barrier is an important contributor to
the overall activation energy for CN~ attack,* and func-

516

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tioning as a good leaving group in the concerted associative
process at the binuclear assembly.

The optimised structure of b, which is more stable than
TS1 by about 19.4 kcalmol ™ and is the product of CN~
attack on al, retains a p-CO group, whereas the interaction
between Fe2 and the thioether sulfur atom is very weak
(Figure 2). Notably, the sampling of the potential energy hy-
persurface led to the identification of a more stable isomer
of the product of monocyanation (b1; see Figure 2). In b1,
the thioether sulfur atom is not coordinated to Fe2 and the
bridging CO group observed in b moves to a semi-bridging
position in b1, with the geometry about the proximal Fe
centre better described as a distorted trigonal bipyramid.
The comparison of relative energies reveals that b is less
stable than bl by 8.2 kcalmol™, in agreement with the
observation that a species corresponding to b is not de-
tected experimentally as the primary product of mono-
cyanation. Notably, the more stable metal—metal-bonded
isomer b1l closely corresponds to the structure assigned to
the intermediate species B from spectroscopic data (see
below).

To complete the characterisation of the monocyanide spe-
cies we have computed the structure of (chiral) isomers that
differ from b1 in having CN~ in (either) equatorial position.
In these species, the semi-bridging CO group moves to a ter-
minal position and the iron atoms have a regular square-pyr-
amidal coordination environment (not shown). This observa-
tion highlights again the stabilising role of a donor ligand in
a trans position to the bridging CO. The bl isomers charac-
terised by an equatorial CN™~ are less stable than the corre-
sponding axial isomer by 3-5 kcalmol .

The reversible CO loss/thioether re-binding step: Experi-
mental data show that the complex [Fe,(CN)(CO)s-
{MeSCH,C(Me)(CH,S),}]~ (B) reversibly loses CO to form
the isolable {2Fe3S} species C, in which the thioether group
is coordinated to the proximal Fe2 atom as in the parent
complex A (Scheme 1). The regiospecificity of CO rebinding
to C has been investigated by FTIR spectroscopy using
BC®O and results are consistent with the labelled CO at-
tacking the cyanide-ligated Fel atom, concerted migration
of an unlabelled CO ligand and concomitant dissociation of
thioether from Fe2.*!

To gain an insight into the B—C + CO step, we have op-
timised the structure of the transition state related to CO
loss (TS-CO), taking as the reactant a b isomer in which the
CN™ group is coordinated to Fel in an equatorial position
(b2; Figure 2)."%1 In b2, which is less stable than b by
8.3 kcalmol™, a CO group is trans to the p-CO and can act
as a leaving group according to a mechanism that implies
transfer of CO from Fe2 to Fel, concerted cleavage of the
Fel—CO bond, and coordination of the thioether ligand to
Fe2. In fact, in TS-CO, an Fel bound CO group moves to a
semi-bridging position, the Fel-(u-CO) distance becomes
very short (1.75 A) and the bond length between Fel and
the CO group trans to the p-CO increases to 3.31 A
(Figure 2).

www.chemeurj.org  Chem. Eur. J. 2005, 11, 509 -520


www.chemeurj.org

Cyanation of {2Fe3S} Complexes

The computed structural features, together with the obser-
vation that no other transition state structures were found
along the pathway from b2 to ¢, indicate that the thioether
re-binding to Fe2 is accompanied by CO loss from the ter-
minal Fel centre. TS-CO is less stable than b2 by 15.5 kcal -
mol ', in good agreement with the relatively slow reaction
rate for the B—C + CO conversion.**

The second cyanation step: Cyanation of the complex
[Fe,(CN)(CO),{MeSCH,C(Me)(CH,S),}]- (B) can take
place following two different reaction paths (Scheme 1). In
the presence of a large excess of CN™, B is directly convert-
ed to E (high-cyanide pathway), whereas if the CN~ concen-
tration is lower, B initially loses one CO group forming the
species C (see above). Subsequently, C reacts with CN~
forming the p-CO intermediate D, which eventually con-
verts to the thermodynamically more stable form E (low-cy-
anide pathway). The high cyanide pathway is kinetically dis-
favoured with respect to the low-cyanide pathway. In
addition, cyanation of the {2Fe3S} species B is slower
than for the corresponding {2Fe2S} complex [Fe,-
(CO)s(CN){CH,(CH,S),}] -

With the aim of characterising intermediate and transition
state species relevant to the second cyanation step, we have
initially sampled the potential energy surface searching for
possible other isomers of c¢. As observed for a, we located
an isomer that is characterised by a distorted trigonal-bipyr-
amidal geometry of the proximal Fe2 centre, (c1; Figure 2).
In c¢l, which is less stable than ¢ by 11.9 kcalmol™
(Scheme 3), the equatorial CO group is semi-bridged be-
tween the two metal ions and an incipient vacant coordina-
tion site appears on the Fe2 centre. It is worth noting that
the vacant coordination sites in ¢l and al are different,
being trans to a u-S atom and to a u-CO group, respectively
(Figure 2). In contrast to a and al, the partial atomic charg-
es computed for the Fe2 atom are not dissimilar in ¢ and ¢l
(data not shown)

The computed structure of the transition state corre-
sponding to the attack of CN~ on ¢l (TS2) is shown
in Figure2. In TS2, which is 34.9 kcalmol™ higher in
energy than reactants (¢c1 + CN7), the proximal Fe2 atom
has a distorted octahedral geometry where one of the
ligands is the approaching CN™~ group. A CO group bridges
the iron atoms in a quasi-symmetric fashion and the
bond between Fe2 and the terminal sulfur ligand is elongat-
ed (2.46 A) with respect to ¢ and ¢l. To obtain unbiased
results, we have also computed the transition state for
the electro-neutral system that includes two Na‘ ions,
(TS2-Na). The structures of TS2 and TS2-Na are very
similar, differing significantly only in the distance between
the attacking CN~ group and the proximal iron centre
(Figure 2). As observed for the first cyanation step, op-
timisation of the van der Waals reactant complex (cl
+ 2Nat + CN") leads to an adduct in which the bimetallic
cluster rearranges to a structure resembling c¢. The free
energy barrier associated with TS2-Na is 49.5 kcalmol™
(Table 2 and Scheme 3).
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Again for comparison with the corresponding {2Fe2S}
system, we have computed the transition state for the attack
of NaCN on [Fe,(CO)s(CN){CH,(CH,S),}]Na, obtaining a
free energy barrier of 21.4 kcalmol™'. Notably, the free
energy barrier is slightly larger than that for the first cyana-
tion step, in disagreement with experimental data for this
system® 1% as also found by Hall and co-workers.*” They
have argued that the error is due to the presence of Na™*
ions, which artificially increase the rotation barrier for the
FeL; group. This observation suggests some care in the dis-
cussion of small energy differences in computed activation
barriers. However, the energy difference between the free
energy barrier for the second cyanation step of the {2Fe2S}
system (21.4 kcalmol™') and the corresponding value com-
puted for the {2Fe3S} system (49.5 kcalmol ') is very large
and in good agreement with the experimental observation
that {Fe,S,} systems react faster.”"

The difference between {2Fe2S} and {2Fe3S} systems in
the second cyanation step reflects deactivation of the Fe2
atom towards nucleophilic attack due to coordination of the
electron-donating thioether group to Fe2. In the van der
Waals reactant complex (¢1 + 2Nat + CN") the Fe2 atom
is only slightly less electrophilic than the corresponding iron
atom in [Fe,(CO)s;(CN){CH,(CH,S),}]Na (data not shown),
suggesting that the electron-donor character of the thioether
group is not the only cause for the difference in reactivity
between ¢ and [Fe,(CO)s(CN){CH,(CH,S),}]”. Other key
factors affecting the reactivity of ¢ are the hindered rotation
of ligands at the Fe2 group due to the 'locking’ coordination
of the thioether ligand, documented by the large energy dif-
ference between ¢ and ¢l (compared to a and al; Table 2),
and the different reaction coordinate of the approaching
CN™ group, which attacks frans to an electron-withdrawing
CO group and to an electron donor S ligand in the {2Fe2S}
and {2Fe3S} complexes, respectively.

The optimised structure of d, which is the product of the
second cyanation, is more stable than TS2 by 38.5 kcalmol ™!
(Table 2 and Scheme 3). In d, one CO group bridges in a
quasi-symmetric fashion the two iron atoms and the distance
between the proximal Fe2 centre and the thioether ligand is
relatively long (2.520 A), suggesting that this bond can be
easily cleaved. However, it should be noted that the corre-
sponding distance observed in b is significantly longer
(3.460 A), indicating that the conversion of d to e, in which
both iron centres are five-coordinate (Figure 2), implies the
cleavage of both the Fel-uCO and Fe2—S bonds, whereas
only the cleavage of the Fel—uCO bond is necessary to con-
vert b to bl (see above). The experimental observation that
the attack of CN™ on C gives the p-CO intermediate D,
whereas attack on B does not give a spectroscopically de-
tectable CO-bridged species can be rationalised as follows.
Comparison of b and d might suggest that the partial charge
on Fe2 is more negative in d than in b, due to the coordina-
tion of the donating R-S-CHj; and the anionic CN~ donor
groups in the former. However, we find that the partial
atomic charge on Fe2 in d and b are very similar, (—0.75
and —0.76, respectively), whereas the electron density on
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the CO groups coordinated to Fe2 increases significantly
moving from b to d. Thus, the electron-accepting terminal
and bridging CO groups provide a sink for the extra charge
brought in by the cyanide and thioether coordination at Fe2.
We conclude that in b the strongly electron-demanding ke-
tonic p-CO group is destabilised by the presence of the
other m-acceptor ligands, triggering metal-metal-bond for-
mation and concomitant cleavage of the bond between Fe2
and the thioether ligand necessary to maintain an 18-elec-
tron configuration at the Fe2 centre. On the other hand,
substitution of a CO group with a stronger donor such as
CN™ results in a sufficiently electron-rich Fe2 atom in d to
trigger the cleavage of the metal-metal bond, disperse elec-
tron density by efficient donation into the p-CO group, and
allow coordination of the thioether ligand to Fe2, satisfying
again the 18-electron rule.

Isomeric forms of d1 may exist which differ in the orienta-
tion of the cyanide groups. We find that an isomer in which
both cyanide ligands are trans to the bridging thiolate
groups and have anti-configuration (d1; Figure?2) is <
2 kcalmol ™' less stable than d (i.e. differing by less than the
accuracy of the method) but, as expected, with less charge
transmitted to the bridging CO the IR frequency of this
group is raised (see discussion of d1 and D below).

The structure e is more stable than d by about
8.2 kcalmol ™, in close accord with the experimental obser-
vation that D rearranges to the thermodynamically more
stable isomer E.

Spectroscopic properties and structure assignment: The
structures of the complexes A and C have been established
by X-ray diffraction, whereas structural assignments for all
the other detected intermediate species have been based on
comparative IR data with structurally characterised ana-
logues (B, E) or by inference D.?¥ Therefore, in light of the
good agreement between experimental and computed vibra-
tional frequencies observed for A and C (see above), and
with the aim of evaluating the structural assignment for B,
D and E, we have extended the comparison to the other
{2Fe3S} species. The vibrational frequencies for CO and CN
groups computed for the {2Fe3S} models investigated in this
work are collected and compared to the corresponding ex-
perimental values in Table 3.

The computed vibrational frequencies for al are not
markedly different from those computed for the more stable
isomer a. In particular, the frequency associated with the
stretching of the semi-bridged CO decreases only by a few
cm™! moving from a to al, consistent with the weak interac-
tion between the CO group and Fe2. The corresponding dif-
ference between ¢ and cl is larger, due to the stronger Fel—
CO interaction. However, the experimental values are
closer to those computed for ¢, in agreement with the com-
puted relative stability for these two isomers.

Comparison of computed vibrational frequencies for b
and bl with the corresponding experimental values reveals
that bl corresponds to the structure observed in solution, in
agreement with the computed relative energies of these iso-
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mers and with the assignment made on the ground of exper-
imental data.’¥ Very good agreement among computed and
experimental data is observed comparing the values for e
and E, also in this case confirming the structural assignment
made on the basis of IR data. The same good agreement
holds true also for the terminal CO frequencies for D and d
species, but the value for the bridging CO is significantly dif-
ferent. The isomer d1, which differs from d in having equa-
torial cyanide ligands in an anti-configuration, is only very
marginally less stable than d, as discussed above. Important-
ly, d1 is characterised by all stretching frequencies in very
good agreement with the experimental data,” as shown by
the plot in Figure 3 and the data in Table 3. We therefore
conclude that D with equatorial cyanide at Fel is most
likely the dominant isomer in solution.
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Experimental CN/CO frequencies
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1700 1800 1900 2000 2100 2200
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Figure 3. Correlation of the calculated and observed CN™ and CO fre-
quencies (cm ') for D and d1.

Conclusion

We have used DFT to described the intimate mechanism of

the pathway of substitution of an {2Fe3S}-carbonyl species

by CN" in terms of structures, energetics and IR spectrosco-
py- This has:

1) provided an explanation for the regioselectivity and the
enhanced rate of monocyanation of {2Fe3S} vis a vis
{2Fe2S} carbonyls in terms of a pathway allowing on/off
coordination of a thioether ligand bound at the neigh-
bouring iron atom,

2) shown that the difference between {2Fe2S} and {2Fe3S}
systems in the second cyanation step not only reflects
deactivation of the Fe2 atom, due to coordination of the
electron-donating thioether group, but is due also to the
hindered rotation at Fe2 group and the different reaction
coordinate of the approaching CN™~ group in {2Fe2S} and
{2Fe3S} systems,

3) shown that an incipient carbonyl group bridging the two
iron atoms is an important feature of the transition
states also in {2Fe3S} systems,

4) provided a computational structure of a detectable inter-
mediate (d1) which has key features of the CO inhibited
form of the di-iron sub-site of all-iron hydrogenase,
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5) shown that computed IR data for this intermediate (d1)
are in excellent agreement with experimental data for D
as are data for the X-ray characterised structures (a, c).
This provides a high level of confidence in the computed
structure of D.

Methods

DFT structure optimisations were carried out by using the
BP86 functional®*’ and an all-electron valence triple-¢
basis set with polarisation functions on all atoms (TZVP).[*!
Calculations have been carried out using the Turbomole
suite of programs*? in connection with the resolution of the
identity technique.[**1

The optimisation of the transition state structures has
been carried out according to a procedure based on a
pseudo Newton—Raphson method. Initially, geometry opti-
misation of a guessed transition state structure is carried out
constraining the distance corresponding to the reaction coor-
dinate, namely the distance between the attacking cyanide
(C atom) and either Fel during the first cyanation reaction
or Fe2 during the second one. Vibrational analysis at BP86/
TZVP level of the constrained minimum energy structures
is then carried out and, if one negative eigenmode corre-
sponding to the reaction coordinate is found, the curvature
determined at such point is used as the starting point in the
transition state search. The location of the transition state
structure is determined by using an eigenvector-following
search: the eigenvectors in the hessian are sorted in ascend-
ing order, the first one being that associated to the negative
eigenvalue. After the first step, however, the search is per-
formed by choosing the critical eigenvector with a maximum
overlap criterion, which is based on the dot product with the
eigenvector followed at the previous step. The exact (analyt-
ical) hessian matrix has been finally calculated to carry out
the vibrational analysis of the stationary point.

The potential energy barriers have been computed as the
difference between the energy of the transition state and the
energy of the bimetallic cluster with inclusion of CN~ or
NaCN nearby, as optimised together, in conformity with
previous investigations.”” The charge distributions of the
complexes were analysed by the Roby-Davidson
method. !

The optimised structures of the complexes reported in the
present study correspond always to low spin states, as ex-
pected considering the characteristics of the ligands forming
the coordination environment of the metal atoms and in
agreement with available experimental data.

Derivation of free energy (G) values from the electronic
SCF energy has been carried out considering three contribu-
tions to the total partition function (Q), namely Ggansiationals
Grotational> Qvibrational» UNAer the assumption that O may be writ-
ten as the product of such terms.* To evaluate entalpy and
entropy contributions, the value for temperature, pressure
and scaling factor for the SCF wavenumbers have been set
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to 298.15K, 1atm and 0.9, respectively. Rotations have
been treated classically and vibrational modes described ac-
cording to the harmonic approximation.

The effect of the solvent (acetonitrile; e=36.64) has been
evaluated with the continuous model approach COSMO.""

The relative energies discussed in the manuscript are
Gibbs free energies where the contributions described
above are added.
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