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a b s t r a c t

Reaction of 2-(1-(pyridin-2-yl)ethyl)propane-1,3-dithiol with tri-iron dodecacarbonyl afforded a diiron
pentacarbonyl complex, [Fe2L(CO)5] (A and H2L = 2-methyl-2-(1,2,5,6-tetrahydropyridin-2-yl)propane-
1,3-dithiol). In the reaction, the pyridinyl ring of the original ligand was partially hydrogenated during
the reaction. This complex was fully characterised by using crystallographic, infrared, and NMR spectro-
scopic techniques. Formation reaction of its bridging hydride and subsequent conversion into its proton-
ated diiron hexacarbonyl complex, [Fe2L(CO)6] (ACOH+ in which the N atom of L is decoordinated and
protonated), were experimentally and theoretically investigated. Results for this complex alongside with
theoretic investigations into other diiron pentacarbonyl analogues revealed positive correlation of basi-
city of the internal bases of these investigated complexes to bridging hydrides formation. But subsequent
conversion of these bridging hydrides into protonated diiron hexacarbonyl complexes was not solely dic-
tated by the basicity. Protophilicity of the internal base and lability of its coordination with the diiron
centre play also an important role as revealed by experimental and theoretic investigations.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In the past decade, bio-inspired chemistry related to the [FeFe]-
hydrogenase [1–2] has attracted tremendous attentions due to its
relevance to the production of hydrogen, a possible future clean
energy source. Albeit it is still a long journey before achieving arti-
ficial systems with efficiency comparable to the metalloenzyme,
significant progresses have been made in recent years. These
achievements embraced all aspects of the bioinorganic chemistry
related to this enzyme [3–26], ranging from structural mimics to
mechanistic understandings of the enzymatic catalysis.

In the catalysis of hydrogen evolution, mechanisms of proton
transfer, hydride formation, and its conversion, have fundamental
importance in understanding the enzymatic catalysis, devising,
and synthesising novel artificial systems. Although there are many
reports concerning hydride chemistry in modelling the diiron sub-
unit of the H-cluster of the hydrogenase [6,10,27–33], reports
describing interactions of bridging hydride with internal pendant
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base in either the first or second coordinating environment are
rare. Recently, Wang, Sun and their co-workers observed that a
bridging hydride interacts significantly with a pendant base group
in a diiron model complex [34]. Talarmin and his co-workers re-
ported an inter-conversion between a bridging hydride and a pen-
dant base in the second coordinating environment in
dichloromethane [35]. Earlier, we reported some diiron pentacar-
bonyl complexes with an internal base as models for the sub-unit
of the enzyme, which, unlike the above systems reported, was
bound to one of the iron atoms with some lability, [Fe2L0(CO)5]
(H2L0 = a tridentate ligand with two S ligating atoms and a N-con-
taining base) [36]. Their protonation proceeded in two pathways.
The bound base dissociated into a pendant internal base, which
was subsequently protonated and diiron hexacarbonyl complex
formed consequently by taking up a CO molecule. This pathway
is particularly favoured under CO atmosphere. The Fe–Fe bond
could also be protonated to form first a bridging hydride, which
at the end could transform into a diiron hexacarbonyl complex
as shown in Scheme 1 [36].

The formation of bridging hydrides shown in Scheme 1 was
mainly confirmed by using infrared spectroscopy. Their NMR reso-
nances were elusive due to their instability while a thioether ana-
logue, [Fe2(l-SCH2)2CMe(CH2SMe)(CO)5] [8,37], was stable enough
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Scheme 1. Conversion of the bridging hydride (left) to the protonated hexacar-
bonyl complex (right).
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to allow such detection. More interestingly, the latter hydride did
not convert into diiron hexacarbonyl complex as those shown in
Scheme 1. It would be pertinent to assume that the basicity of
the bound internal base in both Brønsted–Lowry and Lewis acid–
base concepts is associated with formation of the protonated diiron
hexacarbonyl complexes as well as this hydride chemistry. But it is
not clear how the basicity of the bound internal base correlates to
the formation of the protonated diiron hexacarbonyl complexes
and the stability of the bridging hydrides.

Recently, re-examination of the reaction which afforded the
pyridine-containing diiron pentacarbonyl complex C [36] led to
the isolation of another diiron pentacarbonyl complex A, which is
equivalent to the product of partial hydrogenation of the pyridine
ring in complex C, that is, partial hydrogenation of pyridine-2-yl
produced 4H-1, 2, 5, 6-pyridin-2-yl. Protonation of this complex
gave a rather stable l-hydride as suggested by its infrared spec-
troscopy and NMR resonance. With our previously reported l-hy-
dride chemistry in mind [36], we were prompted to further explore
how the stability of these hydrides was dictated and how they con-
verted into protonated diiron hexacarbonyl complexes.

Herein, we report the isolation, characterisation, and proton-
ation of complex A. By combining spectroscopic investigations
and DFT calculations, correlation of the stability of the hydride of
this complex and analogues previously reported [36], to the basi-
city of their internal bases was explored. In the light of DFT calcu-
lations, possible mechanisms for the conversion from the bridging
hydrides to the protonated diiron hexacarbonyl complexes were
also proposed.
2. Material and methods

2.1. General procedures

All reactions and operations were carried out under argon
atmosphere with standard Schlenk techniques. Solvents were dried
prior to use according to standard method. The preparation of the
tridentate ligand, 2-methyl-2-(pyridin-2-yl) propane-1,3-dithiol
(H2L0) followed general procedures with minor modification [38].
Fe3(CO)12 was purchased from Sigma Aldrich and HBF4�Et2O from
Alfa Aesar. All chemicals were used as received unless otherwise
stated.

FTIR spectra were recorded on Scimitar 2000 (Varian) by using a
cell with a spacer of 0.1 mm or KBr pellets. NMR spectra were mea-
sured on Bruker AVANCE III (400 MHz) with tetramethylsilane as
internal standard. Elemental analyses were performed on a Herae-
us CHN–O-Rapid or Elementar Vario MICRO elemental analyzer
(Nanjing University).

2.2. Crystal structure analysis

Crystallographic data collection of complex A was carried out in
the same manner as described elsewhere [39]. Its structure was
solved by direct method using SHELXS-97 program [40] and refined
on F2 with XSHELL6.3.1. All non-hydrogen atoms were modelled
anisotropically. All hydrogen atoms were positioned geometrically
and treated as riding on their parent atoms with C–H distances at
0.93, 0.96, and 0.97 ÅA

0

for alkenyl, methyl, methylene, and tertiary
C–H, respectively, and with Uiso(H) = 1.5 Ueq(C) for methyl group
but Uiso(H) = 1.2 Ueq(C) for the rest of the H atoms.
2.3. DFT calculations

DFT, as implemented in TURBOMOLE 5.7 [41,42], has been em-
ployed for determining all the stationary points, i.e. intermediates,
and transition state structures, of the potential energy hypersur-
face associated with the reaction coordinate investigated. Func-
tional adopted was the pure B-P86 [43,44] along with a triple-f
quality basis set, which is a well suited choice for theoretical inves-
tigations of the diiron sub-unit of the [FeFe]-hydrogenase and its
synthetic analogues [45–47]. Resolution of the Identity (RI) density
fitting procedure [48] has allowed to shorten computing time by
approximating the two-electron-four-centre integrals (necessary
for determination of the Coulomb repulsions) with less computa-
tionally demanding three-centre integrals. Second derivatives of
the DFT energy with respect to the nuclear positions (potential en-
ergy curvature) have also been analytically resolved in order to
determine the true nature of all the stationary points located (i.e.,
minima: all positive eigenvalues of the Hessian matrix; first-order
saddle points or transition structure: all positive eigenvalues of the
Hessian matrix but one negative eigenvalue associated to the
molecular vibration leading to the reactive event). Algorithm em-
ployed to search for transient state structure is a pseudo-New-
ton–Raphson method, implemented with the TRIM [49]
procedure and which entails an ‘‘eigen-vector-following” move
along the PES in the region of the first-order saddle point. Such
method performs extremely well only if a ‘‘good” guess of the true
transition structure is used for the quest. Such good guess is lo-
cated by freezing all those molecular degrees of freedom forming
the reaction step, i.e. those bond lengths, angles or torsions which
change most during the reaction event. Solvent corrections have
been added, when necessary, to data calculated in gas phase.
Dielectric constant value, employed for COSMO [50] modelling of
polarisation effects deriving from solvent inclusion is 9.1, which
correspond to dichloromethane at standard T values.
2.4. Synthesis

2.4.1. [Fe2(l-SCH2)2C(CH3)(2-C5H8N)(CO)5], A
To a solution of Fe3(CO)12 (0.216 g, 0.429 mmol) in dry toluene

(5 ml) was added a solution of the tridentate ligand H2L0 (0.079 g,
0.40 mmol) in toluene (10 ml) under Ar atmosphere. The mixture
was stirred at 110 �C for 4 h until the ligand was completely re-
acted as indicated by TLC. Removal of the solvent under reduced
pressure produced a solid in dark colour which was purified with
flash chromatography (eluent:ethyl acetate:hexanes = 1:4). Com-
plex A (25 mg, 14%) was collected first and then the previously re-
ported complex C (63 mg, 35%) [36]. Removal of the solvents
yielded a brown solid. Crystals suitable for X-ray single crystal dif-
fraction analysis was produced by layering hexanes onto its solu-
tion in dichloromethane. FTIR (CH2Cl2): 2047.9, 1975.2,
1909.2 cm�1. 1H NMR (CDCl3): 0.82 (s, 3H, –CH3), 1.385 (d,
J = 13.8 Hz, 1H, –NH), 1.84 (d, J = 14.4 Hz, 1H, NC–CHaHb), 2.05 (d,
J = 17.0 Hz, 1H, NC–CHaHb), 2.55 (q, 2H, –NCH2), 2.98 (s, 2H, –
SCH2), 3.19 (s, 2H, –SCH2), 4.40 (s, 1H, –NCH), 5.31 (d, J = 10.0 Hz,
1H, –CHa@CHb), 6.02 (s, 1H, –CHa@CHb). Microanalysis, calc.
(found) for C14H15Fe2S2NO5 (FW = 452.1): C, 37.19 (37.10); H,
3.12 (3.28); N, 3.10 (3.22)%.
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2.4.2. [Fe2(l-H)(l-SCH2)2C(CH3)(2-C5H8N(CO)5)]BF4, AH+

To a solution of complex A (27 mg, 0.06 mmol) in toluene
(10 ml) at �78 �C was added a large excess of HBF4�Et2O (295 ll,
35 eq.) under Ar. With a colour change from brown to dark red, a
red oily liquid settled at the bottom of the reaction vessel. The li-
quid was washed with toluene after the solvent was removed by
transferring through a canula. The preliminarily purified crude li-
quid was re-dissolved in a minimum dichloromethane and then
was hexanes added to crush out the product, which was repeated
once to produce the hydride, AH+ contaminated with minimum
remaining acid. The liquid was dried in vacuum for a few hours.
FTIR (CH2Cl2): 2109.0, 2057.5, 2008.9 cm�1. 1H NMR (CD2Cl2):
�24.26 (s, 1H, l-hydride), 1.15 (s, 3H, –CH3), 1.84 (d,
J = 14.60 Hz, 1H, –NH), 2.32 (d, J = 16.0 Hz, 1H, NC–CHaHb), 2.80
(d, J = 14.2 Hz, 1H, NC–CHaHb), 2.90 (d, J = 15.6 Hz, 1H, –NCHaHb),
3.17 (s, 1H, –NCHaHb), 3.37 (s, 2H, –SCH2), 3.48 (s, 2H, –SCH2),
5.25 (s, 1H, –NCH), 5.43 (d, J = 9.9 Hz, 1H, –CHa@CHb), 6.08 (s,
1H, –CHa@CHb).
2.4.3. [Fe2(l-SCH2)2C(CH3)(2-C5H8NH)(CO)6]BF4, ACOH+

To a solution of complex A (27 mg, 0.06 mmol) in acetonitrile
(5 ml) saturated with CO was added HBF4�Et2O (53%, 12.7 ll,
0.09 mmol) at room temperature under stirring. Upon the addition,
the brown solution instantly changed to light orange. An orange
solid was produced by layering ethyl ether onto a solution of the
complex in acetonitrile, which was collected by filtration and dried
in vacuum. FTIR (CH2Cl2): 2077.8, 2038.3, 2007.4, 1975.1 cm�1. 1H
NMR (CD3CN): 1.09 (s, 3H, –CH3), 2.17 (d, J = 6.51 Hz, 1H, NC–
CHaHb), 2.21, (d, J = 6.4 Hz, NC–CHaHb), 2.35 (d, J = 13.8 Hz, 1H, –
NCHaHb), 2.44 (d, J = 13.8 Hz, 1H, –NCHaHb), 3.14 (m, 2H, –SCH2),
3.44 (q, 2H, –SCH2), 3.86 (d, J = 13.8 Hz, 1H, –NCH), 5.59 (d,
J = 10.7 Hz, 1H, –CHa@CHb), 6.13 (m, 1H, –CHa@CHb), 6.35 (br, s,
1H, –NHaHb), 6.84 (br, s, 1H, –NHaHb).
2.4.4. Conversion of AH+ into ACOH+ under CO atmosphere
Hydride AH+ which was prepared and stored in a Schlenk tube

at low temperature prior to use was dissolved in dichloromethane.
The solution which contains unremoved acid from its preparation
was purged with CO for a few hours for saturation and stirred at
298 K. The initial concentration of the hydride was arbitrary due
to difficulty in removing the unreacted acid from its preparation
(Section 2.4.2). The conversion reaction was followed by using
infrared spectroscopy.
Scheme 2. (a) Synthesis of the diiron pentacarbonyl complexes A and C, an
3. Results and discussion

3.1. Synthesis and structural analysis

The reaction of the tripodal ligand, 2-methyl-2-(pyridin-2-
yl)propane-1,3-dithiol (H2L0) [36], with tri-iron dodecacarbonyl in
dry toluene produced a diiron pentacarbonyl complex (C) by fol-
lowing a general procedure [11]. Further examination of the reac-
tion led to the isolation of another diiron pentacarbonyl complex A
in ca. 14% yield, Scheme 2. Interestingly, complex A looks structur-
ally the result of partial hydrogenation of the pyridinyl ring in
complex C. But during the reaction, how the pyridin-2-yl group
was converted into 4H-1,2,5,6-pyridin-2-yl, that is, how the origi-
nal ligand H2L0 ‘‘evolved” into 2-methyl-2-(1,2,5,6-tetrahydropyri-
din-2-yl)propane-1,3-dithiol, is not clear yet. However, it has been
well known that pyridine ring can be partially hydrogenated by so-
dium tetrahydroborate [51–52]. In this case, the partial reduction
of the pyridinyl ring is, presumably, associated with the reductive
deprotonation of the dithiol of ligand H2L0 in its reaction with tri-
iron dodecacarbonyl, in which perhaps a hydride or hydrogen
might be involved.

Complex A was crystallographically analysed. Its crystallo-
graphic details is summarised in Table 1. The structural view of this
complex alongside with selected bond lengths and angles is shown
in Fig. 1. Structurally, complex A is essentially identical to other
diiron analogues reported [11,36–37].

In dichloromethane solution, this complex shows two sharp
absorption bands at 2047.9 and 1975.2 cm�1 plus a much weaker
one at 1909.2 cm�1 as shown in Fig. 2, which exhibits an infrared
spectral envelope of characteristic for all diiron pentacarbonyl
complexes [5,8,15,37,53]. Compared to the amine- (B as designated
in Scheme 2) and pyridine-containing (C, Scheme 2) analogues re-
ported previously [36], its absorption bands shifted down to lower
frequencies by approximately 2 and 4 cm�1 by average, respec-
tively, which indicates better electron-donating ability of the sec-
ondary amine in complex A. In the three complexes, A, B, and C,
the organic moieties possess a secondary, primary amines, and
pyridin-2-yl derivative, respectively. Typical pKb values for bases
of these types are 2.93 ± 0.32, 3.42 ± 0.19, and 8.10 ± 0.17, respec-
tively [54–57]. By further considering the model complex reported
[8], [Fe2(l-SCH2)2CMe(CH2SMe)(CO)5] (D, Scheme 2), whose thioe-
ther has much weaker basicity (in one example, the pKb value of
such a thioether was estimated at 20.8) [58,59], a linear correlation
between the averages of the three infrared absorption bands of the
diiron pentacarbonyl complexes and the pKb values of the bases
d (b) the structural presentations of the other two complexes B and D.



Table 1
Crystallographic data and structure refinement for complex A (CCDC 742571).

Empirical formula C14H14Fe2NO5S2

Formula weight 452.10
Temperature (K) 293(2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P21/c

Unit cell dimensions
a (Å) 9.3887(13)
b (Å) 17.394(2)
c (Å) 12.3982(13)
a (�) 90
b (�) 117.954(8)
c (�) 90
Volume (Å3) 1788.5(4)
Z 4
Dcalc (Mg/m3) 1.686
Absorption coefficient (mm�1) 1.878
F(0 0 0) 916.0
Crystal size (mm) 0.576 � 0.141 � 0.073
Theta range for data collection 2.20–26.00

Index ranges
�11 6 h 6 11
�21 6 k 6 21
�14 6 l 6 15
Reflections collected 11440
Independent reflections 3472 [R(int) = 0.0266]
Completeness to theta = 26.00 98.5%
Absorption correction –
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3472/0/218
Goodness-of-fit on F2 0.989
Final R indices [I > 2r(I)] R1 = 0.0295, wR2 = 0.0848
R indices (all data) R1 = 0.0419, wR2 = 0.0903
Largest diff. peak and hole (e Å�3) 0.578 and �0.252

Fig. 1. Structural view of complex A (the ellipsoids thermal probability are drawn
at 50% level and hydrogen atoms are omitted for clarity); selected bond lengths (Å)
and angles (�): Fe1–Fe2 = 2.514, Fe1–N1 = 2.063, Fe1–S1 = 2.264, Fe2–S1 = 2.262,
Fe1–S2 = 2.259, Fe2–S2 = 2.261, Fe1–C10 = 1.767, C10–O1 = 1.143, \Fe2–Fe1–
C10 = 108.7, \N1–Fe1–S1 = 99.92, \S1–Fe1–S2 = 86.15, and \Fe1–S1–Fe2 = 67.47.
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analogous to the internal bases in the corresponding complexes
was observed, Fig. 3. This relationship demonstrates the electronic
effect of the bound internal base on the CO stretching frequencies.
Fig. 2. Infrared spectra of complexes A, its bridging hydride AH+ and the protonated
hexacarbonyl complex ACOH+ in dichloromethane.
3.2. Protonation of complex A and conversion of its bridging hydride
AH+ into complex ACOH+

Protonation of complex A under Ar atmosphere at room tem-
perature produced a mixture of bridging hydride AH+ and proton-
ated dinuclear hexacarbonyl complex ACOH+, which were
confirmed by infrared and 1H NMR spectroscopies. Lowering oper-
ation temperature (�78 �C) could essentially suppress forming
ACOH+ and the bridging hydride (AH+) was nearly quantitatively
generated, Fig. 2. On the other hand, complex ACOH+ could form
quantitatively under CO atmosphere. In spite of the correlation of
the basicities of the analogous bases to the infrared absorption
bands of those diiron complexes (Fig. 3), the formation of the
bridging hydrides AH+, and the other three hydrides (BH+, DH+,
and CH+) [36], upon protonation of their parent complexes does
not follow this trend. In fact, no bridging hydride was detectable
for complex C, and no hexacarbonyl complex DCOH+ for D at room
temperature under Ar atmosphere, whereas for complex B, which
is similar to complex A, a mixture of protonated hexacarbonyl
complex BCOH+ and bridging hydride BH+ formed under the same
conditions. Apparently, there is no simple correlation between the
formation of these hydrides and the basicities of the corresponding
bound internal bases. It is noteworthy that as BH+ [36], the bridg-
ing hydride AH+ also converts slowly into its hexacarbonyl com-
plex at room temperature and this conversion occurred in
various solvents (for example, dichloromethane, THF, and acetoni-
trile). It is particularly important to note that the conversion of the
hydride AH+ was very slow even under CO atmosphere at room
temperature, Fig. 4. As reported previously, [36] there are two
pathways for the formation of the protonated dinuclear hexacar-
bonyl complexes, one of which is via the bridging hydride interme-
diate. Since both pathways could lead to the protonated
hexacarbonyl complex, it is mechanistically interesting to find
out whether the variation in the hydride formation is associated
to the stability of the hydride or to adopting different pathways.
One way to discriminate this chemistry is to examine the stability
of the aforementioned hydrides with various internal bases and to
explore how the basicity of the internal base plays a role in the sta-
bility of a hydride and its subsequent conversion.

To this end, theoretic calculations were performed. It is worth
anticipating that formation of terminal bound hydrides has not
been taken into account, mainly because no related spectroscopic
evidence has been revealed for these derivatives, neither at low
temperature conditions. Therefore, the entire DFT part has focused
onto formation of bridging hydrides and their subsequent evolu-
tion to protonated hexacarbonyl products. In the calculations, the
acid (HBF4�Et2O) and solvent (dichloromethane) used in our exper-
imental investigations were taken into account. For these forma-



Fig. 3. Correlation of the averages of the three infrared absorption bands (taken in
dichloromethane) for the diiron pentacarbonyl complexes (A, B, C, and D) to the pKb

values of analogous bases (primary amine, secondary amine, and pyridinyl
derivatives) comparable to the organic moieties in these complexes
(1976.5 + 0.55 pKb, R = 0.99).

Fig. 4. Conversion of AH+ into ACOH+ in dichloromethane under CO atmosphere at
298 K.

Scheme 3. Reactions involving the formation of bridging hydrides and protonated
diiron hexacarbonyl complexes (X = CH2NH2, pyridine-2-yl, and 4H-1, 2, 5, 6-
pyridin-2-yl).
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tion reactions of these bridging hydrides, AH+, BH+, CH+, and DH+,
Gibbs free energy, DG�, were �20.2, �21.9, �15.2, and
�10.6 kcal mol�1, respectively. These data do show that formation
of the bridging hydrides for all these complexes is thermodynam-
ically favoured. But the formation of these bridging hydrides
experimentally observed upon protonation does not correlate well
to these data.

To further address the thermodynamics related to the stabilities
of the bridging hydrides, we have also computed DG� for the pro-
tonating reactions of the binuclear complexes A, B, C, and D under
CO atmosphere, Scheme 3 (b). It turned out that along the vector
from A to D, the DG� values are -33.9, -24.0, -25.2 and 1.0 kcal -
mol-1, respectively. Fundamentals of chemical reaction equilibrium
tells that the conversion from bridging hydride to the protonated
hexacarbonyl complex, Scheme 3 (c), is the subtraction result of
(b–a). Hence, the DG� values for the conversion are easily derived
from the subtraction, that is, �13.7, �2.1, �10.0, and
11.6 kcal mol�1, respectively. The clear-cut boundary in these data
between the N-containing complexes and the thioether-based ana-
logue instantly explains why the latter complex has the most sta-
ble hydride in solution. But notably, the trend of the data for the N-
containing complexes cannot appropriately correlate to the forma-
tion chemistry of these hydrides. This implies that the conversion
of these bridging hydrides is not simply governed by the basicity.

3.3. Possible pathways for transformation of the bridging hydride
complex AH+ into the protonated diiron hexacarbonyl complex ACOH+

As mentioned above, the formation of the hydrides upon pro-
tonating their parent complexes, A, B, C, and D, varies greatly from
one to another. For the complex D, the protonation occurs only at
the metal–metal bond to give a stable hydride DH+ while the pyr-
idine-containing analogue C gave no detectable hydride upon pro-
tonation under the same conditions [36]. For complex A, the
protonation could stop at the stage of hydride, which allowed its
isolation and further characterisation. To fully elucidate the hy-
dride formation, stability, and subsequent conversion, it is neces-
sary to examine theoretically how the conversion proceeds. Such
investigations would be beneficial to designing novel model com-
plexes possessing protonable groups which may play a role in cat-
alytic reduction of proton.

To shed some light on the conversion mechanism and highlight
possible differences depending on the nature of the pendant li-
gands, we have used DFT calculations to search for intermediate
species and transition states assuming an intramolecular reaction
pathway. This last assumption is motivated in the light of experi-
mental data (see above) which show no solvent effect onto proton
migration process, thus allowing us to exclude quite confidently
possible mechanisms entailing the activity of acid–base/intermo-
lecular shuttles of H+. Also, two other preliminary issues hold true
in a general sense:

(i) No intermediate has been found for all the four species
investigated, which features a terminal hydride being coor-
dinated in an axial fashion. This last is in principle conceiv-
able to exist transiently before H+ leaves Fe coordination



Scheme 4. Two pathways generated from DFT calculations for the conversion from the bridging hydride (AH+) to the protonated diiron hexacarbonyl complex (ACOH+).
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sphere to attack the N-containing pendant. However, it is
noteworthy that such a pseudo-axial coordination mode of
the hydride ligand is actually encountered at transition state
level (TS2; see below in Scheme 4 and Fig. 5)

(ii) No other intramolecular route except the two illustrated in
the following has been detected for proton migration from
Fe–Fe bond to N atom. Indeed, both pathways can be
depicted as intramolecular reductive eliminations, in which
the bridging hydride releases two electrons to Fe and con-
comitantly migrates to either N atom directly or via S atoms
of dithiolate linker. In the second case, the reductive elimi-
Fig. 5. Changes in energy levels in pathway M1 (left panel), in which one of the thiolate
bridging hydrides H1 (AH+, BH+, CH+, and DH+) to H5 (ACOH+, BCOH+, CCOH+, and DCO
nation event occurs when H+ binds to the S lone-pair. All
these considerations mean that no dissociative pathway
has been located, namely, in which the N–Fe (or S–Fe) bond
breaks independently from H+ transfer. Computational
results show that actually no penta-coordinated stable
structure is detectable which features the N- or S- pendant
dissociated from the iron ion, when the hydride is still coor-
dinated to the iron itself.

In the calculations, the bridging hydrides, AH+, BH+, CH+, and
DH+, were assumed as the precursors for the conversion. Computa-
relays the proton, and in pathway M2 (right panel) for the transformation from the
H+). Please note that the formation of DCOH+ is not applicable in the pathway M1.
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tional results show that the four hydrides fall mechanistically into
two categories. The three N-containing hydrides take highly simi-
lar courses in the conversion into their protonated hexacarbonyl
complexes. Pathways for the conversion of AH+ into ACOH+ are
delineated in Scheme 4. As shown in Scheme 4, the possibility of
CO binding directly to the hydride might be excluded by means
of simple considerations, such as the more feasible displacement
from Fe of an agostic interaction (H4, Scheme 4) with respect to
a lone-pair of a N- or S-containing ligand. Nevertheless, the energy
barrier for CO entry directly onto bridging hydride species has been
computed in the case of complex B and it turned out to be over
40 kcal mol�1, which further strengthens our argument that CO
must bind to the dinuclear complex at subsequent stages rather
than bind directly to the hydride.

Scheme 4 depicts possible converting pathways for hydride
AH+. There are two feasible pathways for the conversion. In one
pathway (M1), one of the bridging thiolate is used as relaying site
via two transient states, TS3 and TS4. TS3 is a three-centred struc-
ture in which the nature of the hydride is more protic than hydric.
Species H4 could also be achieved through the other pathway (M2)
via TS2. The variations in energy level for those species and tran-
sient states along reaction coordinate are shown in Fig. 5. Possible
converting pathways for the other hydrides conversions are shown
in Scheme S1, S2, and S3, respectively.

Performing the same calculations on the hydride DH+ led to a
rather different scenario, in which pathway M1 simply cannot hold
valid. All the energies for each step of the two pathways, M1 and
M2, are tabulated in Table 2. As indicated by Fig. 5 and the data
shown in Table 2, there are some straightforward correlations be-
tween the theoretic aspects and experimental observations related
to the conversion from the bridging hydride into the protonated
hexacarbonyl complexes. The conversion is exoergonic for all the
hydrides except that of the thioether-based analogue (DH+). The
Gibbs free energy for the conversion is �13.7, �2.1, �10.0, and
11.6 kcal mol�1 for AH+, BH+, CH+, and DH+, respectively. This is
in agreement with the experimental observation that the thioether
analogue did not form the protonated dinuclear hexacarbonyl
complex upon protonation as discussed earlier.

The energy barrier for the step from H4 to TS5, in which the
exogenic CO comes in, is satisfactorily correlated to the basicity
of the bound internal base. For the pyridine- and thioether-con-
taining analogues (CH+ and DH+) which are less basic, much larger
uphill energy change (24.5 and 11.8 kcal mol�1, respectively) is ob-
served compared to those (<3.2 kcal mol�1) for the other two N-
based analogues (AH+ and BH+). The energetic for this process is
entirely consistent with that stronger protophilicity would facili-
tate the cleavage of the bound internal bases by protonation. But
it is necessary to note that in the concept of Lewis acid–base, the
thioether is not a weak base. This is rationalised by that species
H4 is not like the others featuring agostic interaction with nearby
C–H bond in the hypothetic conversion of this thioether analogue,
which implies that the lone-pair on the S atom is a better electron
Table 2
Energetics (kcal mol�1) for each step involving the transformation from H1 (AH+, BH+, CH

Hydride pathway AH+ BH+

M1 M2 M1

H1 ? TS1 36.4 36.4 33.2
TS1 ? H2 �21.2 �21.2 �18.2
H2 ? TS3 (TS2) 18.7 22.8 16.9
TS3 ? H3 �9.2 n/a �6.9
H3 ? TS4 27.5 n/a 21.1
TS4 (TS2) ? H4 �27.5 �13.2 �9.3
H4 ? TS5 3.2 3.2 1.8
TS5 ? H5 �41.7 �41.7 �40.7
source to satisfy the demand of the proximal Fe in electron. It is
noteworthy that hydride CH+ could have comparable stability to
that of the thioether-based analogue, but experimental observa-
tion reported previously [36] is entirely contrary to this theoretic
expectation. We attribute this to the hemi-lability of the Fe(I)–
N(Py) bond (vide infra).

For the three N-containing hydrides (AH+, BH+, and CH+), the
conversion pathway M1 is energetically more favoured compared
to pathway M2. As shown in Table 2, the energetic barrier for the
step from H3 to TS4 correlates well with the basicity of the internal
base, that is, the hydride AH+ with the most basic internal base
possessing the highest energy level whereas for the hydride CH+,
this energetic barrier is the lowest. This is highly in line with the
experimental observation that the hydride AH+ has the longest
life-time compared to those of the other two. The proton acidity
of HS-{Fe2S} in H3, governs the formation of the TS4 whereas this
acidity is, in turn, affected by the basicity of the internal base
which binds to the diiron centre. It is well known that acidity of
a substituted phenol is enhanced by electron-withdrawing groups
and weakened by substituents with electron-donating nature.[60]
By analogy, we would expect that HS-{Fe2S} of H3 is the least acidic
for AH+, which disfavours forming the transient state TS4.

As revealed by Fig. 5 and the data shown in Table 2, both path-
ways possess two steps showing significant variations in kinetic bar-
riers, which may be the key steps to differentiate the stability of
these hydrides. For both mechanisms, step H4 ? TS5 is one of the
two key steps. For pathway M2, the other step is H2 ? TS2 whereas
for pathway M1, it is the step, H3 ? TS4. By analysing the calculated
energy barriers of these key steps and experimental observations,
pathway M1 is strongly favoured for the conversion of these hy-
drides into corresponding protonated diiron hexacarbonyl com-
plexes except the thioether analogue DH+ for which no valid
pathway could be located for H3 ? TS4 to proceed. The energy pro-
files for this key step are in good agreement with the protonating
behaviours observed experimentally (Section 3.2). In this pathway
(M1), the role of the bound internal base played in the conversion
is entirely opposite to each other. In the step, H3 ? TS4, strong basi-
city is unfavourable whereas in the other step (H4 ? TS5), strong ba-
sicity is beneficial to the conversion by facilitating the cleavage of the
iron bound internal through protonation. Only the conversion of the
hydride CH+ is seemingly at odds with the calculated results in the
step, H4 ? TS5. This can probably attributed to the hemi-lability of
the Fe–N (pyrdinyl) coordination. As reported previously [36], the
parent complex C is the only one which underwent CO-substitution
reaction under CO atmosphere. For the thioether analogue D, the
conversion is strongly disfavoured due to the poor protophilicity of
the thioether in this complex.

4. Conclusions

A diiron model complex bearing a bound internal base resulting
from unusual hydrogenation of pyridinyl group was fully charac-
+, DH+) to H5 (ACOH+, BCOH+, CCOH+, DCOH+).

CH+ DH+

M2 M1 M2 M1 M2

33.2 37.5 37.5 33.2 33.2
�18.2 �22.6 �22.6 �17.6 �17.6
27.9 17.1 20.6 15.3 29.7
n/a �6.8 n/a �7.8 n/a
n/a 13.9 n/a n/a n/a
�6.1 �14.9 �11.4 n/a �14.9
1.8 11.8 11.8 n/a 24.5
�40.7 �45.9 �45.9 n/a �43.3
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terised. Its protonating reaction produced a stable bridging hydride
which allowed its identification by NMR spectroscopy. While the
infrared absorption bands of this diiron pentacarbonyl complex
and other analogues possess linear correlation with the pKb values
of bases analogous to those internal bases in the investigated mod-
el complexes, there is no simple correlation of the formation of the
hydrides to the basicity of the internal base upon protonation. The-
oretical analysis revealed that all the hydrides are reasonably sta-
ble. This revelation suggests that the formation of the protonated
dinuclear hexacarbonyl complexes from the examined diiron
pentacarbonyl complexes is mainly through other pathway rather
than that via the bridging hydride. But the conversion of the hy-
dride into the protonated dinuclear hexacarbonyl complex via an
intramolecular migration mechanism is thermodynamically possi-
ble except for DH+. In the conversion, there are three factors gov-
erning how feasible it is, which are basicity, protophilicity, and
hemi-lability of the Fe–N bond. Delicate balance of the effects of
these controlling factors exerted in the two key steps, H3 ? TS4
and H4 ? TS5, determines the stability of these hydrides or the
feasibility of their conversions.

Two pathways, M1 and M2, for the conversion were derived
from the theoretical calculations. Overall considerations suggest
that pathway M1 is most likely. It is noteworthy that the bridging
thiolate is a favourable site for transferring hydride/proton in this
pathway. The possibility of the thiolate as a potential proton trans-
ferring site was also suggested by theoretical investigations of the
[FeFe]-hydrogenase [61–63].
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