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Results of density functional theory (DFT) calculations on the
protonation of the [FeFe]-hydrogenase model complex,
Fe,(n-pdt)(CO)4(PMes), (pdt = propane-1,3-dithiolate), show
that diiron bridging-hydride species are more stable than
iron terminal-hydride, sulfur-hydride, or formyl isomers.
Consistent with experimental observation, the transoid
basal/basal forms are more stable than other p-H isomers.
With an ether as the proton carrier, [Et,OH]*, the favoured
reaction pathways appear to involve weak coordination to

CO followed by transfer of the proton from ether to an iron
terminal site rather than directly to the bridging site. These
kinetically favoured terminal-hydride species isomerize
through a low-energy Ray-Dutt twist to produce the apical/
basal bridging-hydride isomer. This isomer rearranges over
somewhat higher barrier Bailar twists to the cisoid and
transoid basal/basal isomers, the former finally rearranging
to the latter isomer.

Introduction

Dihydrogen (H,) is a promising clean energy carrier if
simple and efficient methods of production, storage, and
use can be developed. Inspired by the rapid and reversible
H, oxidation and proton reduction catalyzed by the natural
hydrogenase enzymes, considerable research has been de-
voted to design and synthesize species to mimic the active
sites of the hydrogenases.!! There are three main classes of
hydrogenase in terms of the composition of the transition-
metal-containing active site: [FeFe]-hydrogenase or Fe-only
hydrogenase; [NiFe]-hydrogenase; and [Fe]-hydrogenases or
Hmd.!"? The [NiFe]-hydrogenases are primarily utilized for
H, oxidation, while the [FeFe]-hydrogenases are primarily
utilized for H* reduction. Differently, the monoiron hydro-
genases are utilized to activate dihydrogen in a catabolic
process.

To understand the nature of hydrogen evolution at diiron
sites and to explore the possibility of a synthetic catalyst,
organometallic diiron complexes possessing key structural
features of the active site of [FeFe]-hydrogenases have been
intensively and widely explored.l'®3-71 For the initial step in
the hydrogen evolution at a multi-iron site, the proton can
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bind two Fe centers to form a bridging-hydride or a single
Fe atom to form terminal-hydride.[>8°1 It is also possible
that the protonation can occur at sulfur or CO.7%1% Many
experimental observations have shown that the bridging-
hydride species is thermodynamically favoured.[3¢-3d:4a.8.9.11]
However, several studies suggest that at low temperature the
terminal-protonation can be observed by NMR spec-
troscopy especially for the complexes possessing strong do-
nor and chelating ligands, and that upon warming the ter-
minal-hydrides isomerize to the bridging-hydrides.[>!1]
Therefore, it is important to gain a better understanding of
the protonation process.

Recently, Wright and Pickett reported a kinetic study on
the protonation of a subsite analogue of [FeFe]-hydro-
genase: Fe,(u-pdt)(CO)4(PMes),.¢ They proposed a two-
step mechanism: (1) protonation of the apical-basal isomer;
(2) rearrangement to the trans-basal isomer (Scheme 1).13¢!
Later, using time-resolved NMR, stopped-flow UV and IR,
Pickett and co-workers explored a series of similar diiron
subsite models.*4 Their observations were consistent with
direct protonation at the bridging site followed by the isom-
erization for complexes containing two PMe; ligands, while
for complexes with cyanide, the protonation occurred at cy-
anide followed by migration to the bridging site. They did
not observe protonation at a single Fe to form the terminal-
hydride.[3d]

Using density functional theory (DFT) calculations, we
studied the mechanisms for the protonation of Fe,(u-
pdt)(CO)4(PMes),.3¢34 Because the formation of a ter-
minal-hydride, which appears to be responsible for the H,
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Scheme 1. Wright—Pickett proposed mechanism (ref.>]).

evolution in the enzymel!'®!?l could also be applicable to the
synthetic systems,®3¢-92.9dl many researchers have explored
the possibilities of the formation of terminal-hydrides. Re-
cent theoretical studies have shown that the activation bar-
riers for formation of terminal-hydrides were lower than or
close to those of the bridging-hydrides.[!314]

Results and Discussion

Due to the numerous isomers, the computational models
are classified into four isomeric types (A, B, C, and D) ac-
cording to the relative position of the PMes ligands
(Scheme 2). Reaction of 1 with HBF,4-Et,O in MeCN may
proceed to four different kinds of hydrides (2, 3, 4, and 5).
Unless otherwise noted, all calculated energies presented in
the text and figures are the solvent corrected free energies
in kcal/mol.
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Scheme 2. Model complex Fe,(pu-pdt)(CO)4(PMes), isomers and
possible resulting hydrides.
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Isomers of Fe,(pu-pdt)(CO)4(PMes), and [HFe,(p-pdt)-
(CO)4(PMe3),]*

The Unprotonated Isomers

The DFT-optimized structure of the unprotonated
Fe,(u-pdt)(CO)4(PMes), 1D isomer reproduces well the
molecular structure derived from the X-ray crystallography
(see Table S1).[441 In the solid state, this complex adopts the
basal/basal transoid (1D) geometry, while the apical/basal
(1A) arrangement is dominant in solution.*l The calcu-
lated results agreed well with the experimental observa-
tion.B¢#al In the gas phase, isomers 1A and 1A’ are 1.2 and
0.9 kcal/mol less stable than 1D. Under the influence of sol-
vent, the free energy of all the isomers spans a smaller range
and 1A and 1B are stabilized relative to 1D, respectively.

Isomer 1A is now the most stable, as observed in the
experiments. It should be noted that the calculations predict
that the isomers with the largest dipole moments 1B and
1C are more strongly stabilized by the solvation corrections.
Isomer 1B is now the second most stable isomer, although
its free energy is only 0.1 kcal/mol lower than 1D, a differ-
ence far less that the accuracy expected from DFT calcula-
tions. Although other functionals raise the relative energy
of this isomer, we believe that much of this very small error
originates in the solvent correction (see Table S3). All the
calculations agree that isomer 1C is the least stable and
interestingly it also has the longest Fe-Fe bond among
these species. As shown in Figure 1, the “flip” of the pdt
bridge (i.e. alternating direction of bridgehead carbon in the
propane S—to-S linker) has little effect on the free energy of
1A. Interconversion of these isomers by rotation of a
Fe(CO),(PMejs) unit occurs through barriers ranging from
4 to 11 kcal/mol, while “flipping” the bridging propane di-
thiolate has a barrier of 9.4 kcal/mol (see Table S4).
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Figure 1. Relative solvent corrected free energies for isomers of

Fe,(u-pdt)(CO)4(PMes),, including A’ the isomer with a “flipped”
pdt bridge. The gas-phase electronic energies are reported in paren-
theses. Energies are given in kcal/mol, and the distances shown are
in A.

Bridging-Hydride Isomers

Protonation at 10°C of Fe,(pu-pdt)(CO)4(PMes), by
HBF4+Et,O in MeCN was observed to yield a mixture of
three isomeric bridging-hydrides by their NMR spectra.[3]
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Like the unprotonated species, there are four unique phos-
phane positional isomers, and the presence of the bridging
hydride increases the energy difference between them (Fig-
ure 2). The basal/basal transoid (2D) geometry is stable by
a sufficiently large margin that one would expect the other
isomers to transform to 2D at higher temperature.['3®! The
deviation of the calculated bond lengths of 2D from the X-
ray crystallographic data™ is found to be less than 0.068 A
(see Table S2). As compared with the 1 series, protonation
elongates the Fe-Fe bond to a similar distance for all the
isomers. The Fe-H bond length is also similar in the iso-
mers and averages 1.665 A. In addition, the “flipped” iso-
mer 2A’ is 1.9 kcal/mol less stable than 2A, and the free
energy barrier for the “flipping” the pdt linker is now only
4.2 kcal/mol (see Table S4).

s wor L1 T T

S PMe
oC._ \\ 3 Me3\//S co MeaP\ //\\ PMes
OC / \ P oc o) v CO

b
MesP” "6, H Q)@co oc” & /Q\PMe3 oo’@\ /
Fe..Fe 2617 2.616 2.610

52 71 10.3

2A 2 2B

™ T I
oc_ <8 co  0c P8 O
oc-fe - f&-co L2 P Mes
MesP ‘o, HE “ PMe; Me;P d‘/bH\@‘,b 'CO

Fe...Fe 2.636 2.630

38 0.0

2C 2D

Figure 2. Relative solvent corrected free energies for four bridging-
hydride isomers of [(u-H)Fe,(u-pdt)(CO)4,(PMes),]*, including iso-
mers with “flipped” pdt bridge (labeled by prime). Energies are
given in kcal/mol, and the distances of Fe--Fe and Fe-H are given
in

Terminal-Hydride Isomers

At low temperature, the proton can bind to a single iron
atom, a result which has been reported by several
groups.[PP-3¢:98.9d.11¢l For the model of [FeHFe(u-pdt)(CO),-
(PMes),]*, the calculations provide eighteen unique isomers
as listed in Figure 3.

Binding a proton terminally transforms that Fe into a
face-bridged octahedral geometry, while the other Fe keeps
its square pyramidal geometry. Since phosphanes do not
appear at bridging sites, all these isomers have one terminal
CO group in a semi-bridging position. The semi-bridging
CO is always closer to the protonated Fe by 0.5 to 0.8 A.
The most stable structures still correspond to the basal/
basal transoid isomers, in which 3D2 is about 1.0 kcal/mol
less stable than 3D1. On average, the A, B, C, and D ter-
minal-hydrides are 17.8, 19.4, 17.6 and 18.4 kcal/mol
higher, respectively, than the corresponding bridging-hy-
drides. Thus, in this system the terminal-hydrides could act
as intermediates in the formation of the bridging-hydrides,
but might be difficult to stabilize.

The position of hydride also has an effect on relative sta-
bilities of these isomers. For the apical/basal species, the
1082
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Figure 3. Relative solvent corrected free energies for the terminal-
hydride isomers of [FeHFe(p-pdt)(CO)4(PMe;),]", including iso-
mers with “flipped” pdt bridge (labeled by prime). Energies are
relative to the most stable isomer of [(u-H)Fe,(pu-pdt)(CO),-
(PMes),]* (2D) from Figure 2, and are given in kcal/mol, and the
distances of Fe-Fe, Fe-CO and Fe—H are shown in A.

isomers with the hydride at the apical position are found to
be more stable than corresponding conformers with the
basal hydride. Like the aforementioned 1 and 2 series, “flip-
ping” the pdt linker has little influence on the energy of
the terminal-hydride isomers (Figure 3). For example, the
isomers 3A1’, 3A2’, 3A3’, and 3A4’ are only 0.5, 0.1, 0.7
and 0.5 kcal/mol less stable than their corresponding “un-
flipped” isomers, indicating these isomers could coexistent

Eur. J. Inorg. Chem. 2011, 1080-1093
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during the protonation process. In comparison with the
bridging-hydride isomers, the Fe-Fe bonds in the terminal-
hydrides are generally shorter, but still longer than those of
the unprotonated species, while the Fe-H bond lengths are
shortened by 0.17 A on average.

Sulfur-Protonated Isomers

Alternatively, protonation could occur at one of sulfur
atoms of the dithiolate linker (un-SCH,CH,CH,S) to form
the thiolate complex, {(un-SCH,CH,CH,SH)[Fe,(CO)4-
(PMejs),]}*. Figure 4 shows eight possible isomers. The iso-
mers have similar stabilities except for the two cisoid basal/
basal isomers, 4C1 and 4C2, whose relative free energies are
higher than the others but similar to each other. Here, the
apical/apical isomer 4B is found to be the most stable in
solution, its free energy is 0.2, 0.4, and 1.4 kcal/mol lower
than 4A1, 4A2, and 4D, respectively. The calculated free
energy in solution of 4B is 29.4 and 10.3 kcal/mol higher
than those of the bridging hydride 2D and the terminal hy-
dride 3D2, respectively. Thus, protonated S species will be
difficult to generate. Again, the alternative arrangement of
the pdt linker produces isomers with slightly higher energy.
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Figure 4. Relative solvent corrected free energies for the sulfur-pro-
tonated isomers of {(u-SCH,CH,CH,SH)[Fe,(CO)4(PMes),]}*, in-
cluding isomers with “flipped” pdt bridge (labeled by prime). Ener-
gies are relative to the most stable isomer of [(u-H)Fe,(pu-pdt)(CO)4-
(PMes),]" (2D) from Figure 2, and are given in kcal/mol, and the
distances shown are in A.

CO-Protonated Isomers

As mentioned by Best and Pickett, it is possible for a CO
ligand to be protonated to form the formyl species.’® Our
calculations find one class of formyl isomers maintains the
Fe-Fe bond length with an average length of about 2.66 A,
which is longer than the mean values of the aforementioned
hydrides, and one terminal CO group is transferred to the
semi-bridging position. However, these isomers are among
those of the highest energy. When the terminal CO group
at the basal position is protonated, as shown in 5A3, 5Bl,
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and 5B2, the distance between this CO group and iron is
lengthened and the energy is even higher. A second class of
isomers have the Fe-Fe bond broken and formation of a
four-member ring, composed of two Fe atoms and C=O.
As shown in Figure 5, the distance between two iron atoms
averages 3.145 A, and the Fe--O distance averages about
2.051 A. Although the second class of isomers presents spe-
cies with free energies slightly lower than the S-protonated
species, these formyl species may be difficult to generate
because Fe-Fe bond breaking will likely lead to a signifi-
cant barrier. Formyl species of the first class may be kinet-
ically accessible, but they are among the least stable proton-
ated species (note that reduction of the system will stabilize
these formyl species!').

2166

S..S CO \T Me;P c—|
/ ! MegP, 3™ //
Me‘is“—:Fs/\Fs‘CO T T NS
%508 TPes o {2 «V\PMGB oc¥ 7")0 <. PMES
H G BN
Fe..Fe 3.131 2.628 2.695
24.0 37.6 44.5
5A1 5A2 5A3
+ + +
wor b T 117 117
e3P //\\ MesR PMeg ), 2 PMes
oo i ;e~PMe3 ocy; Fe \Fe MesPiFe/\Fe\ O
oC ™72 ocC Gze % C*O $'co
o H o
Fe.Fe 2700 2615 3.150
45.0 53.6 33.6
5B1 5B2 5B3
+ + +
h m e & N
oc, S8 co  oc_ S8V OC. P8, «PMe;
OC“‘"Fe Fe"PME3 F€& F'e/c\ OCimFé----- Fe==CO
Mo 2 e oCy JS~PMe; MesPe i 2
3P e 0°C @ MesP €75 N 3 %, O'Ci z
H H
Fe..Fe  3.151 2.689 3.149
27.4 373 266
5C1 5C2 5D1
+ )
< >
7 e}
035 s co c. S8 V4
L QA N E G
H»C—\-IFe/\—,Féu,, MegProFé—Fay C-H
o \ o CO o C/Q) o PMes
MesP" 2 W ® PMes 3 N7 C A
5 80°
Fe.Fe 2616 2.635
36.1 35.5
5D2 5D3

Figure 5. Relative solvent corrected free energies for the CO-hy-
dride isomers of [Fe,(u-pdt)(CHO)(CO);(PMes),]*. Energies are
relative to the most stable isomer of [(u-H)Fe,(pu-pdt)(CO),-
(PMes),]* (2D) from Figure 2, and are given in kcal/mol, and the
distances shown are in i

According to the above results, protonation of either sul-
fur or CO generates significantly higher energy species than
bridging- and terminal-hydrides. Therefore, only mecha-
nisms that avoid the formation of these high-energy species
are discussed below. The transition states (TS) are identified
by having one and only one imaginary frequency. The inter-
mediates connected to these TS were determined by follow-
ing the intrinsic reaction coordinate (IRC) both forward
and backward (see Computational details). The pdt ligand
“flips” back and forth easily, and the two isomers are gen-
erally very close in energy. In the following sections we have
1083
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not profiled all the paths for both isomers, but as we will
show the key steps are independent of this “flipping” mo-
tion.

Ether-Mediated Protonation Directly to Bridging-Hydrides

As reported by De Gioia, Schollhammer and their co-
workers,!3! the solvent might be involved in the protonation
processes. We examined both [Et,OH]" and [CH;CNH]*
proton carriers and found that the former is more stable in
free energy (see Table S6). Although an equilibrium may
exist between these two solvated species, the free energy dif-
ference suggests that [Et,OH]* will dominate even though
the concentration of CH3CN is higher than that of Et,O.
As [Et,OH]" approaches the complex, it first appears to
coordinate weakly to CO and then the proton transfers via
two possible pathways to produce the final bridging-hydride
product (Scheme 3): (1) the bridging-path, where the proton
transfers directly from [Et,OH]" to the bridging position
and (2) the terminal-path, where the proton transfers from
[Et,OH]* to the terminal position forming a species that
then rearranges to more stable bridging-hydride species.
These two protonation paths will be described in the next
two sections.

terminal-path

_____________________ bridging-path __ __________ oc
PN
5.8 col M
> €O MesR_S.§ /c6l BF4...Et,0
.
b ——oc A oy T S A
o] Me;
BF, éEtQ
6HA'

Scheme 3. Possible ether-mediated mechanisms: terminal-path and
bridging-path.

Figures 6, 7, and 8 show the potential-energy profiles
and geometric structures of key intermediates and transi-
tion states for the formation of the bridging-hydride isomers
2A, 2C, and 2D, respectively. The results for 2B, the compu-
tationally least stable and experimentally unobserved iso-
mer, are presented in Figure S1 and Figure S3 (see Support-
ing Information). Some of the key structures are also shown
in the Figures. The diiron complex plus the ion pair
([Et,OH]*-[BF4]") are taken as the starting point and the
protonated isomer plus the ether-ion pair (Et,O-[BF,4]")
are taken for the product in the following proposed mecha-
nisms mainly to preserve the number of species in the reac-
tion. Alternative choices will simply scale the initial and
final energy (left most and right most columns of the Fig-
ures) with respect to the rest of the energies. According to
the IRC calculations the transition states for the H* transfer
leads back to an intermediate with [Et;OH]* coordinated
1084
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to a terminal CO at the basal position and forward to an
intermediate with the Et,O weakly coordinated to the Fe
bound hydride.
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Figure 6. (a) Energy profile for the bridging-path of the ether-medi-
ated mechanism for the formation of 2A, the relative free energies
are given in kcal/mol, and the structures with bridge-flipped ana-
logues (6Aba, TSgapaena, and 6HA) are not shown; (b) optimized
structures for the ether-mediated intermediate and transition state,
the hydrogen atoms of the PMe; groups and ether are omitted for
the sake of clarity and the bond lengths are given in A

Formation of 2A (Figure 6) proceeds from the intermedi-
ate 6A’ba, which is stabilized by the hydrogen interaction
between proton and CO, to TSga pa_6Ha’>» Which transfers
the proton to generate the bridging hydride at a free energy
barrier of 14.8 kcal/mol from 6A’ba. In this TS, the H
moves close to the iron atoms (= 2.3 A) and the O-H bond
lengthens by 0.25 A. The initial product, 6HA’, has a weak
“H-bond” between Et,O and the hydride; coordination of
ether to [BF,]  generates the product, 2A’ (loss of ether to
the solvent may be more likely but this procedure preserves
the number of species in the reaction). During this proton
transfer process the PMe; ligands maintain their apical/
basal positions. Attack of [Et,OH]* at the Fe-Fe bond
leads to the expansion bridging structure, the Fe-Fe length-
ens and the ligands on both irons tip away from the newly
forming hydride ligand (comparing TSga ba_era’ With 6A'ba
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Figure 7. (a) Energy profile for the bridging-path of the ether-medi-
ated mechanism for the formation of 2C, the relative free energies
are given in kcal/mol; (b) Optimized structures for the ether-medi-
ated intermediate and transition state, the hydrogen atoms of the
PMe; groups and ether are omitted for the sake of clarity and the
bond lengths are given in A.

the Fe2-C1 lengthens by 0.420 A, and the C1-Fe-Fe2-P2
dihedral angle enlarges by 23.1°). As shown in Figure 6a,
the “flip” of the pdt linker has little effect on the calculated
results; further, the intermediates and transition state 6Aba,
6HA and TSgapa 6na Show similar geometric parameters
(see Figure S3). Another possible pathway is the attack of
[Et,OH]" to the basal CO group located opposite to both
the bridgehead carbon in pdt linker and the apical PMes
ligand, the relative free energy barrier via transition state
TS7a'ba 71A’ 18 found to be only 1.2 kcal/mol lower than
the barrier through TSgapa eua’ (see Figure S2). And the
intermediate reactant and product (7A'ba and 7HA'ba) are
1.4 and 0.5 more stable than 6A’ba and 6HA'ba, respec-
tively. These results indicate that the influence of the posi-
tions of the PMe; ligands is small.
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Reaction Coordinate

TSeoba-eHp
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Figure 8. (a) Energy profile for the bridging-path of the ether-medi-
ated mechanism for the formation of 2D, the relative free energies
are given in kcal/mol; (b) Optimized structures for the ether-medi-
ated intermediate and transition state, the hydrogen atoms of the
PMe; groups and ether are omitted for the sake of clarity and the
bond lengths are given in A.

Figure 7 shows the two steps that are involved in the for-
mation of 2C. Firstly, 1A rotates to give 1C via the low-
energy transition state TS;s ;¢ then [Et,OH]" attacks 1C
to form 6Cba. Transfer of H occurs through transition state
TSecpa_sac, Which is 4.7 kcal/mol higher than TSga pa sHA’
even though the final product 2C of this reaction is 1.4 kcal/
mol more stable than 2A.

The most stable product, 2D, can be generated (Figure 8)
by following a pathway similar to 2C. Although the product
2D is 3.8 kcal/mol more stable than 2C, the barriers along
these two paths are similar. The structure of the intermedi-
ate 6Dba is interesting as the [Et;OH]* coordinated CO
1085
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group moves to the semi-bridging position with a Fel---C1
distance that is 0.26 and 0.20 A shorter than those in 6A’ba
and 6Cba (Fe2---Cl), respectively.

The relative free-energy barriers for the formation of the
product, 2, from the same starting point, either 1A plus
[Et,OH]*, or the H-bonded precursor 6, are lowest for 2A,
and higher for both 2C and 2D. Thus, this bridging-path
mechanism favours the initial formation of 2A, which could
then be followed by rearrangements to the more stable 2C
and 2D. Although this mechanism appears consistent with
the experimental results, the calculations predict lower en-
ergy paths for other mechanisms (vide infra).

Protonation Directly to Terminal-Hydrides

As shown in Scheme 3 an alternative mechanism can be
developed that involves [Et,OH]" attacking the CO group
in a manner that leads to the formation of terminal-
hydrides (i.e. the terminal-path). The coordination of
[Et,OH]* to apical and basal CO groups will lead to the
corresponding apical- and basal-hydrides, respectively.
These alternative mechanisms will be described below. In
both cases the formation of a semi-bridging carbonyl spe-
cies occurs synchronously with protonation; i.e. there is no
distinct formation of an accessible site prior to proton
transfer. Implicit in the current interpretation of the active
site of the [FeFe]-hydrogenase is the availability of a vacant
site for proton attack. In the case here, the “rotated state”
is a transition state not a stable intermediate. Of course, if
the system were such that the geometry was stable in the
“rotated state”, as expected for the enzyme, the barrier
would be low.

Mechanism with 14 (1A4') as the Initial Reactant

As shown in Figure 9 (a), the coordination of [Et,;OH]*
to the apical CO of 1A’ forms the intermediate 6A’ap, then
the proton transfers to a single iron atom to give the ter-
minal-hydride intermediate 6HA ap. Both the absolute free-
energy barriers from 1 and relative free-energy barriers
from 6 for the H* transfer are found to be 1.9 and 1.6 kcal/
mol lower than the barriers on bridging-path to 2A’, respec-
tively. Thus, formation of the terminal-hydride 3A3’ is ki-
netically favoured. In addition, the ether-coordinated inter-
mediates 6 show similar hydrogen-bonding interactions to
those on the bridging-path, see Figure 9 (b). Relative to
6A’ba in bridging-path, the intermediate 6A’ap has a
slightly stronger H-bond.

Alternatively, the [Et,OH]* can coordinate to the basal
CO group to form the basal terminal hydride. Although the
overall barrier from the neutral complex 1A’ is the same on
this route, the weaker H-bond in 8A’ba compared to that
in 6A'ap reduces the relative barrier by 4.0 kcal/mol in com-
parison with that in the apical-hydride formation, compare
Figure 9 (a) and Figure 10 (a). The structure of these two
H-bonded species differ in the position of the partially pro-
tonated CO, which is more semibridging in 8A’ba.

The third possible coordination pattern similar to that
through 7A’ba is also considered, namely, [Et,OH]" attack-
1086
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Figure 9. (a) Energy profile for the terminal-path of the ether-medi-
ated mechanism for the formation of terminal-hydride isomer 3A3’,
the structures with bridge-flipped analogues (6Aap, TSgxap-6HAap
6HAap and 3A3) are not shown; (b) optimized structures for the
intermediates and transition state. The hydrogen atoms of the PMe;
groups and ether are omitted for the sake of clarity and the bond
lengths are given in A.

ing the basal CO group located opposite to both the bridge-
head carbon in pdt linker and the apical PMe; ligand to
form the basal terminal hydride 3A4’ (see Figure 11). Here,
the position of the PMe; ligand has a significant influence
on the energy barrier. The overall barrier from the neutral
complex 1A is lowered 7.7 and 7.8 kcal/mol in comparison
with the pathways shown in parts a of Figures 9 and 10,
respectively. Moreover, the relative free energy barrier be-
tween the intermediate reactant (9A'ba) and transition state
(TSoa'baoHAba) 18 only 4.5 kcal/mol, which is 8.7 and
4.7 kcal/mol lower than those between 6A’ap and
TSeaba6raap and between 8A'ba and TSgapa sHA bas
respectively. Thus, the formation of the terminal hydride
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mediated mechanism for the formation of terminal-hydride isomer
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ted for the sake of clarity and the bond lengths are given in A

3A4’ is kinetically preferred to 3A3" and 3A1’. Compared
with the structures of 8A'ba, TSg pa sHA'ba» and S8HA'ba,
a less semibridging character can be found in 9A’ba,
TSoA'ba oHAba» aNd 9HA'ba, in which the bond length be-
tween the carbon atom of the attacked CO group and iron
are lengthened about 0.281, 0.198 and 0.313 A, respectively.
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Mechanism with 1C as the Initial Precursor

Because the unprotonated 1A is rapidly isomerizing to
1C and 1D, the ether-coordinated intermediates with two
PMe; ligands either transoid or cisoid to each other need to
be considered. Figure 12 (a) plots the energy profiles of the
pathways via the cisoid terminal-hydride. Coordination of
[Et,OH]" to the apical CO group of 1C forms the interme-
diate 6Cap, and then the proton transfer takes place via a
transition state with the energy barrier of 9.6 kcal/mol
above 6Cap to generate the apical-hydride 3C1’ via 6HCap.
In comparison with the path via 6A’ap [Figure 9 (a)], the
1087
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free energy barriers relative to 1A and 6 are lower by 1.2
and 3.6 kcal/mol, respectively, but not as low as the path
via 9Aba, see Figure 11 (a).
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Figure 12. Energy profile for the terminal-path of the ether-medi-
ated mechanism: (a) formation of terminal-hydride isomer 3C1’;
(b) formation of terminal-hydride isomer 3C2’.

An unexpectedly low barrier is found for the formation
of the terminal-hydride isomer 3C2’. As shown in Figure 12
(b), [EtoOH]" attack on the basal CO in 1C (cisoid) results
in TSgcpa sHCeba that is 6.6 kcal/mol lower in free energy
than TSgcap ercap [Figure 12 (a)]. In addition, this transi-
tion state TSgcpa_srcha 1S lowered in both absolute and rela-
tive free energy compared to TSgapa sHaba DY 7.9 and
5.2 kcal/mol, respectively. This result indicates that
[Et,OH]* coordination at the basal position of the cisoid

1088 www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

arrangement can avoid the high proton transfer barrier and
easily generate a terminal-hydride. Comparing Figures 11
(a) and 12 (b), one can note similar energy barriers for these
two pathways, indicating that the probabilities to form 3A4’

and 3C2’ are similar, while 3A4 is slightly favoured.
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Figure 13. Energy profile for the terminal-path of the ether-medi-
ated mechanism: (a) formation of terminal-hydride isomer 3D1’;
(b) formation of terminal-hydride isomer 3D2'.
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Mechanism with 1D as the Initial Precursor

Figure 13, shows that the transoid arrangement of the
PMe; ligands produces pathways similar to those reported
for the cisoid arrangement, but with even lower barriers for
[Et,OH]* attack on both apical and basal CO ligands.
Again, the relative order of the barriers is similar. Thus,
attack on the basal CO produces TSgppa sapbas Which is
only 17.3 kcal/mol above 1A, a barrier that is 2.5 kcal/mol
below the lowest energy TS in the cisoid path, see Figure 12
(b) and 1.3 kcal/mol below the lowest energy TS in the api-
cal-basal path, Figure 11 (a). In transoid case, the H-bonded
intermediate is very weakly bound leading to a very small
relative barrier between 8Dba and TSgppa supba Of 0.3 kcal/
mol.

As discussed above, the ether-mediated terminal-path
mechanisms with attack of [Et;OH]" on the basal CO
group cis to a basal PMej; ligand to form terminal-hydrides
(3A41, 3C2’ and 3D2') are more favourable than direct at-
tack to form the more stable bridging isomers. Further-
more, these pathways are also more favourable than the di-
rect attack on the apical CO group or basal CO cis to an
apical PMe; ligand in the formation of the terminal-hy-
drides of 3A3("), 3A1(), 3C1’ and 3D1’. In the following
sections we will examine the rearrangements from the ter-
minal-hydride isomers to the bridging-hydride isomers and
rearrangements among the bridging isomers.

Rearrangements from Terminal to Bridging Hydrides

Rearrangement from the Terminal-Hydrides 3A3' and 341’

As shown in Figure 14 (a), the isomerization from the
apical terminal-hydride to bridging-hydrides will need more
than one step. Beginning at 3A3’, there are three pathways
to generate the bridging-hydrides 2A" and 2B. (1) Plotted
as the solid line in Figure 14 (a); the three ligands: hydride,
basal PMes, and basal CO in 3A3’ move in a Bailar twist
to form 3A4’, with a free-energy barrier of 20.1 kcal/mol,
then the hydride at the basal position either interchanges
with the semi-bridging CO to form 2A’ or rotates again
to generate 2B. Unfortunately, the former formation path,
namely, via the pairwise exchange to form 2A’ cannot to be
found, while the rotation with four ligands (via a Ray-Dutt
twist) in 3A4’ leads to 2B via the transition state TS3,4 2p
with a free energy barrier of 16.8 kcal/mol. (2) Plotted as
the dashed line in Figure 14 (a); the four ligands in 3A3":
hydride, basal PMes;, basal CO and the p-CO rotate to give
intermediate 6A’Int, which presents a configuration with
the PMe;s ligand lying nearly in the plane composed by the
apical PMe; and CO ligands and two irons. Although
6A’Int is 10.4 kcal/mol less stable than 3A4’, this rotation
decreases the free energy barrier by 1.5 kcal/mol. Next,
6A'Int may undergo a further rotation with a very low bar-
rier of 4.9 kcal/mol, again rearranging to 2A’. This pathway
is composed of two continuous Ray-Dutt twists. (3) Plotted
as the hashed line in Figure 14 (a); the three ligands: hy-
dride, basal PMe; and basal CO in 3A3’ rotate clockwise
to generate 3B’. The energy barrier of this transition state
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Figure 14. (a) Three pathways for the rearrangements from ter-
minal-hydride 3A3’ to bridging-hydrides 2A’ and 2B: solid line
pathway: 3A3' — TSgA3',3A4' —3A4' — TS3A4’—ZB_) ZB, dashed line
pathway: 3A3' — TSSA3'—6A'Im — 6A'Int— TS6A'Int—2A' d ZA’,
hashed line pathway: 3A3' — TS3a3_3p — 3B —TSzp 24 —2A’;
(b) two pathways for the rearrangement from terminal-hydride 3A3
to bridging-hydrides 2C and 2D: solid line pathway: 3A1'—
TS;za1-2p— 2D; hashed line pathway: 3A1'— TS;341' 2c—2C.
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TS3a3 3p’ is the lowest when compared with TS343 344 O
TS3a3 6a'me> indicating that for the PMes ligand the rota-
tion from basal to apical is easier than from basal to basal.
The next isomerization from 3B’ to 2A’ involves rotation
of the four ligands with a barrier of 12.5 kcal/mol.
This pathway is similar to the first one (3A3'—
TS3a3 344 — 3A4' > TS344 g—2B), in which a Bailar
twist is followed by a Ray-Dutt twist. As a whole, the over-
all free-energy barriers for these three rearrangements from
terminal to bridging hydrides are very similar at 20.1, 18.6,
and 20.2 kcal/mol, respectively.

The rearrangement from terminal hydride 3A1’ seems
simple compared to the case of 3A3'. Here, only one Ray-
Dutt twist can generate the bridging-hydrides [see Figure 14
(b)]. Four ligands: basal hydride, basal CO, apical PMe;
and p-CO rotate clockwise to form 2D and counter-clock-
wise to form 2C, respectively. It is interesting that the two
rotational transition states TSz _sp and TS;4q_»c are al-
most identical in energy, indicating that the probability to
form 2C and 2D from 3A1’ are equal. This rearrangement
from 3A1’ to 2C and 2D will be fast as the energy barrier
is only 12 kcal/mol, an advantageous pathway in compari-
son with those presented in Figure 14 (a).

Rearrangement from Terminal-Hydrides of 3C1' and 3C2'

Following three similar pathways for the rearrangement
presented in Figure 15 (a), 3C1’ can rearrange to form 2A’
and 2D as shown in Figure 15 (a). (1) Plotted as the solid
line, the pathway via 3D2 shows a transition state
TS3c1_3p2 With high energy barrier (29.0 kcal/mol). (2)
Plotted as the dashed line, the path via 6ClInt, although
better is still higher than 25 kcal/mol. (3) Plotted as the
hashed line, the pathway via 3A2’ is more favourable, but its
overall free energy barrier is 22.4 kcal/mol. Thus, the strong
influence of the relative position of the two PMe; ligands
makes all of these barriers high and hinders the rearrange-
ment from 3C1’ to the bridging isomers.

Figure 15 (b) shows that the terminal hydride 3C2’ can
be rotated directly to form 2A’ but with a free-energy bar-
rier 4.6 kcal/mol higher than the pathway presented in Fig-
ure 14 (b).

Rearrangement from Terminal-Hydrides of 3D1' and 3D2’

As shown in Figure 16 (a) the overall barriers to re-
arrange 3D1’ (apical hydride) to 2A’ or 2C are 29.7 (solid
line), 35.0 (dashed line) and 37.6 (hashed line) kcal/mol for
the three possible pathways, respectively.

In contrast, the free-energy barrier for the rearrangement
from the terminal hydride 3D2’" to 2A’, see Figure 16 (b) is
18.4 kcal/mol, just 1.9 kcal/mol higher than the isomeriza-
tion from 3C2’ to 2A’, and even below the latter when com-
pared to 1A.

Clearly, the arrangement of the two PMe; ligands has a
large effect on the energy barriers for the rearrangement
from terminal to bridging hydrides. In the case of terminal
hydrides with the hydride at the apical position, the barriers
for the rotation of hydride from apical to basal position are
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Figure 15. (a) Three pathways for the rearrangements from ter-
minal-hydride 3C1’ to bridging-hydrides 2A’ and 2D: solid line
pathway: 3C1'— TS;cy3p2 —3D2' — TS3py 24-—2A"; dashed
line pathway: 3C1'— TS3c]' 6CInt — 6ClInt— TSﬁCIn( 2D ZD,
hashed line pathway: 3C1’ — TS3cy3a2—>3A2" — TS342 2p—2D;
(b) pathway for the rearrangement from terminal-hydride 3C2’ to
bridging-hydrides 2A": 3C2' — TS;3cz 24— 2A".

found to increase dramatically when two PMes ligands are
located at the cisoid or transoid position. Although this
trend can also be found in the case of terminal hydrides
with the hydride at the basal position, the absolute free en-

Eur. J. Inorg. Chem. 2011, 1080-1093



Calculations on Protonation of a Hydrogenase Model Complex

AGgg, (kcalfmol)
TSapraar 6DInt TSicinis
XX o5t ?
5.5 _CO oc. S Ca Tii
Me3|.F;.—F ¢ Fé~co HgFe OC‘- f‘- 220
o 8 Me; o FI’MB MeB \PMea
+
Et,0.. BF; Etzo....BF4
TSspracz TSscaan
!
Ha oS O E;?’: ca
957 ¢ o8 e Fu VS
;| 0 CE T od T PMes
+
E120....BF{ Et,0...BF,
TS301".60int TSaatrac
og, S?*-..F 3" 222 oco3S.L01
‘ng 7 R o i : MesP=7 N N CO
0 PMe; é PMe,
Etzo....BF.,' Elzo._._BF,,
= 24"
3Dt
™ 0 ™
H Tﬁ -+ oc ,s/\s;;é] MesP, ,es,\F 3
OCry /\ o
Ms;P"Fe \Pmo Mea \P 21;4 o 6
™ + ELO..BF;
Etzo.__.aa ELO...BF; 0C,_S:8 O]
oc-f K ~co
eapl H
ELO..BFs
Reaction coordinate
(a)
AGigy (kealimol)
+
cd
MesP e
3 “*F{a Fe\“*CO
OC
[s) H PMes
+
Et;0....BFy
TSapzan
‘/—..
#1686,
18/
3p2'
4-14.0
OC\F,SC": cd’ 27"
MeaP: E\C co
S PMeg Meap\ S8/ col"
+ "‘CO
\
Et;0...BF4 cl PMe;
EtzOBF4

Reaction coordinate

(b)

Figure 16. (a) Three pathways for the rearrangements from ter-
minal-hydride 3D1’ to bridging-hydrides 2A’ and 2C: (1) solid line
pathway: 3D1'—> TS3p13c2 —3C2' > TS;3¢c2 24— 2A; 2)
dashed line pathway: 3D1’'— TS3p17_6pme¢— 6DInt—
TSepint2c— 2C; 3) hashed line pathway: 3D1'—
TS3p17_3a1'— 3A1' = TS3412c—2C; (b) pathway for the re-
arrangement from terminal-hydride 3D2’ to bridging-hydrides 2A":
3D2' — TS3py_2a—2A’.

ergy barriers for these rearrangements to form the bridging
isomers are as low as 15 to 17 kcal/mol. In combination
with the formation of the terminal hydrides via 9A’ba,
3A4’, 8Cba, 3C2’, 8Dba, and 3D2’ — see Figures 11 (a), 12
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(b), 13 (b) — the more favourable rearrangements are via
TS3A4'—ZBa TS3C2’—2A’ and TS3D2’—2A’ — See parts b in Flg-
ures 15, 16.

Rearrangements of Bridging-Hydrides

We also calculated the rearrangement between the bridg-
ing-hydrides (see Figure 17). The barriers to transition
states TSya'2c, TSaa2p and TS;c ,p are found to be
slightly higher in free energy than TSs of the rearrange-
ments from terminal hydrides to bridging hydrides pre-
sented in parts b of Figures 14, 15, and 16.
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Figure 17. Energy profile for direct rotation between bridging-hy-
drides with “flipped” pdt bridge, the relative free energies are given
in kcal/mol.

Conclusions

With the aid of the density functional theory (DFT) cal-
culations, the possible protonated isomers and protonation
mechanisms for the [FeFe]-hydrogenase model complex,
Fe,(u-pdt)(CO)4(PMes),, have been studied in detail. The
calculations show that the isomers of the sulfur-hydrides
and formyl species are much less stable than the bridging or
terminal hydrides. Furthermore, for bridging and terminal
hydrides, the transoid basal/basal forms are found to be
thermodynamically more stable than other corresponding
isomers. This prediction is consistent with the experimental
observation for the bridging-hydride species.

In the exploration of the possible protonation process,
our calculations reveal that the ether (or solvent) may play
a role in the protonation process. With [Et,OH]" as the pro-
ton carrier, the proton transfer pathways appear to involve
an intermediate with [Et;OH]" bound to a CO ligand fol-
lowed by rearrangement to a terminal or bridging hydride.
The lowest energy pathways involve formation of terminal
1091
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hydrides, rather than direct formation of the more stable
bridging hydrides, the former then convert to bridging hy-
drides, which then interconvert between each other at a
slower rate. Ignoring the “flip” of the pdt linker, the results
show that there are three preferable pathways to form
bridging-hydride via the terminal-hydrides 3A4¢), 3C2(")
and 3D2( (see Figure S5), and the most favourable path-
way is plotted in Scheme 4. Beginning with the rapid equi-
librium between 1A (the predominate species in some sol-
vents) and 1D (the apparently most stable crystalline form).
Protonation of 1D occurs preferentially as the barrier for
protonation of 1A is about 8 kcal/mol higher in free energy.
The lowest energy path for protonation of 1D produces
3D2’, which rearranges rapidly to 2A’ through a Ray-Dutt
twist, the species initially observed in the experiments. The
species 2A’ then rearranges through Bailar twists on two
paths 2A’—2D (experimentally and computationally the
faster route) and 2A’ — 2C— 2D (experimentally and com-
putationally the slower route). The experimental and com-
putational estimates of the TS energy barrier for the critical
pathway are 14.6 and 16.6 kcal/mol, respectively, while the
corresponding TS energy barriers for the bridging hydride
isomerization are 20.1 and 21.0 kcal/mol, respectively.[!®]
Thus, the calculations are in complete accord with the ex-
perimental results. It is unexpected that 1D protonates ter-
minally and so much more rapidly than 1A, and then re-
arranges to 2A, the species that would have been produced
by direct protonation of 1A at the bridging site. It would
be interesting to examine this system at lower temperatures
by rapid spectroscopic techniques to attempt the detection
of terminal hydride species.

1A 1D

ﬁ

oc? <& £ PMes

9.1 kcal/mol

OC‘“";Fe Fe Fe"'uco
Me3zP PMe;
3D2' 2A
+
16.6 kcal/mol
C. // \ /CO_| Sy
“““““ F& “Féu, MesP._ / / \
Me P\\\ l N\ \ "CO Oc\\lF Fe glele]
H ¢ PMe; oC W PMe;
21.9 kcal/mol

oc. /<3 L0
Me:;P“‘;Fe\ /Fe'vwco
oC H PMe;

oc ><§ o
OC“lFe\ /Fe lolo)
Me;P H  PMe;

Scheme 4. The most favourable pathways for the bridging-hydride
isomers, Fe,(u-H)(p-pdt)(CO)4(PMes),, the solvent-corrected free-
energy barriers are presented and given in kcal/mol.
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Recently, Zampella et al. reported on the isomerization
of the terminal- to bridging-hydride in three related diiron
cluster models with the edt (ethylenedithiolate) linker.['” In
agreement with our results, the lowest barrier isomerization
from terminal hydride to bridging hydride involves the
movement of the hydride, the two other ligands on the same
iron and the bridging CO via the Ray-Dutt twist. However,
once the H is bridging, further rearrangements occur by
Bailar twists to the p-H bonded product.

Computational Details

All calculations have been performed using the Gaussian 03 soft-
ware package.l'8! All DFT calculations were performed using the
Becke3LYP (B3LYP) hybrid GGA functional as implemented in
Gaussian 03.['1 The geometric structures of all model species were
fully optimized as gas phase. The effective core potentials of Hay
and Wadt with double-zeta valence basis set (LanL.2DZ) was em-
ployed to describe iron, phosphorus and sulfur atoms.?” For iron,
the two outermost p functions were replaced by re-optimized 4p
functions as suggested by Couty and Hall.?"l Besides, the f polar-
ization function was also added in the basis set of Fe.[??3 For sulfur
and phosphorus, the basis sets were augmented with the d polariza-
tion functions proposed by Héllwarth et al.??®! The 6-31++G**
basis set was used for other atoms. At the same level of theory, the
Harmonic vibrational frequency calculations were carried out to
identify all of the stationary points (zero imaginary frequency) and
transition state structures (only one imaginary frequency) and to
provide the free energies at 7= 298.15 K. And all transition states
were confirmed to connect the reactants and products by the intrin-
sic reaction coordinate (IRC) calculations. Based upon the gas-
phase-optimized structures, the effect of solvent was evaluated by
single-point calculations using the integral equation formalism po-
larizable continuum model (IEFPCM) in MeCN in combination
with the united atom topological model for the radii setting (RA-
DII = UAHF). The 3D molecular structures displayed in this paper
were drawn by using the JIMP2 program.[*3! In this paper, the rela-
tive free energies in solution were used to analyze the reaction
mechanisms.

Supporting Information (see footnote on the first page of this arti-
cle): Evaluation of density functionals, plots for the optimized
structures of the ether-mediated intermediates and transition states
for the terminal-path, and the Cartesian coordinates of optimized
structures.
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