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The mechanism of hydrogen production in [FeFe] hydro-
genase remains elusive. However, a species featuring a ter-
minal hydride bound to the distal Fe is thought to be the key
intermediate leading to hydrogen production. In this study,
density functional theory (DFT) calculations on the terminal
(H-term) and bridging (p-H) hydride isomers of (p-edt)-
[Fey(PMej)4(CO),H]* are presented in order to understand
the factors affecting their propensity for protonation. Relative
to H-term, p-H is 12.7 kcal/mol more stable, which contrib-
utes to its decreased reactivity towards an acid. Potential en-
ergy surface (PES) calculations for the reaction of the H-term
isomer with 4-nitropyridinium, a proton source, further re-
veal a lower activation energy barrier (14.5 kcal/mol) for H-

term than for p-H (29 kcal/mol). Besides these energetic con-
siderations, the H-term isomer displays a key molecular or-
bital (MO <139>) that has a relatively strong hydride (1s)
contribution (23 %), which is not present in the p-H isomer.
This indicates a potential orbital control of the reaction of the
hydride complexes with acid. The lower activation energy
barrier and this key MO together control the overall catalytic
activity of (u-edt)[Fe,(PMes) (CO),(H-term)]*. Lastly, Raman
and IR spectroscopy were performed in order to probe the
v(Fe-H) stretching mode of the two isomers and their deuter-
ated counterparts. A v(Fe-H) stretching mode was observed
for the p-H complex at 1220 cm™!. However, the correspond-
ing mode is not observed for the less stable H-term isomer.

Introduction

Hydrogen is particularly interesting as an alternative en-
ergy carrier because its combustion is clean and only pro-
duces water. In addition, hydrogen has an unmatched en-
ergy density and is therefore a desirable fuel. In nature, two
types of enzymes containing Fe or Ni dimetallic centers ex-
ist that either produce or oxidize H,; these are the
[FeFe]l!-?l and [NiFe]®* hydrogenases, respectively. A third
type of hydrogenase that has no sequence similarity to
either the [FeFe] or the [NiFe] enzyme is the H,-forming
methylene-tetrahydromethanopterin -~ dehydrogenase  (or
Hmd), which unlike the dimetallic hydrogenases only con-
tains a mononuclear non-heme iron center.>*! Among these
different enzymes, the [FeFe] hydrogenase is known to be
the most efficient catalyst, producing 6000-9000 molecules
of Ha/s per enzyme molecule at 30 °C,l’ which is 10-100
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times more active than its [NiFe] counterpart.[®! In addition,
the active site is very stable and only contains the inexpen-
sive metal iron, which establishes its potential as an eco-
nomical H,-forming catalyst. For these reasons, we focus
on the active site of the [FeFe] hydrogenase to better under-
stand the enzyme’s ability to catalyze hydrogen production
with high efficiency.

The catalytic site of [FeFe] hydrogenase consists of an
Fe—Fe center bridged by a bis(thiomethyl)amine ligand and
CN and CO ligands attached to the diiron center
(Scheme 1).°131 This unique structure has prompted the
design of many synthetic mimics, some of which model pro-
posed intermediates in the catalytic cycle of the enzyme,
and actually produce hydrogen.l'4>% Two possible struc-
tures of the key protonated intermediate of [FeFe] hydro-
genase have been identified by using model complexes: the
first has a semi-bridging CO ligand and a hydride ter-
minally bound (H-term) to the distal iron, Feq (Scheme 1),
while the second has two terminal CO ligands and a hydride
bridging (p-H) the distal and proximal (Fe,) iron centers.
Electronic absorption spectroscopy/DFT studies on an Fel-
Fe! model complex imply that the shift of the p-CO group
towards the distal Fe atom should increase the nucleophilic
character of this Fe site,®!) which then favors protonation
at this iron center instead of the Fe-Fe bond and generates
H-term.'32 In contrast, the hypothesis of p-H formation

HWILEY i

ONLINE LIBRARY 1147



FULL PAPER

M. G. I. Galinato, C. M. Whaley, D. Roberts, P. Wang, N. Lehnert

as an intermediate is supported by the low energy barrier
for heterolytic cleavage of H, (4.5-6.2 kcal/mol),>3! con-
sidering the back reaction, and the high stability of p-H
as demonstrated by model complexes!!®2!->43% and DFT
calculations.’337-381 A recent study on a series of [FeFe] hy-
drogenase model complexes shows the formation of a p-H
species, and not H-term, upon protonation.-% The struc-
tures of the two intermediates have also been proposed on
the basis of two opposing ideas with respect to the binding
site of H,, whether it is at the distal (H-term) or proximal
(u-H) iron center. Proponents supporting the H-term inter-
mediate suggest that binding of H, to the distal iron atom
increases its acidity, favors heterolytic cleavage, and results
in H-term formation.[8'-%%1 It has also been suggested that
the role of the bridging CO (u-CO) is to prevent p-H forma-
tion by steric effects.>!->21
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Scheme 1. H cluster of [FeFe] hydrogenase.

One key result in this respect is the observation that the
less-stable H-term isomer of (u-edt)[Fe,(PMes),(CO),H]*
(Figure 1) produces H, upon reaction with acid,[®® whereas
the corresponding p-H complex is unreactive under these
conditions. The ability of this mimic to catalyze the pro-
duction of H, is of high significance, which is the focus of
this study. Interestingly, this observation parallels diborane
chemistry, where calculations show that the terminal hy-
dride can be protonated but not the bridging hydride.[6”]
The underlying factor(s) influencing the preferential pro-
tonation of H-term over p-H have not been addressed in
the literature. In this study, potential energy surfaces (PES)
are generated through density functional theory (DFT) cal-
culations for the reactions of the H-term and p-H isomers
of (u-edt)[Fe,(PMe;)4(CO),H]* with a proton source in or-
der to determine the activation energy barriers of the pro-
ton transfer reaction and the relative stability of the prod-
ucts. Further analysis of the molecular orbital (MO) dia-
grams allows us to gain additional insight into other factors
that potentially affect the reactivity of these complexes
towards acids, such as atomic charge and hydride contri-
bution to key MOs. Besides the comparison of calculated
and experimental geometries, we further tried to assess the
quality of the description of the Fe-H and Fe-CO bonds
obtained from DFT using vibrational spectroscopy. Al-
though the optimized geometries of both isomers are in
good agreement with the crystal structures, vibrational fre-
quencies would be a better mode of comparison. In particu-
lar, Raman and IR spectroscopy were performed in order to
identify the Fe-H stretching mode, v(Fe-H), and the C=0
stretching modes, ¥(C=0), in the terminal and bridging hy-
dride isomers of (p-edt)[Fe,(PMes)4(CO),H]". In this re-
1148
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spect, note that v(Fe-H) has never been reported for any
[FeFe] hydrogenase model or the enzyme itself. In summary,
this study constitutes a detailed theoretical and vibrational
investigation of the catalytically active, protonated hydro-
genase model complex, (p-edt)[Fes(PMes)4(CO),H]*. These
results provide the necessary groundwork in understanding
the spectroscopic and electronic structural differences be-
tween the H-term and p-H isomers in detail, and their dif-
fering reactivity towards acids.
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Figure 1. [FeFe] hydrogenase model complex (p-edt)[Fe,(PMes),-
(CO),H]* showing the conversion of the terminal (H-term) to the
bridging hydride (p-H) isomer.[°]

Results and Discussion

DFT Geometry Optimizations

The geometry-optimized (BP86/TZVP)%8! structures of
the H-term and p-H isomers of (p-edt)[Fe,(PMes)4(CO),-
H]* shown in Figure 2 closely resemble the respective crys-
tal structures. For example, H-term has a Fe(1)-Fe(2) dis-
tance of 2.567 A in the crystalline form,[%®) which is com-
parable to 2.608 A in the optimized structure. The Fe(2)-H
bond lengths for the crystal and calculated structures are
1.512 Al661 and 1.530 A, respectively. The Fe(1)-C(1) and
Fe(2)-C(1) distances in the crystal structure (2.443 and
1.771 A1) respectively) are again comparable to the opti-
mized structure (2.517 and 1.782 A, respectively). For the
p-H complex, the Fe(1)-Fe(2) distance in the crystal is
2.610 A, which is similar to that of the optimized structure
(2.644 A). The experimental Fe(1)>H and Fe(2)-H dis-
tances are 1.653 and 1.612 A, respectively, which are repro-
duced well by DFT (1.676 and 1.675 A, respectively).
Table 1 lists selected bond lengths and angles of the experi-
mental and BP86/TZVP optimized structures of the hydride
isomers of (u-edt)[Fe,(PMe;)4(CO),H]". The excellent
agreement between experiment and calculations observed
here is crucial in obtaining a good description of the elec-

Figure 2. Optimized structures (BP86/TZVP) of the H-term (left)
and p-H (right) isomers of (p-edt)[Fe,(PMes),(CO),H]*, with the
atomic labeling scheme. Hydrogen atoms of organic side chains are
omitted for clarity.
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tronic properties of the two complexes, as will be discussed
in the next section. In addition to the overall structure of
the optimized complexes, it is noteworthy to compare rela-
tive energies of the two isomers. Relative to H-term, p-H is
12.7 kcal/mol more stable. This suggests that the decreased
reactivity of p-H towards acid®® could be due to the dis-
tinctively lower total energy of this complex relative to H-
term. Other possible factors contributing to its decreased
reactivity are presented in the following sections.

Table 1. Selected bond lengths [A] and angles [7] in (p-edt)[Fe,-
(PMe3)4(CO),H]".

H-term p-H

X-rayl®  DFT X-rayl®l  DFT
Fe(1)-Fe(2) 2.567 2.608 2.610 2.644
Fe(1)-H - - 1.653 1.676
Fe(2)-H 1.512 1.530 1.612 1.675
Fe(1)-C(1) 2.443 2517 1.738 1.746
Fe(2)-C(1) 1.771 1.782 1.754 1.746
Fe(2)-Fe(1)-C(1) 41 41 - -
Fe(1)-Fe(2)-C(1) 66 67 26 26
Fe(2)-Fe(1\-H - - 36 38
Fe(l)-Fe(2}-H 132 131 38 38
Fe(1)-C(1)-O(1) 123 124 113 113
H-Fe(2)-C(1) 162 162 - -

Vibrational Spectroscopy

Raman and IR spectroscopy were performed on the two
isomers and the corresponding deuterated complexes (D-
term and p-D) in order to identify the Fe-H stretch, v(Fe—
H). Identification of this mode for H-term and p-H would
allow an additional evaluation of the DFT results com-
pared to experiment in addition to the structural compari-
sons. Initial results from resonance Raman display very low
signal intensity (not shown) in contrast to the results for
[(u-edt)Fe,(CO)4] studied before,[®1 which prompted us to
study the complexes with non-resonance Raman spec-
troscopy by using excitation wavelengths of 785 and
1064 nm. Figures 3 and 4 show the Raman spectra of the p-
H and p-D complexes, respectively. The room temperature
spectra show distinct signals at 1928 and 1934 cm™!, which
correspond to the two terminal v(C=0) stretching modes,
V(C=0)ierm. The calculated v(C=0) frequencies for this iso-
mer are 1939 and 1943 cm™!, which correspond to the anti-
symmetric and symmetric C=O stretching vibrations,
respectively. The calculated v(C=0) frequencies are there-
fore in excellent agreement with the experimental data —
overestimating the energies of these modes by only
ca. 10 cm™!. A peak at 1220 cm™! is observed for p-H, which
shifts to 891/1009 cm™' for p-D. DFT calculations (BP86/
TZVP, Supporting Information, Figure S1) predict two
v(Fe-H) stretching modes in p-H at 1151 and 1352 cm™,
which correspond to the antisymmetric and symmetric Fe—
H-Fe stretches, respectively (Figure 5). Upon deuteration,
the stretching modes are predicted to shift to 871 and
963 cm !, respectively. On the basis of the DFT results, the
observed peak at 1220 cm ™! likely corresponds to the anti-
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symmetric v,((Fe-H) stretch, predicted at 1151 cm™!. The
calculations therefore underestimate this mode by ca.
70 cm™!, which is in reasonable agreement with the experi-
mental value. The reason for the absence of the symmetric
Fe—H stretch in the experimental data is unknown. In the
lower-energy region (200-740 cm™!), the spectra of p-H and
p-D are similar, which suggests this region to be dominated
by inner ligand vibrations of the coordinated phosphane
and bridging thiolate ligands. Unlike the p-H complex, the
corresponding H-term isomer is unstable at room tempera-
ture and, hence, easily decomposes upon irradiation, as
shown by imaging. Data were obtained on the D-term
isomer (Supporting Information, Figure S2), where a
»(C=0) peak at 1931 cm™! is observed (terminal CO group),
W(C=0)erm, On the basis of a comparison with the IR spec-
trum of the complex (discussed next). The predicted (BP86/
TZVP) v(Fe-H) stretching mode for H-term is at 1908 cm™
(Supporting Information, Figure S3).
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Figure 3. Raman spectra of solid p-H (p-edt)[Fe,(PMe;),(CO)-H]*
by using an excitation wavelength of 785 nm.
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Figure 4. Raman spectra of solid p-D (p-edt)[Fe,(PMe;),(CO),D]*
by using an excitation wavelength of 785 nm.

Because of the instability of the terminal hydride com-
plex upon laser excitation, a less-destructive vibrational
technique such as diffuse reflectance FT-IR spectroscopy
was utilized. Figure 6 shows the solid-state IR spectra of
H-term and p-H. The spectra show distinct differences in
the v(C=0) region; however, the weak v(Fe-H) stretching
mode cannot be observed. The spectrum of H-term shows
two distinct features at 1940 and 1840 cm ! that correspond
1149
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Figure 5. Schematic diagram of the symmetric and antisymmetric
Fe—H stretches observed for p-H.

to the terminal and bridging CO ligand stretches, respec-
tively. Calculations predict these modes to occur at 1950
and 1860 cm ! for the terminal and bridging v(C=0)
stretches, respectively, again showing that the DFT results
adequately complement the experimental data. In acetoni-
trile solution, the band at 1840 cm™' shifts to higher energy
(1874 cm™!), and a weak band at 1844 cm™' is observed,
which (according to the literature) is attributable to the
v(Fe-H) stretching mode.[®! However, this weak feature
does not seem to be apparent in the solid-state IR spectra
in comparison with the D-term IR data (Supporting Infor-
mation, Figure S4). Hence, this assignment might not be
correct. Unlike in H-term, the IR spectrum of p-H shows
one strong peak at 1928 cm™!, which is consistent with the
terminal v(C=0) stretching vibrations. A weaker feature is
observed at 1889 cm™!, which is also present in the corre-
sponding p-D spectrum. The exact identity of this weak
feature is unknown. In acetonitrile solution, the two ter-
minal C-O stretching vibrations are observed at ca. 1940
and 1928 cm 1,[%® in accordance with the Raman data.
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Figure 6. FT-IR spectra of solid H-term and p-H isomers of (p-
edt)[Fez(PMe3)4(CO)2H]+.

Potential Energy Surface (PES) Calculations

Figure 7 shows the PES of the H-term and p-H com-
plexes upon addition of a proton source, nitropyridinium
(B3LYP/TZVP). Potential proton sources such as H;O%,
NH,*, pyridinium, and trifluoropyridinium were also tested
but were either too strong or too weak. The choice of the
acid is guided by the idea that the catalyst should be able
to produce hydrogen by using weak acids, and this is the
scenario that we are interested in investigating. The use of
1150
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a strong acid such as HOTf or H(OEt,),BArF will provide
a very strong thermodynamic driving force (i.e. the reaction
is very exothermic), which thus reduces energy barriers that
are relevant under conditions of weak acid strength. Acetic
acid would be a good choice, but for computational
reasons, a charge separation (i.e. HA — H* + A") leads to
significant problems in total energy calculations, as sol-
vation of the generated ions becomes a very important part
of the total energy. This effect cannot be described well
computationally, in particular in a protic solvent. It is there-
fore advantageous to circumvent this problem by using a
protonated amine or pyridine as acid (i.e. HPy* — H* +
Py), where no additional ions are generated upon proton
transfer. We therefore tried different pyridinium-based ac-
ids. Total energy calculations for H-term yield reaction en-
ergies for hydrogen generation of AE = +4 kcal/mol for tri-
fluoropyridinium and AE = +9 kcal/mol for nitropyridi-
nium. The latter weaker acid was then used for the PES
calculations.
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Figure 7. Potential energy surface (PES) plots for the reaction of
the H-term and p-H isomers of (p-edt)[Fe,(PMe;)4(CO),H]* with
a proton source. B3LYP/TZVP was used to generate the PES plots.
Energies are relative to the hydride complexes in Figure 2 (set to
0 kcal/mol in both cases).

As shown in Figure 7, the formation of the correspond-
ing dihydrogen complexes for H-term and p-H is endother-
mic in both cases. However, crucial differences are notice-
able between the two PES plots, which may play an impor-
tant role for the preferential protonation of H-term. In par-
ticular, the activation energy barrier for the formation of
the H-term dihydrogen intermediate is 14.5 kcal/mol, which
is exactly half the energy barrier observed for the p-H hy-
dride complex. The lower activation energy in the proton-
ation of H-term is attributed to an increased stability of the
formed H, intermediate in the H-term case. In addition, the
energy barrier for the back reaction is 5.5 kcal/mol for H-
term, whereas it is only 1.8 kcal/mol for p-H. The dihydro-
gen complex of p-H is therefore intrinsically unstable, and
readily decomposes into the reactants before the base can
dissociate. Protonation of H-term therefore has a greater
kinetic driving force, favoring the formation of the corre-
sponding dihydrogen complex. Interestingly, the DFT cal-
culations predict that dihydrogen is bound end-on in
the resulting complex, (p-edt)[Fes(PMes)s(CO),H,>*. As
shown in the Supporting Information Figure S5, the ob-
tained Fe—H, distance is ca. 1.8 A.

Eur. J. Inorg. Chem. 2011, 1147-1154
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In summary, the greater reactivity of H-term towards the
generation of hydrogen arises from both the lower acti-
vation energy for the protonation reaction and the stability
of the dihydrogen complex formed. Although it has not
been calculated for (u-edt)[Fe,(PMes),(CO),H]", it is inter-
esting to note that in a computational study involving a
Ni"Fe hydrogenase model complex, the effect of entropy
on H, binding can be estimated to be ca. 10 kcal/mol.”)
By assuming the entropy to be similar for the protonation
of H-term and p-H, this entropic effect could provide the
driving force for the release of H, after formation of the
dihydrogen complex.

Figure 8 shows the H, complexes formed upon proton-
ation of H-term and p-H in the PES scans. Further calcula-
tions predict that H-term binds H, end-on, even in the ab-
sence of base, as mentioned above. In comparison, a [NiRu]
complex modeling [NiFe] hydrogenase has been proposed
(on the basis of DFT results) to coordinate H, in a side-on

fashion.[’!]
h e ? f
) e
o S T
‘= 5\:‘00 .f
o ;;,

Figure 8. Dihydrogen complexes of the H-term (left) and p-H
(right) isomers of (p-edt)[Fe,(PMes)4(CO),H]*, obtained by using
B3LYP/TZVP.

Single-Point Calculations

The atomic charge of hydride is a potential indicator of
its propensity to accept a proton. Between the H-term and
u-H complex, it is expected that the former will exhibit a
larger negative atomic charge on the basis that H-term is
more reactive towards acid.[°® Surprisingly, the calculations
show that the atomic charge of the H-term hydride is only
slightly more negative than that of the hydride in the corre-
sponding p-H complex. This result implies that the total
charge of the bound hydride does not contribute signifi-
cantly to the difference in reactivity through charge control.
Table 2 presents the atomic charges of the hydride for the
H-term and p-H (p-edt)[Fe,(PMe;)4(CO),H]* complexes.

Table 2. Calculated Fe-H hydride atomic charges in the H-term
and p-H isomers of (p-edt)[Fe,(PMes)4(CO),H]".

Type of atomic charge Fe-H atomic charges

H-term p-H
Loéwdin -0.0109 0.0783
Mulliken —0.0426 0.0320

Another factor that potentially influences the reactivity
of H-term towards acids is the nature of the frontier molec-
ular orbitals (MOs). Figure 9 shows contour plots of im-
portant MOs for H-term. The highest occupied molecular
orbital (HOMO) of H-term, MO <147>, has mostly Fe

Eur. J. Inorg. Chem. 2011, 1147-1154
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character showing 35% and 20% d,. contributions from
Fe(1) and Fe(2), respectively. The lowest unoccupied molec-
ular orbital (LUMO), MO <148>, has some Fe character
[24% d.. from Fe(1); 9% d.. from Fe(2)] and minor contri-
butions from the terminal hydride [3% H(1s)]. Interestingly,
H-term has a key MO (<139>) at a relatively high energy
that shows a strong hydride (1s) contribution of 23%, as
well as 24% Fe(2) d character. This orbital therefore con-
stitutes the Fe-H o bond. The corresponding antibonding
combination of this key orbital is MO <151>, which has
10% 1s hydride and 21% Fe(2) d, character.

.‘,i o
Jamcy ;:

<151>
-0.14758 a.u.

s
v ) [’ S
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<148> (LUMO)
-0.20198 a.u.

<139=
-0.34865 a.u.

<147> (HOMO)
-0.27214 a.u.

Figure 9. Contour plots of selected MOs of H-term (p-edt)-
[Fex(PMes)4(CO),H]" calculated with BP86/TZVP.

The corresponding key MOs for the p-H complex are
presented in Figure 10. The HOMO, MO <147>, shows
dominant metal character [36% and 31% d.. from Fe(1)
and Fe(2), respectively]. The corresponding LUMO, MO
<148>, shows contributions from both iron centers [20%
d.. for both Fe(1l) and Fe(2)], as well as minor phosphane
and sulfur character. The HOMO and LUMO of p-H are
therefore quite similar (but more symmetric) compared to
H-term. The Fe-H bonding MOs in the case of p-H are
MO <138>[9% H(1s)] and <156> [12% H(1s)]. However,
unlike the H-term complex that shows 23 % hydride charac-
ter in the Fe-H bonding MO (<139>), the p-H counter-
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Ao 9,
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-0.1110 a.u -0.20113 a.u.
aa? &
J\‘J I‘J‘ <

<147> (HOMO)
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Figure 10. Contour plots of selected MOs of pu-H (p-edt)[Fe,-
(PMes)4(CO),H]* calculated with BP86/TZVP.
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part, MO <138>, has less hydride character and a lower
energy. This key difference indicates a possible orbital (ki-
netic) control of the reaction of H-term with acid as a
major contribution to the lower activation energy, and,
hence, enhanced reactivity of H-term.

Summary and Conclusions

Solid-state IR and Raman measurements, and DFT cal-
culations were performed on the H-term and p-H isomers
of (p-edt)[Fe,(PMes)4(CO),H]*. Comparison of structural
and vibrational data between the DFT calculations and ex-
periment show that the calculations reproduce the proper-
ties of both of these isomers well. In addition, the calcula-
tions allow us to further assign the vibrational spectra. The
v(Fe-H) vibrational mode was identified at 1220 cm™! for
pu-H through Raman spectroscopy, but remains elusive for
the corresponding H-term complex because of its instability
at room temperature. DFT calculations show that p-H is
12.7 kcal/mol more stable than H-term, which may account
for its decreased reactivity towards acid. This is comparable
to a previous DFT study on the terminal and bridging hy-
dride isomers of a [FeFe] hydrogenase active site model,
which shows the latter isomer to be 10-12 kcal/mol more
stable.[®] Importantly, our PES calculations show that the
barrier for protonation of H-term is significantly lower than
that of pu-H. We speculate that this lower energy barrier for
H-term may relate to the presence of a frontier MO that
has a high contribution of hydride 1s character in this case
(orbital control of the reaction). The DFT calculations
therefore strongly support the preferred protonation of the
H-term complex over p-H. Lastly, the resulting H, interme-
diate is stabilized in the H-term complex, but not u-H. In
summary, these combined findings explain why, experimen-
tally, H-term reacts with acids to form H,, whereas p-H
does not.

Despite the difference in energy barrier between the two
hydride complexes, the barrier for protonation of H-term is
still quite significant. From these observations, we conclude
that the protonation of pu-H does not occur, while that of
H-term should be relatively slow. We propose that in order
for fast turnover and H, generation to occur as observed in
the enzyme, the H-term diferrous complex will have to be
further activated to enable fast reaction with a proton source.
This could be achieved by one-electron reduction of the hy-
dride complex prior to protonation and H, formation. In
this way, the barrier for protonation could significantly be
lowered, thus accelerating the overall reaction rate of the
complexes with acids. Therefore, these results provide fur-
ther evidence for a proton—electron—proton—electron trans-
fer sequence in the mechanism of the enzyme [FeFe] hydro-
genase.

Experimental Section
DFT Calculations: The geometries of the H-term and p-H isomers

of (u-edt)[Fe,(PMes)4(CO),H]* were optimized in the gas phase by
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using the gradient-corrected functional BP86 and Ahlrich’s triple-
& valence polarization (TZVP) basis set as implemented in
Gaussian 03.1? Frequency calculations were performed on the op-
timized structures by using the same functional and basis set. The
potential energy surface (PES) calculations employed B3LYP/
TZVP geometry optimizations, where the H-H(-Fe) distances were
fixed and all other internal coordinates were allowed to vary
(Scheme 2). 4-Nitropyridinium was used as the proton source. In
order to generate the molecular orbitals, single-point calculations
(BP86/TZVP) were performed on the fully optimized structures of
the two complexes by using the program ORCA.I73! Orbitals were
plotted with GaussView v.3.0.

aEwnioos

:{‘
.
v I'b

Scheme 2. Hydride complexes of the H-term (left) and p-H (right)
isomers of (p-edt)[Fe,(PMes;),(CO),H]*. The reaction coordinates
used for the PES scans (B3LYP/TZVP) are shown by brackets.

Synthesis of (p-edt)[Fey,(PMe3)4(CO),H|BF,: The terminal and
bridging hydride isomers of (p-edt)[Fe,(PMes),(CO),H]BF, and
the corresponding deuterated complexes were prepared as de-
scribed previously.[¢]

Raman and Infrared Spectroscopy: Raman data were obtained on
solid samples of the model complexes (approximately 5 mg) on two
different spectrometers. The first instrument, a Bruker Senterra Ra-
man, employs 785-nm excitation and affords a spectral resolution
of 3 cm!. The excitation beam from the laser (25 mW) was focused
on the sample, and the scattered photons were detected by a CCD
camera. The second system employs 1064 nm excitation light by
using a Bruker Ram II FT-Raman module on a Vertex 70 FT-IR
spectrometer. An excitation power of 100 mW was used, and the
scattered photons were focused on a LN-Ge diode detector. The
diffuse reflectance FT-IR spectra were recorded on a Perkin—Elmer
Spectrum GX FT-IR at room temperature by using a powdered
sample (approximately 5 mg) diluted with KBr.

Supporting Information (see footnote on the first page of this arti-
cle): The DFT-predicted Raman spectra of the H-term and p-H
isomers of (p-edt)[Fe,(PMe;)4(CO),H]", the FT-Raman spectrum
of solid D-term (p-edt)[Fe,(PMes),(CO),D]*, the FT-IR spectra of
H-term and D-term (p-edt)[Fe,(PMe;)4(CO), H/D]", the calculated
structure of the dihydrogen complex of H-term upon removal of
nitropyridine, and colored versions of the geometry-optimized
structures and MO contour plots are presented.
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