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A proton-hydride diiron complex with a base-containing diphosphine
ligand relevant to the [FeFe]-hydrogenase active sitef
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A diiron dithiolate complex holding a p-hydride on the iron
atoms and a proton on the basic site of a chelating diphosphine
ligand was prepared and crystallographically characterized as a
structural model of the [FeFe]-hydrogenase active site, and its
molecular structure shows the H,, - - -Hn™ distance is 3.934 A.

The chemistry of diiron dithiolate complexes is of interest to
many chemists for understanding [FeFe]-hydrogenases
([FeFe]-H»ases) and for developing cheap and efficient iron-
based dihydrogen production catalysts. Among the numerous
synthetic model complexes, the diiron dithiolate complexes
containing an internal base have drawn considerable attention
as an internal base may act as a proton relay to form a
proton-hydride intermediate.'™ This intermediate is an inevi-
table state in the processes of the proton reduction and the
dihydrogen oxidation via an ionic mechanism.

Spectroscopic evidence has proved that the protonation of the
bridging N atom of all-carbonyl diiron azadithiolate complexes
occurred rapidly,? and two N-protonated diiron complexes
were crystallographically characterized.>* The p-hydride diiron
complexes have been prepared from the protonation of the
diiron complexes containing strong electron donating ligands,
such as PR3,>' CN~,!"!" and N-heterocyclic carbene (NHC).!?
Although the [Fe(u-H)Fe'] species exhibit no inherent reactiv-
ity toward proton reduction, DFT studies on heterolytic H-H
formation/breaking at the diiron sub-cluster suggest that
[Fe'(u-H)Fe'"] species may act as an intermediate state in the
catalytic cycle of the H-cluster.'*'* A terminal hydride [FeFeH]
is proposed to be a major key intermediate in the H, activation
process at the H-cluster. The first terminal hydride model
complex was prepared indirectly by reduction of a diiron(ir)
complex.'> Some terminal hydride species, formed by protona-
tion of diiron complexes with L*L chelating ligands
(L'L = Ph,PCH,CH,PPh,,  cis-Ph,PCH—CHPPh,,
bis(N-heterocyclic carbene)), were identified by in situ NMR
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spectra at low temperature (—90 to —20 °C).'>!%!7 They quickly
transform to the thermodynamically stable p-hydride isomers
upon warming the solution.

In addition to single protonation, recently, the double proto-
nation of diiron azadithiolate complexes, both at the iron centre
and at the bridging N atom, have been spectroscopically char-
acterized.*”!7 There is only one report on the double proto-
nation at the iron centre and the o-donor ligand (CN7), resulting
in a rather unstable species.!! To the best of our knowledge, none
of the proton—hydride models of the H-cluster have been isolated
and crystallographically characterized so far. Here we report
the successful isolation and the crystal structure of a proton—
hydride diiron complex [(pu-H)(p-pdt){Fe(CO);}{Fe(CO)-
(*P,P'-PNPH)}|(OTf), ((1(HNHW](OTHA)y; pdt = propane-1,3-
dithiolate, PNP = Ph,PCH,N(n-Pr)CH,PPh,), as well as the
protonation process of [(p-pdt){Fe(CO);}{Fe(CO)(K>P,P'-
PNP)}] (1) in the presence of HOTT. The N-bridged diphosphine
ligand was chosen as it features chelating ability with a hydro-
philic and basic site deemed to be valuable for functional modes
of H = 2H" + 21820

Treatment of [(u-pdt)Fey(CO)g] with PNP ligand in reflux-
ing toluene afforded 1 as a brown solid in moderate yield (see
ESIt). Complex 1 was doubly protonated in diethyl ether
upon addition of 3 equiv. of HOTT. The proton-hydride diiron
complex [1(HyH,)](OTT), was obtained as a purple crystalline
solid in good yield after washing with diethyl ether and
recrystallized in hexane—CH,Cl,. Complex 1 is stable in the
solid state and in solution under an N, atmosphere, while its
doubly protonated species [1(HnH,)](OTY), is very sensitive to
moisture. Complexes 1 and [1(HyH,)](OTf), were character-
ized by IR, 'H and 3'P NMR spectroscopy, as well as by
elemental analysis and single crystal X-ray analysis.

The molecular structures of 1 and [1(HNH,)](OTY), are
given in Fig. 1 (Fig. S17).1 The asymmetric unit in the crystal
structure of [1(HxH)](OTY), is comprised of a molecule of
[1(HNH](OTH), and a molecule of H,O (Fig. S2 and Table S1
in ESIY). The butterfly framework of 1 and [I(HNHH)]2+ is
closely analogous to other previously reported Fe,S, com-
plexes.'® ' After protonation on the iron atoms, the Fe-Fe
distance is increased by 0.056 A and the coordination geome-
try around each iron atom changes from distorted square-
pyramidal in 1 to octahedral in [1(HNHH)]2+. The PNP ligand
chelates to the Fe(2) atom of 1 in a binding mode of the apical/
basal position, while the two phosphorus atoms in
[I(HNHH)]2+ are in an equatorial-chelating configuration.
The different coordination modes lead to the single bond
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Fig. 1 Molecular structures of 1 (left) and [I(HNHH)]2+ (right) as ball
and stick drawings. Selected distances (A) and angles (°) for 1: Fe—Fe,
2.5565(7); Fe-S, 2.2527(10)-2.2644(11); Fe-P, 2.1981(10)-2.2132(11);
Fe(1)-C, 1.786(5)-1.790(4); Fe(2)}-C, 1.747(4); N-C, 1.456(5)-1.465(5);
P(1)-Fe-P(2), 92.51(4); for [I(HNH“)]H: Fe-Fe, 2.6120(16); Fe-S,
2.2493(16)-2.2593(16); Fe-P, 2.2185(17)-2.2319(15); Fe-H, 1.65(4)-
1.70(3); Fe(1)-C, 1.799(6)-1.816(6); Fe(2)-C, 1.740(5); N-H, 0.90(3);
N-C, 1.485(5)-1.509(5); P(1)-Fe—P(2), 95.82(6); Fe(1)-H-Fe(2), 102.8.

rotation of the Fe(2)PCNCP cyclohexane ring. The Fe(2)
atom points down and the N atom is up in the chair con-
formation of 1, while a rotated chair conformation is observed
for [I(HNHH)]2+ with the hydrogen attached to the nitrogen
atom on the axial bond. The Hyn-H,, distance is 3.934 A in the
molecule of the doubly protonated species.

Complex 1 in CH,Cl, solution displays three (CO) bands at
2020, 1948, and 1894 cm ™' in the IR spectrum (Fig. S3(a)f).
Upon addition of 0.7 equiv. of HOTT to the solution of 1, two
new 1(CO) bands, shifted to higher energy as compared to the
first (CO) absorption of 1, are observed (Fig. S3(b)t). The shift
of 77 em™" for the band at 2097 cm ™" is identical with the typical
{(CO) band shift (ca. 70-100 cm™") for the formation of the
p-hydride diiron species from analogous diiron complexes,®”*~12
and the shift of 13 cm ™" for the band at 2033 cm™! is similar to
that reported for the N-protonated diiron complexes.'*¢ The
shifts of the (CO) bands suggests that the singly protonated
[1(H)]" and [1(Hn)]" might be concomitantly formed in the
solution. Upon addition of HOTf up to 3 equiv., the /(CO)
bands for 1, [I(Hu)]+ and [1(Hyn)]" disappear completely and
four new 1{CO) bands appear with a shift of 85 cm™" for the first
/(CO) band to higher frequency (Fig. S3(e)t), indicative of the
transformation of [1(H,)] " and [I(Hx)] " to [1(HNH,) "

The protonation process of 1 was also monitored by in situ "H
and *'P{"H} NMR spectroscopy. Complex 1 displays only one
3P signal at 6 = 52.5 (Fig. 2(a’)) in d¢-acetone, attributed to the
apical-basal isomer of 1 in light of the X-ray analysis of its single
crystal. As 1 equiv. of HOTT is added to the solution of 1, two
additional signals appear in the "H NMR spectrum (Fig. 2(b)).
The high-field triplet at 6 = —13.0 (Jy_p = 20 Hz) unambigu-
ously arises from the p-hydride diiron complex [1(H,)] " and the
low field broad signal at § = 8.6 from the proton on the nitrogen
atom (Hy) of [1(Hyn)]'.'®?° The corresponding *'P NMR
spectrum (Fig. 2(b")) displays three additional signals at 6 =
37.3, 57.7, and 58.4. The appearance or disappearance of *'P
signals at & = 57.7 and 58.4 is always simultaneous with the "H
signal at & = 8.6 and the other *'P signal at & = 37.3 is
accompanied, in every instance, by the 'H signal at 6 = —13.0.
Therefore, the *'P signals at = 57.7 and 58.4 are attributed to
the Hy-endo/exo isomers of [1(Hy)] ™ and the 3'P signal at & =
37.3 is assigned to the phosphorus atoms of the p-hydride
complex [I(Hu)]Jr. Upon addition of one more equiv. of HOTTY,
the signal at 6 = —13.0 for [I(H,)] " disappears, accompanied
with the appearance of a broad signal at 6 = —13.6 and a triplet
at —13.9 (Jy_p = 20 Hz, Fig. 2(c)). In addition to the two high-
field signals, there are also two additional broad signals at § =
8.6 and 10.1 in the low field of Fig. 2(c), attributed to the Hy
atoms of [1(Hy)] " and [1(HNHM)]2+, respectively. Similarly, the
signal at 6 = 37.3 disappears in the >'P NMR spectrum
(Fig. 2(c’)), accompanied with the appearance of two additional
signals at 0 = 45.1 (broad) and 46.2, while the intensities of the
signals at 6 = 57.7 and 58.4 do not show apparent changes. The
Fig. 2(c) and (¢’) can be explained by coexistence of
[1(HNH,)I*" and [1(Hy)] ", both of which exist as Hy-endo/exo
isomers.?® Further addition of HOTf up to 3 equiv. results in
immediate disappearance of the *'P signals at § = 57.7 and 58.4.
Only the signals ascribed to the doubly protonated species are
left in the "H and *'P NMR spectra (Fig. 2(d) and (d’) at 298 K).
At 218 K, two triplets in the high field for the H, and two
corresponding signals at 6 = 9.6 and 10.6 for the Hy appear in
the "H NMR spectrum (Fig. 2(¢)). According to the intensities of
the 'H and *'P signals, the 'H signals at 6 = —13.9 (H,) and
10.6 (Hy) match with the *'P signal at & = 46.2, which are
ascribed to the Hyn-endo isomer of [1(HNHH)]2+, and the 'H
signals of low intensity at § = —13.6 (H,), 9.6 (Hx), and the *'P
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Fig.2 Selected regions of the 'H and *'P{"H} NMR of 1 in d¢-acetone with (a, a’) +0 equiv., (b, b’) + 1 equiv., (c, ¢’) +2 equiv., (d, d’) + 3 equiv.

HOTTf at 298 K, and (e, €’) +3 equiv. HOTf at 218 K.
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Scheme 1 Protonation reactions of 1 with different amounts of
HOTT.

signal at 6 = 45.1 are assigned to the Hy-exo isomer. The ratio
of the Hy-endo/exo isomers of [l(HNHH)]ZJr is 3.8 in dg-acetone
at 298 K (Fig. 2(d)). It is a rational argument that the Hy-endo
isomer with the propyl group on the equatorial bond of the
Fe(2)PCNCP cyclohexane ring is more stable than the Hn-exo
isomer due to relief of the special congestion. In fact, the
Hy-endo isomer is found in the solid state of [I(HNHu)]H. The
parent complex 1 is recovered when 6 equiv. of aniline is added.

In terms of the in situ IR, 'H and *'P NMR spectra, it can be
concluded that in the presence of 1 equiv. of HOTS singly-
protonated species [I(HM)]+ and [1(Hn)]" are formed competi-
tively. Further protonation at the nitrogen atom of [l(HH)]+
preferred over that at the iron atoms of [I(Hy)]" (Scheme 1).
Double protonation of 1 in the presence of a slight excess of
HOTf and complete deprotonation of [I(HNHH)]2+ in the
presence of aniline are reversible, and the process occurs
quantitatively.

Electrochemical studies show that complex 1 displays an
irreversible reduction peak at —2.33 V vs. Fc¢/Fc© in dry
CH,Cl, (Fig. S4). Two additional reduction peaks, shifted
by 1.08 and 0.6 V, respectively, emerge in the cyclic voltam-
mogram upon addition of 1 equiv. of HOTf. According to
previous reports,>*>!! the peak at —1.28 V is attributed to
[1(H,)] " and the one at —1.73 V to [1(Hx)] . With successive
addition of HOTf up to 2.5 equiv., a new reduction peak
appears at —1.02 V with a dramatic anodic shift of 1.31 V as
compared to that for 1, which is a reflection of the double
protonation of 1.

In summary, a proton-hydride diiron dithiolate complex
containing an internal basic site in the diphosphine ligand has
been successfully isolated and crystallographically character-
ized. The pendant base in the phosphine ligand of 1 may play a
similar role to the proton-transfer relay as the bridging N in a
diiron azadithiolate complex does. The [1(HNHM)]2+ displays
a comparable anodic shift to the doubly-protonated diiron
azadithiolate complex. The H,,~ --Hy™" distance (3.934 A) in
the proton—hydride model [I(HNHM)]2+ is considerably re-
duced compared to that in the doubly protonated p-hydride
species of diiron azadithiolate complexes. Intermediates with
the proton and hydride close to each other are catalytically
important for dihydrogen formation and uptake on transition
metal-based homogeneous catalysts via an ionic mechanism.

Further study on intra- and intermolecular hydride/proton
exchange will be made for [1(HNH,)](OTf),.
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