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ABSTRACT Biomimetic synthesis of the [FeFe]-hydrogenase active site draws considerable
attention of scientists for its amazing catalytic efficiency on reversible transition between proton
and hydrogen. Fex(CO);[pu-(SCH(CH2CH3)CH,S)](u-DPPM)(x!'-DPPM) (compound 1) which
replicated key structural aspects of the natural [FeFe]-hydrogenase was designed and
synthesized. 1 showed that the wavenumbers in IR were close to those of the natural [FeFe]-
hydrogenase active site. In addition, 1 achieved the low oxidation potentials at -0.48 V and -0.26
V, respectively. In the assistance of ethyl located in the S-S bridging structure, the asymmetrical
substitution with sterically encumbering and electron-rich ligands in 1 may offer a thorough

protection for forming and stabilizing the open site in the rotated structure.
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INTRODUCTION

With an increasing concern of global energy crisis and the damage to the environment, it is an
urgency to find the non-fossil energy resources which can support the sustainable development
of human society. Hydrogen production is one of most promising technologies since hydrogen is
a high effective and green energy carrier. Scientists achieved lots of progresses on science and
technology inspired by the Nature. Hydrogenases, the enzymes which can be found in the
anaerobic microorganism, can reversibly catalyze the transition between proton and hydrogen
molecule with amazing efficiency.! After determination of the crystal structure of [FeFe]-
hydrogenase two decades ago,*¢ chemists put a lot of efforts on trying to biomimetic synthesize
the [FeFe]-hydrogenase active site for it may offer a promising solution to generating hydrogen

and show a potential to apply in hydrogen fuel cells.”

Natural [FeFe]-hydrogenases active sites have common features including three CO, three
electron-rich ligands and a dithiolate that bridges di-iron (Scheme 1). Numerous organometallic
complexes which can be expressed as Fex(CO)xLsx(n-SXS) (X=R, N or O) were synthesized to
explore the possibilities to simulate the structural and/or functional features of [FeFe]l-
hydrogenase.”!* However, the complicated biological groups and steric inhibition in the natural
[FeFe]-hydrogenase make it a challenge for researchers to reproduce. What’s more, the
sensitivity to oxygen and various other factors render it more difficult to study the model
compound of [FeFe]-hydrogenase active site. So far, model compounds which could achieve the

structure with three electron-rich substitution ligands, three CO and the spectroscopic



resemblance to active site of the natural [FeFe]-hydrogenase have been rare [!4!5], Therefore, it
remains a salient goal for researchers to synthesize the appropriate structure in the Fe'Fe' redox
level, a cornerstone for further study of the mechanism of hydrogen production and oxidation

process.

The pioneers in this area, such as Darensbourg’s group, Rauchfuss’s group and Pickett’s

group, have given guidance for the synthesis of the appropriate Fe'Fe! precursors: 1) Asymmetric
coordination of two Fe' centres to allow different valent state in the redox process, 2) Good
electron-donating ligands and 3) Sterically encumbering ligands to stabilize the Fe" and protect
the open site formed when one Fe is inverted with respect to the other, which is also known as
“rotated state”. In rotated state, a semi-bridging carbonyl is located between two Fe centres and
open site could bond with proton, Hy or CO.!*!® Generally speaking, there are two methods to
achieve above restricted conditions: The first is using p12-SRS or (u-SR)2 bridging structure with
bulk effect;'®!” Second, asymmetrically substituting CO with appropriate steric hindrance
ligand(s). In consideration of benign electron-donating performance, flexible substitution
methods and selectable bulk structures, phosphorus ligands were extensively employed as
substitution group in the model compounds of [FeFe]-hydrogenase.?’?! Taking a classic model
compound as an example, (p-dmpdt)[Fe(CO)PMes]> (dmpdt = 2,2-dimethyl-1,3-
propanedithiolate) was given by Darensbourg’s group and the study showed that the formation of
open site was oriented by the twisting direction of dimethyl seated on the dithiolate bridging

structure while PMe;3 groups were in the symmetrical position on the each side of Fe center.??

In this work, we designed and prepared Fe>(CO)s[u-(SCH(CH2CH3)CH,S)](u-DPPM)(x!-
DPPM) {1, DPPM= bis-(diphenylphosphino) methane} with three CO and a dithiolate bridging

structure, which showed a similar secondary coordination structure with the natural [FeFe]-



hydrogenase active site. More importantly, 1 met all the aforementioned three requirements
(Scheme 1). 1 showed low wavenumbers in IR which were closer to the natural [FeFe]-
hydrogenase. The oxidation potential of 1 showed in CV test also indicated its resemblance to
the electronic feature of [FeFe]-hydrogenase. In addition, the substitution ligands DPPM in 1 had
great steric hindrance (molecular weight 1085 with 8 benzene rings), making it a potential
candidate for further study on the mechanism of hydrogen production and oxidation 24, As a
comparative compound, Fex(CO)s[u-(SCH(CH2CH3)CH»S)] (x'-DPPM) (2) was also studied by
IR, UV-vis, X-ray single crystal diffraction and CV to elucidate the effects of u-DPPM ligand on
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Scheme 1. The rotated structure of active site of [FeFe]-hydrogenase (left) and the present compound 1 (right)

RESULTS AND DISCUSSION

Structure analysis

IR results of 1-3 (3, Fex(CO)s[u-(SCH(CH2CH3)CH2S)]) in v(CO) region were depicted in
Figure 1. Overall, compared with 3, the wavenumbers of 1 and 2 were all shifted to the lower
position. Meanwhile, the wavenumbers of 1 were much lower than those of 2. To be specific, the

highest absorption peaks of 1 (1959(s)) and 2 (2044(s)) shifted to lower wavenumbers by 114



cm! and 29 cm! in comparison with 2073 cm!

of 3, respectively. Moreover, for the lowest
absorption peaks, there were 120 cm™ and 62 cm™ negative-shifts in 1 and 2 compared with the
corresponding peak of 3, respectively. The lower wavenumbers in IR of 1 were due to the
enhanced electron density around Fe' centers by u-DPPM. On the other hand, the similar
substitution method to the natural [FeFe]-hydrogenase active site made 1 an achievement of a
closer replication of IR features of natural [FeFe]-hydrogenase (1967(w), 1943(s), 1907(m),

1877(m)), which indicated a step forward to simulate the structure of [FeFe]-hydrogenase active

site. %
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Figure 1. The IR spectra of 1-3 in CH,Cl,

To further investigate the influence of the p-DPPM ligand on spectroscopic effect, UV-vis

of 1-3 in CH2Cly/ n-hexane (v/v, 2:8) were measured (Figure 2). Each compound showed two



main characteristic peaks in UV-vis. The absorption peaks around 235 nm of 1 and 2 were
assigned as the sum of K band of m-mn* transition in benzene rings and n-6* transition in
auxochrome SRS group. The absorption peaks in 320-390 nm were assigned as n-nt* transition in
CO group. Because of the coordination of more PPh units to Fe centres, which increases the
electron density around Fe and also introduces the changes of electron environment to CO and
other ligands, the wavelengths of 1 were red-shifted compared with 2 and 3, which was a mirror
to reflect IR analysis. The variation of absorption intensity in 320-390 nm may be caused by the
steric hindrance effect. 1 and 2 were able to absorb visible light to some extent and there was no

absorbance in the range from 600 nm to 800 nm in all four tested compounds (1-3 and DPPM).

1.4 4 237

Absorbance/a.u.

T T T T T T T
200 300 400 500 600

Wavelength/nm

Figure 2. The UV-vis spectra of 1-3 and DPPM

Single crystals of 1 and 2 were obtained by slow evaporation at 0 °C from CH>Cly/n-hexane

solution. Crystal data and structure refinement of 1 and 2 were listed in Table S1. Molecular



structures of 1 and 2 were exhibited in Figure 3.%¢ u-DPPM and k!-DPPM mimicked CN" and
[4Fe-4S] cluster in 1, respectively. To fully expand the ligands and reduce steric hindrance, the
Fe-Fe distance of 1 (2.51 (9) A) was slightly longer than that in 2 (2.50 (9) A), so did the average
distances of Fe-S, which is 2.26 A compared to 2.25 A. The average bond angle centred on Fe in
basal position of 1 (97.5 deg.) was 3.0 deg. smaller than that of 2 (100.5 deg.), which leaving
C(2) and P(3) in axial position more space to expand. As we can see, the bond angles of C(2)-
Fe(1)-Fe(2) [157.4 (16) deg.] and P(3)-Fe(2)-Fe(1) [156.7 (5) deg.] in 1 were approximately 6
deg. greater than that of C(1)-Fe(1)-Fe(2) [150.8 (15) deg.] and P(1)- Fe(2)-Fe(1) [151.6 (4)
deg.] in corresponding positions of 2, respectively. In addition, the Fe-P (u-DPPM) distance

(average 2.20 A) in 1 was shorter than Fe-P (k-DPPM) (2.22 A).

Figure 3. Molecular structures of 1 and 2. Selected bond lengths [A] and angles [deg] for 1: Fe(1)-C(1)
1.77(6), Fe(1)-C(2) 1.78(7), Fe(1)-P(1) 2.20 (18), Fe(1)-Fe(2) 2.51 (11), Fe(2)-C(3) 1.75(6), Fe(2)-P(2) 2.20
(17), Fe(2)-P(3) 2.22 (15), C(1)-Fe(1)-Fe(2) 97.9 (19), C(2)-Fe(1)-Fe(2) 157.4 (2), P(1)-Fe(1)-Fe(2) 96.9 (6),
C(3)-Fe(2)-Fe(1) 98.5 (18), P(2)-Fe(2)-Fe(1) 96.7 (5), P(3)-Fe(2)-Fe(1) 156.7 (6). Selected bond lengths [A]
and angles [deg] for 2: Fe(1)-C(3) 1.78 (6), Fe(1)-C(1) 1.79 (5), Fe(1)-C(2) 1.80 (7), Fe(1)-Fe(2) 2.50 (9),
Fe(2)-C(4) 1.77 (4), Fe(2)-C(5) 1.77 (5), Fe(2)-P(1) 2.22 (11), C(3)-Fe(1)-Fe(2) 102.3 (16), C(1)-Fe(1)-Fe(2)
150.8 (15), C(2)-Fe(1)-Fe(2) 97.9 (16), C(4)-Fe(2)-Fe(1) 96.4 (12), C(5)-Fe(2)-Fe(1) 105.6 (13), P(1)-Fe(2)-

Fe(1) 151.6 (4)



During the process of hydrogen evolution as well as its oxidation, the key is the formation
of the open site on Fe center where H" or Hz can bond. Basing on experimental results and DFT
calculations,???’?® the Fe center in the rotated structure of model compound of [FeFe]-
hydrogenase active site should be formed and stabilized under the protection of electron-rich
ligand(s) with bulk effect. In the proposed rotated structure of 1, as shown in Figure 4, the open
site could be formed on the side of Fe(CO)(k'-DPPM) so that it can take the advantage of
protection from fully expanded benzene rings of PPh,, which looks like the butterfly with open
wings. The Fe center can be stabilized under “the wings of butterfly” where located more electron
donating ligands with bulk effect. Furthermore, ethyl located in the S-S bridging moiety can also
make a contribution to stabilize the rotated structure by increasing the steric effect to some
extent. A shelter formed under the guard of PPh> and ethyl offers a good protection for the open

site.

Figure 4. Proposed rotated structure of 1. PPh, groups and ethyl located in the S-S bridging moiety can protect

the open site which is shown as a blue circle.

Electrochemical properties



The cyclic voltammograms (CVs) of 1 were conducted under N> and CO, respectively. Figure 5a
showed that a new peak appeared at -0.45 V when CV test carried out under CO atmosphere. In
the meantime, the reduction part experienced a shift towards positive direction. The variation of
CV conducted under different atmosphere indicated that p-DPPM did not inhibit the formation of
open site which showed in the Figure 4. The specific mechanism of the difference performance
of CV test under CO atmosphere comparing with N, atmosphere was shown in Figure 5b.2%%
The rotated state of 1 formed under CO atmosphere allowed the occupation of CO at the open
site, which made a contribution to the stability of Fe'Fe!' so that we can observe the peak located
at -0.45 V.3%3! Reorganisation of steric arrangements and electronic effect may slightly reduce
the electron density around Fe centres, so that the reduction peaks of 1 went through a positive
shift by 0.06 V and 0.09 V, respectively. The same phenomenon can be observed when CV was
conducted in CH>Cl> solution. While in N> atmosphere without CO occupying the open site, the
oxidation process went through two-electron transition. assistance of ethyl located in the S-S

bridging moiety may also stabilize the oxidation state of 1. Figure S1 showed CVs of 2 in

different atmosphere.

In the CV of 1, AE,! (E12'=-0.48 V) and AE,? (Ei»>=-0.26 V) were all approximately 60
mV, respectively, which suggested that the two oxidation events were reversible.>’> The CV of 2
did not show the reversible oxidation characteristic of 1 (Fig. S1), which indicates the striking
significance of the bridging ligand p-DPPM. The irreversible reduction peaks of 1 were at -2.28
V and -2.43 V, compared with reduction peaks at -1.94 V and -2.31 V of 2. The distinction
between 1 and 2 in the reduction potentials was also an echo of the IR and UV-vis that 1 was

more electron-rich, leading to more negative reductive potential.
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Figure 5. Comparisons of CVs of 1 at 50 mV/s (a) and proposed mechanism of 1 oxidation under CO and

Na(b).

Because of hard-to-reach conditions for synthesis of the appropriate Fe'Fe' precursors which
can serve in mechanism study, so far, the reported complexes which can meet aforementioned
requirements have been rare. Table 1 listed structures, IR and oxidation potential data of the
classic mixed valence models of [FeFe]-hydrogenase active site. In the structure of natural
[FeFe]-hydrogenase, there are three CO and three substituent groups, which is the first challenge
to mimic due to prominent steric effect. On the other hand, favorable electronic effect offered by
u-DPPM and «!'-DPPM made v(CO) in IR of 1 show most similarities to natural [FeFe]-
hydrogenase. One step further, oxidation potentials of 1 in CV test were also competitive

compared with compounds listed. Above all, 1 showed a good potential to serve as a model of
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[FeFe]-hydrogenase active site not only in the structural feature but also in the spectroscopic as

well as electronic aspects.

Table 1. Comparisons of models of [FeFe]-hydrogenase active site for mixed valence study

Compounds IR v(CO)/cm? Oxidation potential/V Ref.
(vs Fc*/Fc)
CaHydF 1967(w), 1943(s), 1907(m), -0.45 25, 33
Reduced with 1877(m)
dithionite
o 1943, 1892 14

1972 (s), 1933 (vs), 1897 (s),  -0.47 (Fe'Fe' / Fe'Fe') 34
1882 (sh) 0.14 (Fe'Fe''/Fe''Fe')
m J 1888(s), 1868(s) -0.17 (Fe'Fe' / Fe'Fe') 35
= 0.60 (Fe'Fe'!/Fe''Fe'")

2022(w), 1958(s), 1945(m), 15
1907 (s), 1897(s), 1881 (m)

1986(s), 1949(vs), 0.05 (Fe centers) 36

1918(s), 1896(w) 0.685 (ferrocene moiety)

1959(s), 1901(s), 1870(w) -0.48 (Fe'Fe' / Fe'Fe") Our
-0.26 (Fe'Fe''/Fe''Fe'") work

IR of models were in the CH,Cl; solution. CVs were conducted in the CH3CN.

CONCLUSIONS

In summary, Fex(CO);[p-(SCH(CH2CH3)CH:S)](u-DPPM)(x!-DPPM) (1) and its contrastive
compound Fe;(CO)s[u-(SCH(CH2CH3)CH,S)] (x'-DPPM) (2) were synthesized and fully
characterized by IR, UV and X-ray single crystal diffraction. Wavenumbers in IR and oxidation
potentials in CV of 1 were quite close to the natural [FeFe]-hydrogenase active site.
Asymmetrical substitution with bulk steric effect made 1 meet the key requirements to secondary

coordination structure of the natural [FeFe]-hydrogenase active site, which achieved a further
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progress on the structural simulation. With the shelter of the “butterfly shape” ligands (which
refers to PPhy) as well as assistance of ethyl located in the S-S bridging moiety, open site may
get better protection. In addition, 1 shows comparable structural, spectroscopic as well as
electronic features of [FeFe]-hydrogenase active site compared with the reported classic model
compounds. We cautiously draw a conclusion that 1 can be a good candidate for the further
study of [FeFe]-hydrogenase, which may give us a chance to further reveal the catalytic
mechanism of natural [FeFe]-hydrogenase. In the future work, we may focus on replacing inert
ligand with non-innocent ligand to mimic the [4Fe-4S] cluster of [FeFe]-hydrogenase active site

to try to get the model compound with more similar structure as well as better performance.
EXPERIMENTAL SECTION
General procedures

All synthetic operations were conducted under N> atmosphere using Schlenk line techniques. All

materials were available commercially and used as received.

The NMR spectra were recorded with a Bruker AVANCE III 400MHz NMR spectrometer.
The IR were measured on a Shimadzu FTIR- 8400 spectrometer. Heraeus CHN-Rapid was used
for elemental analysis. The UV-vis spectra were determined by the UV-vis diffuse reflectance
spectrum (UV-3600). X-ray single crystal diffraction data were recorded with a Rigaku MM-007
(rotating anode) diffractometer. Data were collected by using a graphite monochromator with
Mo-Ka radiation (A = 0.71073 A) in the w-¢ scanning mode. Data collection, reduction, and
absorption correction were performed by CRYSTALCLEAR. The structure was solved by direct

methods using SHELXS.
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Electrochemical studies were performed on a CHI760D electrochemical work station at
room temperature (25 °C) with a three-electrode system. A glassy carbon electrode (diameter 3
mm) was the working electrode, a saturated Ag/AgNOs electrode was the reference electrode,
and a platinum wire was the auxiliary electrode. The potentials were calibrated using ferrocene
as an internal standard substance. Controlled potential coulometry in CH3CN was conducted
using an air-tight glass double compartment cell. The working compartment was fitted with a
platinum plate electrode (1x1 cm) and an Ag/AgCl electrode. The auxiliary compartment was

fitted with a platinum wire electrode.

Synthesis of compound 1

u-(SCH(CH2CH3)CH2S)-Fe2(CO)s (400 mg, 1.0 mmol) and MesNO (75 mg, 1.0 mmol) were
dissolved in toluene (5 mL) and the solution was kept stirring at room temperature until its
colour turned brownish black. Then DPPM (769 mg, 2.0 mmol) was added to the solution. The
mixture was stirred for 5 h at 110 °C. Toluene was removed in vacuo. Separation and purification
of reaction products were conducted by a neutral alumina column and gradient eluted with
CHxCly/ n-hexane (0/10, 1/9, 2/8, v/v). The fourth band with red colour was gathered as target
substance which was air-stable. Yield: 342.9 mg (31.6%). IR (CH2Cl,, cm™!): v(CO) 1959(s),
1901(s), 1870(w). UV-Vis (CH,Cly/ n-hexane, v/v=2/8): Amax (€)=237 nm (g=11000 L*mol*cm"
1), 383 nm (e=4347 L*mol'*cm™); Elemental analysis (%) calculated for Cs7Hs»Fe2O3P4S:
(found): C 63.10 (62.91); H 4.80 (4.85); S 5.90 (5.83). *C NMR (100 MHz, CDCls): & 133.77 (s,
Ph), 133.67 (s, Ph), 133.00-132.38 (m, Ph), 132.25-132.05 (m, Ph), 131.86 (s, Ph), 131.76 (s,
Ph), 131.05-130.75 (m, Ph), 129.20-128.69 (m, Ph), 128.30-127.93 (m, Ph), 127.64-126.93 (m,
Ph), 61.33 (s, CH2(S)CH(S)CH2CH3), 54.75-54.58 (m, CH2(S)CH(S)CH>CHz3), 53.43 (s,

CH2(S)CH(S)CH2CH3), 29.42-29.32 (m, PCP), 14.07 (s, CH2(S)CH(S)CH2CH3). 3'P NMR (162

13



MHz, CDCL): § 57.35-56.62 (m, 1P), 54.42-53.94 (m, 1P), -26.58-(-26.97) (m, 1P), -49.99 (s,
1P). 'H NMR (400 MHz, CDCL): & 7.59-7.02 (m, Ph), 6.96 (t, J=8.4 Hz, Ph), 6.78 (t, ]=6.4 Hz,
Ph), 5.33 (s, H-P), 4.09 (q, J=10.8, 6.4 Hz), 3.39 (q, J=12.8, 11.2 Hz, CHx(S)CH(S)CH,CH),
3.03 (d, J=15.6 Hz, CHy(S)CH(S)CH2CHs), 2.51-2.40 (m, CHy(S)CH(S)CH,CHs), 1.66-1.52 (m,

PCH-P), 1.45-1.28 (m, PCH-P), 0.81 (t, J=6.8 Hz, CH2(S)CH(S)CH2CH5).
Synthesis of compound 2

The procedure used to prepare compound 2 was similar with the operations above except that
DPPM (384 mg, 1.0 mmol) was employed and the second band eluted in the neutral alumina
column was collected. Yield: 288.8 mg (38.2%). IR (CH2Clz, cm™): v(CO) 2044(s), 1980(s),
1958(w), 1928(w). UV-Vis (CH2Cl/ n-hexane, v/v=2/8): Amax (€)=235 nm (=7189 L*mol *cm"
), 352 nm (e=2563 L*mol'*cm™); Elemental analysis (%) calculated for C3sH3oFe;OsP2S;
(found): C 53.97 (54.06); H 3.97 (3.90); S 8.46 (8.33). '*C NMR (100 MHz, CDCl3): § 215.32,
(m, CO), 210.43 (m, CO), 133.30-132.16 (m, C, Ph), 130.21 (d, J=2.0 Hz, 2C, Ph), 130.06 (d,
J=1.9 Hz, 2C, Ph), 128.72-125.09 (m, C, Ph), 54.43 (d, J=3 Hz, CH2(S)CH(S)CH2CH3), 40.84
(d, J=2.5 Hz, CH2(S)CH(S)CH2CH3), 29.67 (s, 2C, CH2(S)CH(S)CH>CH; and PCP), 14.04 (s,
CH2(S)CH(S)CH,CH3). *'P NMR (162 MHz, CD2Cl): § 55.49-54.57 (m), -25.50- (-26.32) (m).
'H NMR (400 MHz, CDCls): & 7.61 (dq, J=25.6, 15.2, 2.8 Hz, Ph), 7.36-7.18 (m, Ph), 3.30 (dd,
J=8.4, 2.0 Hz, CH2(S)CH(S)CH2CH3), 1.70 (d, J=2 Hz, CH>(S)CH(S)CH2CHj3), 1.36 (hex,
J=15.6, 8.4, 7.6 Hz, CH2(S)CH(S)CH>CH3), 0.93 (J=13.2, 6.4 Hz, PCH>P), 0.82 (t, J=7.2 Hz,

CH2(S)CH(S)CH.CH5).
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