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Pyridyl- and Pyrimidyl-Phosphine-Substituted [FeFe]-
Hydrogenase Mimics. Synthesis, Charaterization and

Properties
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Chang-Neng Chen*?

& State Key Laboratory of Structural Chemistry, &njinstitute of Research on the Structure of
Matter, Chinese Academy of Sciences, Fuzhou 350B0R, China®University of Chinese

Academy of Sciences, Beijing, 100039, P. R. China

Highlight: 1) Pyrimidyl-diphosphinesubstituted [F£5;] mimics have been firstly
synthesized. 2Yhe pyrimidyl-diphosphine ligand PNNP can affeat fieatures of LUMOs

when both of the P atoms are coordinated tgffeinits.

Abstract: Two tetranuclear iron-sulfur complexes {fpdt)Fe(CO)X](PNP) @) and [{-

pdt)Fe(CO)|,(PNNP) @)} and three dinuclear ones {{{pdt)Fe(CO)])(PNP) @), [(u-
pdt)Fe(CO)](PNNP) 6) and [(-pdt)Fe(CO)](PNN) (6)} were synthesizedusing two new

pyrimidyl-phosphine ligands PNNP [4,6-bis(dipherhydgphino) pyrimidine] and PNN (4-
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tertiary butyl-6-diphenylphosphino pyrimidine) taher with the reported pyridyl-phosphine
PNP [bis(diphenylphosphino)pyridine] as substitsemd react with Fgu-pdt)(CO%. The
molecular structures &, 3 and6 were confirmed by single-crystal X-ray analysebjol show
that all phospine ligands occupy the apical pas#jowvhile the space group 8f(P21/n) is
different from that of2 (P-1). Cyclic voltammograms reveal that pyrimidyl-phbspe
substituted complexe8, 5 and 6 present two reduction waves in @H, solutions, while
pyridyl-phosphine substituted2 and 4 show only one. The DFT computational studies
demonstrate that the contributions to the LUM@@fre comparable from the twoJSg centers

and ligated PNNP ligand, which is different fronosle of other [F£5,] mimics in this work.

Graphical abstract
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complexes.

1. Introduction

Over the past decade, intense work has been donegaat developing effective bioinspired

complexes of the active site of [FeFe]-hydrogeniseH, generation.[1-2] In the known
2



synthetic models, electron-donating phosphine tigamve been widely used by the replacement
of carbonyl ligands to mimic the CMgation on the Fe sites in order to prepare mdéable
diiron models and avoid polymerization of the diranits.[3-7] Among the phosphine ligands,
bisphosphine are capable of giving several cootdinanodes of substituted diiorn complexes,
such as bridging-form symmetric and chelating-faaymmetric isomers as well as pendant-
form and bridging-form intermolecular modes, whidapend on the nature of the bidentate
phosphines and reaction conditions.[8-9] Many #sidiave been carried out on the asymmetry
of the diiron centre, or mixed valence Fe(l)-Fef@i$semblies about the bisphosphine-substituted
FeS, derivatives.[10-11] The bisphosphine used in th&seies are mainly the flexible ones,
such as dppm (bis(diphenylphosphino)methane) ame dp,2-bis(diphenylphosphino)ethane).
By comparison, rigid bidentate phosphine ligands lass employed.[12-13] In addition, the
introduction of a rigid and conjugate disulfide duie¢ to the diiron complexes makes the
electrochemical properties different from that witexible bridges.[14-17] Keeping these in

mind, we aim to explore [8,] complexes using rigid bisphospine ligands asdga#d

Bis(diphenylphosphino)pyridine (PNP) is widely usad preparing homonuclear or
heteronuclear metal complexes due to the presdniveoadifferent coordination sites, N and P
atoms.[18-19] It is appealing to us that the bagiomgen atom may act as a proton relay and the
diphosphine-pyridine may result in different prdpes from other pyridy-phophine ligands,
which contain only one P atom.[20-21] Here we d4elRidP as a bridge to link & centers to
study the influence of aromatic ring on the multlear iron-sulfur complexes. Moreover,
complexes containing pyrimidyl-phosphine are rasenpared with pyridyl-phosphine ligands.
For the stronger electron-withdrawing inductive atwhjugative effects of the N atoms in

pyrimidine than that in pyridine,[22] pyrimidyl-pBphine may exhibit different properties in



iron-sulfur complexes. Thus, we designed and swikd two new pyrimidyl-phosphine ligands,
PNNP (4, 6-bis(diphenylphosphino) pyrimidine) andNNP (4-tertiary butyl -6-
diphenylphosphino pyrimidine). Using the three abtigands as substituents, two tetranuclear
iron-sulfur complexes [(pdt)Fe(CO)X]2(PNP) @) and [w-pdt)Fe(CO)](PNNP) @) and three
dinuclear ones [(-pdt)Fe(COX](PNP) @), [(u-pdt)Fe(COX](PNNP) &) and [{u-
pdt)Fe(CO)](PNN) (6) were obtained. The preparations and charactenmadf complexeg-6,
and the molecular structures 2f3 and6 are presented. We mainly focus on the discussion o
the properties 02, 3 and6 in this work. Importantly, the DFT computation&lidies of2-6 show

the differences between compl8xand other four complexes on the components of cntde

orbitals (MOs).

2 Experimental

2.1 Materials

All reactions and operations were performed undgrodygen-free nitrogen atmosphere with
standard Schlenk techniques. Solvents used weed dnd distilled according to the standard
methods. F£p-pdt)(CO),[23] and 2,6-bis(diphenylphosphino)pyridine (PNP)9] were
prepared according to literature procedures aneratiaterials were obtained commercially and
used without further purification. Infrared spectvare obtained on a Perkin—Elmer Spectrum
One FTIR spectrometer with KBr pellets. NMR speetexe carried out on a Bruker Avance Il
(400 MHz) spectrometer. Elemental analyses wererdecd on a Perkin—Elmer model 240 C
elemental analyzer. Electrospray ionization massctspmetry was performed on a Finnigan

LCQ mass spectrometer.

2.2 Electrochemistry



The cyclic voltammograms (CV) were carried out gsim CH instruments Model 630A
Electrochemical Workstation in GBI, or CHCIl,/DMF mixed solutions containing 0.1 M
(BusN)PF; as the supporting electrolyte. All electrochemicedasurements were performed at a
scan rate of 100 mV+sin the cathodic direction in a three-electrodd uabler Ar atmosphere.
The potential was measured against a referencéradecAg/AgCl, a 3 mm diameter glassy
carbon working electrode and a platinum countectedde with the ferrocenium/ferrocene
(FC'/Fc) as an internal reference and all potentiahénpresent work are referred to thé/Fc

potential.
2.3. X-ray crystallography

Single-crystal X-ray diffraction data of complex8sand 6 were measured on a Saturn70
diffractometer equipped with a graphite-monochradatlo K, radiation §= 0.71073 A) at the
temperature of 293 K and the data3ofvas collected on a SuperNova, Dual, Mg rediation,
Atlas diffractiometer at 293 K. Data collectionfinement and reduction were performed by
CRYSTALCLEAR program.[24] The structures were sdh\®y direct methods with SHELXS-
97[25] and refined by full-matrix least-squares oels using the SHELXTL-97 program
package onF? Detailed crystallographic data and structuralinerhents information are

summarized in Table 1.

Table 1 Crystal data and structure refinement detail€fonplexe, 3 and6.

Complexes 2 3:2H0 6-HO

Molecule formula F£5/C45H35NO1 0P FeSiCaaHasN2010P2  F&S,CogH29N206P
Formula weight 1163.32 1200.35 696.32

T (K) 293(2) 293(2) 293(2)

Crystal system Triclinic monoclinic Triclinic



Space group

a (A

b (A)

c (A)

a (%)

B

v (°)

Vv (A%

Z

Dcalc (gcm®)

R1% wR2 (1 > 25(1))
R1% wR2 (all data)
GOF on F

P-1
9.141(2)
10.283(2)
27.772(7)
95.684(9)
92.450(7)
108.656(7)
2439.6(9)
2
1.584
0.0531/0.1423
0.0850/0.1780
1.063

P21/n
11.3590(5)
25.8540(12)
18.9642(8)

90
92.046(4)
90
5565.8(4)

4
1.428
0.0441/0.1387

0.0529/0.1484
1.092

P-1
9.210(10)
10.936(12)
18.68(2)

74.39(5)
77.10(5)
73.15(5)
1713(3)

2

1.340
0.0719/0.2121
0.1027/m024
0.942

*R1=Y|Fo| — FlliZIFol. "WR2(Fo?) = [EW(Fo” — FO)TEW(FS) ™.

2.4. Theoretical calculations

In order to get an insight into the electronic mxies of the investigated complex2$, the

calculations were implemented by using GaussianpfBi®yram package.[26] The density

functional theory (DFT) with the hybrid Becke thyearameter Lee-Yang-Parr (B3LYP)

functional[27-28] was firstly employed for the aptzation of the geometrical structures in

vacuum. The initial structures df, 3 and 6 were extracted from the crystallographically

determined geometries, add and5 were cut out fron2 and 3, respectively. The optimized

structures of complexe®-6 and the protonated2-Hy], [3-2Hn] and [6-2H\] are shown in

Figure S1 in the Supporting Information. During tbptimization processes, the convergent

values of maximum force, root-mean-square (RMSgdpmaximum displacement, and RMS

displacement were set by default. To preciselyrilgsthe electronic properties, the single-point
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DFT calculations were performed based on the opéthistructures by considering the solvent
effects of dichloromethane solutions in the helgafductor-like polarizable continuum model
method (CPCM).[29-30] All of the calculations weneplemented at the 6-31G* basis set level.
Visualization of the optimized structures and frentmolecular orbitals were performed by
GaussView. Ros & Schuit method (C-squared populatmalysis method, SCPA)[31] is

supported to partition orbital composition analysysusing Multiwfn 2.4 program.[32]
2.5 Synthesis
2.5.1. Synthesis of 4, 6-bis(di phenyl phosphino)pyrimidine (PNNP)

Compound diphenyphosphine gPi) (2.0mL, 11mmol) in dry tetrahydrofuran (THFP(&1L)
was added to the THF solution containing exceblaiht (0.152 g, 20mmol) in ice bath. Then the
mixture was warmed to the room temperature andxedfl for 2 hours. After cooling down, the
red solution was added dropwise to the solutiod,6fdichloropyrimidine (0.9 g, 5 mmol) in

THF (10 mL) at 0°C. The new pale yellow mixture was then stirred @@ until the reaction

was completely finished. Saturated MNH solution was added after the solvent was evapdra
The aqueous phase was extracted with dichloromet0 mL) and the organic phase was
dried with anhydrous N&QO, overnight. After solvent was removed, the crudedpct was
purified by chromatography on silica gel (100-20@)h dichloromethane/petroleum (3:1 v/v)
and dichloromethane as gradient eluent to givefawtite solid. The yield was 1.42 g (63.1%).
Anal. Calcd. for GgH2oNoP,: C, 74.99%; H, 4.94%; N, 6.25%. Found: C, 75.06%04.82%; N,
6.17%. ESI-MS calculated for,gH2,,N2P,, found [M+H]: 449.6."H NMR (400 MHz, DMSO):

§9.16 (s, 1H), 7.42 — 7.27 (m, 20H), 6.60 (s, T).NMR (162MHz, DMSO)5 -4.45 (s).

2.5.2. Synthesis of 4-tertiary butyl-6-diphenyl phosphino pyrimidine (PNN)



A solution of tert-BuLi in hexane (2.5M, 6.0 mL) walropwised slowly to the solution of

PhPH (10 mmol, 1.8 mL) in tetrahydrofuran (30 mL)-&B ‘C. The resulting mixture was
stirred for one hour and warmed slowly td(Q Then the red solution was transferred dropwise

to the THF solution of 4,6-dichloropyrimidine (16 10 mmol). After stirring for one hour at
this temperature, the mixture was warmed to themréemperature for another 5 hours. The
solvent was removed in vacuum and saturated@lolution was added. The aqueous phase
was extracted with dichloromethane (3*40 mL) angl dihganic phase was dried with anhydrous
NaSO, overnight. After solvent was removed, the crudeodpct was purified by
chromatography on silica gel (100-200) with dicbloethane/petroleum (3:2 v/v) and
dichloromethane as gradient eluent to give off-eslptoducts PNN and PNNP. The yields of
them were 1.10 g (34.4%) and 1.17 g (52%), respdgti Anal. Calcd for GeH2iN2P: C,
74.98%; H, 6.61%; N, 8.74%. Found: C, 74.85%; HO®&0; N, 8.68%. ESI-MS calculated for
CooHa1NoP, found [M+HT: 321.2.'H NMR (400 MHz, DMSO)3 8.89 (s, 1H), 7.37 — 7.24 (m,

10H), 7.19 (s, 1H), 3.42 (s, 9H}P NMR (162 MHz, DMSO} -3.06 (s).
2.5.3. Synthesis of [ (u-pdt)Fex(CO)s] A(PNP) (2)

A solution of Fe(u-pdt)(CO} (0.780 g, 2 mmol) and MRO-2H0 (0.244 g, 2.2 mmol) in 20
ml acetonitrile was stirred for 15 min at room tergiure. Then the ligand
bis(diphenylphosphino)pyridine (0.449 g, 1mmol) wadded and the reaction mixture was
stirred for 12 hours at room temperature. The tedusolution was evaporated under reduced
pressure. The residue was purified by chromatograph silica gel (100-200) with
dichloromethane/petroleum (3:2 v/v) as eluent tee @ red solid. The yield was 0.806 g (69.3%).
The crystals o suitable for X-ray crystallography study were growpon slow diffusion of

hexane into a dichloromethane solution containiigat 4 C . Anal. Calcd. for

8



FexS4CysH3sNO1oP2: C, 46.46%; H, 3.03%; N, 1.20%. Found: C, 46.58%63.27%; N, 1.14%.
ESI-MS calculated for B84CssHssNO1oP,, found [M]: 1163.8. IR (KBr, cil): v(CO) 2043,
1978, 1932H NMR (400 MHz, DMSO):3 8.12 (s, 1H), 7.81 (s, 2H), 7.63 — 7.29 (m, 20H),

1.77 — 1.64 (m, 4H), 1.26 (s, 6H), 1.05 (s, 2. NMR (162MHz, DMSO0)5 66.84 (s).
2.5.4. Synthesis of [ (u-pdt)Fex(CO)s] o(PNNP) (3)

The product was synthesized in the similar way,aexcept that the ligand PNNP (0.449 g,
1mmol) was added instead of PNRe crude product was purified by column chromapby
on silica gel (100-200) with dichloromethane/pedtoh (1:1 v/ivias eluent to give8 as a red
solid. The yield was 0.838 g (72%iffusion of hexane into the dichloromethane saluti
containing3 at 4 C gavethe crystals suitable for X-ray crystallographydstuAnal. Calcd. for
Fe,SyCaqH34N2010P,: C, 45.39%; H, 2.94%; N, 2.41%. Found: C, 45.78%3.12%; N, 2.64%.
ESI-MS calculated for B8,CssH3aN,010P,, found [M]: 1164.2. IR (KBr, cfi): v(CO) 2044,
1983, 1937'*H NMR (400 MHz, DMS0)3 9.66 (s, 1H), 7.68 — 7.61 (m, 8H), 7.53 (dg; 14.2,
7.1 Hz, 12H), 7.09 (s, 1H), 1.76 (d,= 10.3 Hz, 4H), 1.46 (s, 6H), 1.25 (s, 2k®. NMR

(162MHz, DMSO):5 67.48 (s).
2.5.5. [ (u-pdt)Fex(CO)s] (PNP) (4)

The product was obtained following the same syitlsttategy ag, except that one equivalent
Fe(u-pdt)(CO) (0.388 g, 1 mmol) was usedhe crude product was purified by column
chromatography on silica gel (100-200) with dicblmethane/petroleum (2:1 v/v) as eluent to
give 4 as the main product. The yield was 0.475 g (5%al. Calcd. for F&5,C37H20NOsP,: C,
55.18%; H, 3.63%; N, 1.74%. Found: C, 55.09%; H8%; N, 1.67%. ESI-MS calculated for
FeS,Ca7H29NOsP,, found [M]: 805.6. IR (KBr, ciif): v(CO) 2042, 1979, 1956, 193tH NMR

(400 MHz, DMSO0):5 8.12 (s, 1H), 7.82 (s, 2H), 7.59 @z 8.1 Hz, 4H), 7.48 (d] = 6.8 Hz,
9



6H), 7.39 (s, 4H), 7.35 — 7.30 (m, 8H), 1.70 (s),3H43 (d,J = 13.6 Hz, 2H), 1.24 (s, 1H'P

NMR (162 MHz, DMSO0)3 65.72 (s), -4.14 (s).
2.5.6. Synthesis of [ (u-pdt)Fex(CO)<] (PNNP) (5)

The product was obtained following the same syitlsttategy a8, except that one equivalent
Fe(u-pdt)(CO) (0.388 g, 1 mmol) was used. Red solid was obtaametithe yield was 0.492 g
(61%).Anal. Calcd for Fg5,C36H28N205P,: C, 53.62%; H, 3.59%; N, 3.47%. Found: C, 53.51%;
H, 3.74%; N, 3.38%. ESI-MS calculated for,8£3,H2gN,0OsP,, found [M]: 806.4. IR (KBr,
cn): v(CO) 2044, 1982, 1955, 193'H NMR (400 MHz, DMS0): 9.40 (s, 1H), 7.67 — 7.26
(m, 20H), 6.88 (s, 1H), 1.75 (d= 10.6 Hz, 3H), 1.46 (s, 2H), 1.24 (s, 1E}p NMR (162 MHz,

DMSO): 5 66.51 (s), -3.76 (S).
2.5.7. [ (u-pdt)Fex(CO)s] (PNN) (6)

A solution of Fe(u-pdt)(CO} (0.339 g, 1 mmol) and MRO-2H0 (0.122 g, 1.1 mmol) in 15
ml acetonitrile was stirred for 10 minutes at rotemperature. Then the ligand PNN (0.321 g,
1mmol) was added and the reaction mixture wasestifor 12 hours at room temperature. The
resulted solution was evaporated under reducedsymesThe resulted residue was purified by
chromatography on silica gel (100-200) with dicbloethane/petroleum (1:3 v/v) and
dichloromethane gradient eluent to gi#eas a red solid. The yield was 0.471 g (69.3%). The
crystals of6 suitable for X-ray crystallography study were groupon diffusion of diethyl ether
into a dichloromethane-methanol mixed solution aonbhg 6 at 4 'c. Anal. Calcd for
FeS,CagH27N20sP: C, 49.58%; H, 4.01%; N, 4.13%. Found: C, 49.52064.10%; N, 4.17%.
ESI-MS calculated foFeS,CagH27N20sP, found [M+H]: 679.7.IR (KBr, cni™): v(CO) 2049,

1980, 1954, 1932H NMR (400 MHz, DMSO)3 9.65 (s, 1H), 8.05 (d, J = 2.6 Hz, 1H), 7.85 —

10



7.78 (m, 4H), 7.63 (d, J = 5.7 Hz, 6H), 3.59 (s),9H86 — 1.77 (m, 2H), 1.48 — 1.35 (m, 3H),

1.17 (s, 1H)**P NMR (162MHz, DMS0)5 73.01 (s).
3 Resultsand discussions

3.1. Preparation and spectroscopic characterizati@omwiplexes

The new ligand 4,6-bis(diphenylphosphino)pyrimid{f®&NP) was obtained by the reaction of
4,6-dichloropyrimidine with two equivalent lithiurdiphenylphosphide (BRLi), which was
prepared by diphenylphosphine {PH) and lithium in dry, oxygen-free tetrahydrofuras
shown in Scheme 1. If one equivalentPH was added using Li as base, the resulting ptoduc

Q NN { @ PNNP
& ’ CI)‘\%CI ~ N
: %w Qéu,,

PNN
PNNP

Scheme 1 Synthetic routes for ligands PNNP and PNN. Reagand conditions: 1) THF, Li,

C; 2) THF, tert-BuLi, -78C.

was also the diphosphine ligand, PNNP, with uneshe,6-dichloropyrimidine. Changing the
dropping order of the reactants or further lowetting ratio of PEPH to 4,6-dichloropyrimidine
did not change the final product and only PNNP wlatained rather than the wanted complex, of
which only one chlorine was substituted. Howeved,.5 equivalent tert-butyllithium based on
PhhPH was used as base with the equivalent startiagtaets, there were two products,
disubstituted phosphine compound (PNNP) and asyrioaly substituted 4-tertiary butyl-6-
diphenylphosphino pyrimidine (PNN). The final pratkl of the above reactions indicate that

complex 4,6-dichloropyrimidine has high reactivilmwd low selectivity of the two chlorine

11



atoms. Ligand 2,6-bis(diphenylphosphino)pyridineNF} was prepared on the improved
proceduresaccording to the literature through the reactior2@-dichloropyridine and lithium

diphenylphosphide, which was produced by chloroeipyh phosphine and lithium in dry THF
solution.[19] Besides, ligands PNNP and PNN ars fable than PNP, which brown slowly if

they are exposed to the air.

RT, MeCN
E—— ]
ON®aIl ‘NNd

oc. r\'-»

N P S
| ANz _co s
| . Fe——Fe? PNP, Me;NO S .S oNNP MeNO  Oe™ Fe\
©/ - 0CMy \ “co =———— oc__ LNy co PNNP, Me;NO OC Lo Sh&
oc co MeCN, RT For “Neer > 2
0 \

MeCN, RT

rv _
oc_ A\: €O | || oc co S.S Ph, Ph, n
ocw Fe—Fesp N PPh/,;e_“,;e\n::o oc._ /\F P P NG _co
oc co Phz o N co ocv, f T, . nocwFe—Fe
oc toCo N N co
2 3

Scheme 2 Synthetic routes for complex@s.

As shown in Scheme 2, the mono-substituted tettaauderivate® and3, were prepared via
the reaction of Fgu-pdt)(CO) (1) with decarbonylation agent MeO-2HO0 followed by
addition of 1/2 equivalent PNP and PNNP in MeCNugoh, respectively. In order to make a
comparison, the corresponding mono-substitutedatidan complexed and5 were synthesized,

when one equivalent PNP and PNNP were used, résglgctComplex6 was prepared in the

12



similar way as that fo4 or 5 but using one equivalent PNN as ligand. The cruddyrcts of2-6

were all purified by chromatography on silica ggd@-200) in good to moderate yields.

Complexes synthesized were all characterizedtbjNMR, *'P NMR, infrared spectroscopy
(IR), elemental analyses, ESI-MS spectrometry, sindlecrystal X-ray crystallography f@; 3
and6. Positive ion ESI-MS of the complexes showed threesponding molecular ion peaks as

the principal peaks.

The *'P NMR spectra oP, 3 and6 show one singlet ai = 66.84, 67.48 and 73.01 ppm,
respectively. The value & shifts to lower magnetic field by 0.64 ppm complweth that of2.
This indicates that ligand PNNP is a slightly weakkectron donor than PNP. For the poorer
electron-donating ability of PNN i@ than that of PNNP i8, there is also a 5.53 ppm shift®f
to lower magnetic field than that 8f In addition, the only on&P NMR signal observed in the
spectrum of2 or 3 suggests that the two P atoms in PNNP or PNP Hesvesame chemical
environment. There are twdP NMR peaks, 65.72 and -4.14 ppm4oand 66.51 and -3.76 ppm

for 5, respectively, corresponding to the ligated P a&mwh uncoordinated one in them.

The IR spectra a2-6 each displays four characteristic peaks in theoregf 1930-2049 cit,
corresponding to the carbonyl stretching pattemtéominally bonded CO groups. The IR data

of v(CO) of them, together with that of compouhdare listed in Table 2 for a clear comparison.

Table 2 Comparison of/(CO) bands ir2-6 with 1.

Complexes  v(CO) KBr/cmi* v1s(COY KBr/cm ™
1 2074, 2036, 1995 0

2 2041, 1977, 1985, 1933 33

3 2044, 1983, 1957, 1935 30

4 2042, 1979, 1956, 1930 32

13



5 2044, 1982, 1955, 1931 30
6 2049, 1980, 1954, 1932 25

*15(CO) =v15(CO)1-V1s(COlmono-substituted
For the electron-donating effects of phosphinendsga PNP, PNNP and PNN on the [FeFe]
centers, CO bands in the IR spectra2df shift to lower energy compared to thoselofThe
addition of one N atom in ligand PNNP results i@ eni* blue-shift of the first (CO) band &
compared with that d2. The same trend can be observed for the dinuclaplex5 compared
with 4. However, the comparable values of the first (@@)ds of PNP-substituteétland4 (or
PNNP-substitute@ and5) indicate that the addition of another,Egaunit to the ligand PNNP or

PNP has little effect on the IR spectra.

3.2. Molecular Structures of 2, 3 and 6

The red crystals 02, and3 suitable for X-ray diffraction were grown upon wla@iffusion of
hexane into dichloromethane solution &F 4and the one o6 were grown upon diffusion of

diethyl ether into a dichloromethane-methanol mixamution containingé at 4 . The
crystallographic structures @f 3 and6 are displayed in Figure 1 and the selected bomgk!he

and angles are listed in Table S1 (Supporting iné&dion). For the tetranuclear compleZes

14



Figure 1 ORTEP views of complexe&s 3 and6 with 30% probability level ellipsoids (the

hydrogen atoms are omitted for clarity.).

and3, each Fg5, butterfly unit has a square pyramidal structuré snattached to one P atom
of the diphosphine bridge. As the usual behaviouthe reported mono- or di-phosphine
ligands,[33-36] each P atom of the diphospin@ end3 selected the apical position. However,
the space group & is P-1,which is different fromP21/n of 3. Besides, both the tilts of the
propanedithiolate rings i are away from the ligand PNP, while the two sixambered rings of

the propanedithiolate i& are towards PNNP moiety.

The Fe-Fe distances @& [2.5109(6) and 2.5188(6) A] are comparable to thét[(u-
pdt)Fe(CO)] [2.5103(11) A][37] and slightly shorter than tikeosf2 [2.5232(9) and 2.5209(10)
A]. But the Fe-Fe distance of eachpeunit in 2 is comparable, which suggests that the ligand
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PNP has the same effect on the two linkegbf-eenters. The same trend can be concluded for
PNNP in the comple8. For the dinuclear compleX the structure is also the expected square-
based-pyramidal coordination geometry and the R atoccupies an apical position as those in

and3. The middle C atom in —SGBH,CH,S- is disordered in two positions.

The crystal structures and metric data of Fe- - skadces of, 3 and6 (Table S1) suggest that
the N atoms in2 and 3 are fixed and hardly swinged due to the steriacdtance of two
coordinated F£, units. But the orientations of the pyrimidyl-nigen atoms ir6 change to
different positions compared to those3nAs shown in Table S1, the shortest Fe---N distanc
(3.585 A) in the solid state is the one in compéxwhich is also shorter than those using
PhhPCHPy and PsPPy as mono-substituted ligands (3.919 and 3.653edpectively).[38]
Moreover, both of the distances of N atoms in pidine ring to the nearest Fe atom in complex

3(3.635, 3.859 A) are apparently closer than {492, 4.713 A) in pyridine i@.
3.3. Electrochemical properties
3.3.1. Cyclic voltammograms of 2-6

Table 3 Reduction potentials of complex2s$ in CH,Cl, or CH,CIl,/DMF solutions.

Complexes  Ey*" (V) vs. F¢'/Fc B2 % (V) vs. FC'/Fc
2 2.06

3 -2.04 -2.25

4 -2.05 ---

5 -2.02 -2.17

6° -1.83 -2.07

& Mixed solution of CHCI,/DMF (4:1) was used.
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Cyclic voltammogram (CV) measurements were camdon complexeg-6 in dry CH.CI, or
CH.CI,/DMF solutions for the poor solubility &, 3 and6 in Me;sCN. The reduction potentials

of them are listed in Table 3 and &l Fc'/Fc, unless otherwise noted.

PNP-substituted complex@sand4 display irreversible reduction peaks at -2.06 &h@5 V,
respectively, in ChCl, solutions. The comparable values suggest thaadadgion of another
FeS, unit to the ligand PNP has little effect on theluetion potential. Detailed experiments
were carried out to study the reduction proces$éiseon in THF solutions using 1mm diameter
glassy carbon working electrode. The reduction waf/€ splits into three peaks in THF
solution(Figure S2a, Supporting Information).[1@] The first one is ascribed to the reduction
of ligand PNP and the other couple of peaks areooisly the one-electron reduction processes
of the two FgS, centers as other BfRhonosubstituted diiron derivatives.[21, 39-42] Sl
somewhat different from the results of dppe-subtsd tetranuclear complexes pl{
(SCH,).CHa}Fex(CO)(Ph-PCHy)]2 and [{i-(SCHy)oN(CHCH,CHg)}Fex(CO)(Ph-PCH)]2, in
which only the Fg5, centers are reduced by one step at ca. -2.0 V eatisumptions of 2

electrons, respectively.

For the PNNP and PNN substituted comple3eS and6, there are two reduction events for
each one. The first reduction potentials30&nd5 are -2.04 V and -2.02 V, respectively, in
CH.Cl, solutions. The one 06 in CH,CIl,/DMF solution shifts positively to -1.83 V in
CH,CI,/DMF solution. The second reduction potential805 and6 (-2.25, -2.17 and -2.07 V)
are comparable to those of tetranuclear dppe-sutesti complexes, which are ascribed to the
reduction processes of [Fee ] to [Fe F€’]. Further CV experiments in THF show that the
reduction waves 08 splits to two couple of peaks, while there areydhtee ones 05 for the

absence of one [E8;] unit (Figure S2b, 2c, Supporting Information). IBtelectrolysis in
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CH.Cl, solutions indicates that compl&aobtains 4.13 electrons, two for the reductionigéihd

PNNP and the other two for the two }Bg cores from [FeFe ] to [Fe Fe”].[43]

3.3.2. Electrocatalytic reduction of protons from acetic acid and trifluoroacetic acid with 2, 3

and 6 as catalysts.

Firstly, the protonation process 8fwas studied by'P NMR spectroscopy in G| at room
temperature. Figure 2 shows the variation oftiReresonances with the addition of 0-3 equiv.

trifluoroacetic acid (TFA) to the solution 8f

(c) 67.87
3 equiv. CF,COOH

(b) ‘.‘

\

| )

| \ 1 equiv. CF,COOH

- il e "

(a) 67.53

I 0 equiv. CF,COOH

73 72 71 70 69 68 67 66 65 64 63 62 61
3P NMR / ppm

Figure 2 *'P NMR spectra for the protonation®fn CDsCl at room

temperature.

There is only oné'P resonance at 67.53 ppm for PNNP in the complésigure 2a). When 1
equiv. TFA is added, one additional sharp signgeaps at 67.87 ppm (Figure 2b), which shifts
only about 0.3 ppm to the low field compared witlattof unprotonated PNNP B The only

one additional signal suggests that both of thetddna in PNNP are protonated and a new
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species 3-2H\] is generated. Upon addition of 3 equiv. TFA, fié signal of3 completely
disappears and only off#P signal can be observed (Figure 2c). This imp&abhat comple

has been quantitatively transformed to the doubbygmated specie8{2Hy\].

The cyclic voltammograms, mainly on complexzs3 and 6 in the presence of acetic acid
(HOACc) and TFA, were carried out to investigate déhectrocatalytic proton reduction processes.
The current height of the reduction peak 2is slightly enhanced with an increase in the
concentration of HOAc (Figure S3a, Supporting Infation). The same trend can be observed
for the first reduction event & whereas the second one remains almost unchakgpdd S3b,
Supporting Information). After HOAc is added to tkelution of6, a new reduction peak is
generated at about -1.71 V and the original two esashift negatively to -1.96 and -2.12 V,
respectively (Figure S3c). According to the repartpyridyl-phosphine monosubstituted
derivatives,[38}he peak at -1.71 V can be ascribed to the redudafathe protonation of the
pyrimidyl-nitrogen atom. The new wave keeps uncleangvith the concentration of HOAc
increasing, and the changes of the other two remugirocesses are the same as those of
complex3. It is worth noticing that there is no new reduetevent for the tetranuclear complex

3, which also contains pyrimidyl ligand.

(a) 240+ In the presence of CF,COOH

200 4

0mM
—1mM
160 —2 mM

3mM

4mM
—5mM
—T7 mM

i(nA)

10 05 00 05 10 -5 20 25
E(V vs. Fc'IFc)
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(b) 240+ In the presence of CF,COOH

200 4

0omM

—1mM
1604 ——2mm
3ImM
120 4mM
—5mM

809 —7mm

i{pA)

40 4

04

-40 4

-80 4

10 05 00 05 .0 -5 20 -25
E(V vs. Fc'IFc)

(c) 240

In the presence of CF,COOH
210 4

0omMm

180 —1mM
—2mM

150 M
_ 120+ 4mm
< 4] —5mM

—T7 mM

T T T T T T T T
10 05 00 05 10 -5 -20 25
E(V vs. Fc'IFc)

Figure 3 Cyclic voltammograms d (a), 3 (b) and6 (c) (1.0 mM) in the presence of gFOOH

at scan rate of 100 m\sn 0.1M n-BuNPFR; CH,Cl, solutions.

When TFA is used, the current heights of the radocevents of2, 3 and 6 are enhanced
greatly (Figure 3). Moreover, new reductive waves @bserved at -1.72 V @, -1.52 V for3
and -1.72 V for6, respectively, which result from the protonatidnttze pyridyl-nitrogen atom
and pyrimidyl-nitrogen atoms. Complex2snd3 display similar CV features upon the addition
of TFA in the range of 0-7 mM. The current heightsrease with the addition of TFA with
potentials negatively shifting. As shown in Fig3rehere are 200 mV positive shifts for the first
reduction process oB8{2Hy] compared with those of [24 and [6-2H,], which indicates that

[3-2H\] is much easier to be reduced. We consider thedig®NP in complex3 as a special
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“bridge”, which can influence the electron characté the whole complex, when the two P

atoms are both coordinatedmetal centers.
3.4. DFT computational studies

The density functional theory (DFT) method was esgpt in the Gaussian 03 program to get
an in-depth understanding of the electron characbércomplexe?-6. The energies of the
selected molecular orbitals (MOs) and the compo(#ntto the MO in terms of the composing
units are listed in Table S2. The plots of the bijhoccupied molecular orbitals (HOMOSs) and
lowest unoccupied molecular orbitals (LUMOS)%f3 and6 are displayed in Figure 5 and those
of 4, 5 and the protonated specigsH\], [3-2HN] and[6-2Hy] are shown in Figure S4 for a
comparison. As shown in Table S2, the LUMO orbéaérgy of3 is -0.20 eV lower than that of

2, suggesting that it is easier fdto accept an electron than

The major contributions to the HOMOs 246 are all from one diiorn unit together with the
surrounding P atoms (Table S2). The LUMQ2a$ mainly resident on one £ center (78.1%)
along with the ligated PBunit (9.57%), while the other & and the pyridyl contribute only a
little. Similar results of the PNP-substituted ditear complex can be obtained. However, the

contributions

LUMO

= e el e,
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Figure5 Plots of the HOMO and LUMO orbitals of complex8 and6 in the ground state by

DFT method at the B3LYP level (isovalue = 0.03g(ttydrogen atoms are omitted for clarity.).

to the LUMO of3 are comparable from the two Sg centers (30.75% and 31.43%) and ligated
PNNP (37.82%), which also can be seen from the gitoivn in Figure 5. This suggests that
electron injected may delocalize in the whole caxpf 3. Moreover, when only one P atom in
PNNP is coordinateds], the primary contribution to LUMO is from the din core (77.49%),
while the contribution from ligand PNNP lowers down22.51%. Complex 6 has similar result,
and the contributions from F® core and ligand PNN are 77.34% and 22.66%, respéctThe
differences between the contributions to LUMOs diNP-substituted tetranucleé8 and
dinuclear 5 indicate that the model of metal-PNNP-metal (M-PNMP can make the
contribution to LUMO come from the whole molecuarThe differences between the LUMOs
of pyrimidyl and pyridyl phosphine-substituted cdeyes may explain why two reduction

processes were observed3jrb and6 and only one foR and 4.

The LUMO orbital energies of protonatE2tHy], [3-2HN] and[6-2H\] are -3.45, -5.08 and -
4.59 eV, respectively, as shown in Table S2. TheetoLUMO orbital energy off3-2Hy]
suggests an easier acceptance of electrons féigitre S4 shows the contributions to LUMOs of
them are all mainly from the protonated pyrimidyl myridyl groups. Those results further

evidence the adscription of the first reductionreseof complexeg&, 3 and6 in Figure 3.

4 Conclusons

In this work, a pyrimidyl group is firstly introded to the phosphine ligand and two new
ligands, PNNP and PNN, have been designed and esinéd depending on the reaction

conditions. These two ligands together with theigyrligand PNP were reacted with fGe-
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pdt)(CO)} to give the mono-substituted derivative$. The crystal structures of tetranuclear
iron-sulfur complexe® and3 occupy different space groupB-{ andP21/n, respectively) due
to the different bridges between the two,%eunits in them. For the stronger electron-
withdrawing inductive and conjugative effect of ttseo N atoms in pyrimidyl ring than that in
pyridyl, the electron characters of PNNP- or PNNstiluted derivatives are different from that
of PNP-substituted ones. Complex&s5 and 6 containing pyrimidyl display two reduction
waves; one is ascribed to the reductive proceshiroin center, the other is the reduction of the
pyrimidyl unit. While both of the PNP-substitutednsplexes2 and4 show only one reductive
wave of F&/FFe. The theoretical studies of PNP-substitugednd 4, PNNP-substituted
dinuclear5 and PNN-substituted demonstrate that the contributions to LUMOs maicdyne
from one FeS, unit along with the surrounded P atoms. But foe tANNP-substituted

tetranuclear compleg, the LUMO is comparably resident on the whole roolar.
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2 [2-H\]




6 [6-2H\]

Figure. S1. The optimized structures of complex=6 and protonatefP-Hy], [3-2Hy] and[6-2Hy] in the
ground state by DFT method at the B3LYP level. Rurgellow, orange, red, blue, and gray spheres

represent the iron, sulfur, phosphorus, oxygemogén, and carbon atoms, respectively. For clatiity,

hydrogen atoms are omitted.

Table S1 Selected bond lengths (A) and angles (degreespioplexeg, 3 and6.

Complexes 2 3 6
Fe(1)-€(1) 1.766(6) 1.794(4) 1.78(3)
Fe(1)-C(2) 1.813(5) 1.789(4) 1.752(9)
Fe(1)-C(3) 1.802(6) 1.795(5) 1.792(7)
Fe(2)-C(4) 1.772(5) 1.771(3) 1.784(6)
Fe(2)-C(5) 1.773(4) 1.775(3) 1.780(6)
Fe(2)-S(1) 2.2626(14) 2.2606(8) 2.273(3)
Fe(2)-S(2) 2.2623(12) 2.2714(9) 2.276(2)
Fe(4)-S(3) 2.2692(14) 2.2575(8) -
Fe(4)-S(4) 2.2656(14) 227219 -
Fe(2)-P(1) 2.2315(11) 2.2155(7) 2.254(2)
Fe(4)-P(2) 2.2290(12) 2.2184(8) -
Fe(2)-Fe(1) 2.5232(9) 2.5109(6) 2.542(3)
Fe(4)-Fe(3) 2.5209(10) 2.5188(6) @ -
Fe---N' 4.713 3.635 3.585
4.492 3.859 5.72
Fe(2)-S(1)-Fe(1) 67.78(4) 67.51(2) 67.77(8)
Fe(1)-S(2)-Fe(2) 67.77(4) 67.40(3) 67.83(8)

®The Fe atoms are the ones only in one$geunit.
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Figure. S2 Cyclic voltammograms d (a),3 (b) and5 (¢) (0.25mM) in 0.1M n-ByNPFR; in THF
solutions at a scan rate of 100 mV s
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Figure. S3 Cyclic voltammograms d (a), 3 (b) and6 (c) in the presence of HOAc at a scan rate of 100
mV s’ in CH,Cl, or DMF/CH,CI, (6) solutions.

Table S2 The partial molecular orbital compositions (%) aimplexes2—6 and and protonatef@-H,],
[3-2Hy] and[6-2H\] by SCPA approach (C-squared population analysipgsed by Ros and Schuit)
calculated by DFT method at the B3LYP level.

Molecular Component (%)

Complexes  Orbitals Energy (eV)

FeS,-left PPh-left Py./Pyr. PPhright FeS,-right
LUMO -1.96 78.10 9.57 4.54 1.22 6.57
2 HOMO -5.77 7.13 1.18 1.10 10.89 79.70
[2-Ha] L -3.45 4.14 3.06 73.87 8.64 10.29
H -6.25 0.21 0.07 0.92 12.53 86.26
L -2.16 30.75 7.33 25.55 4,94 31.43
3 H -5.75 88.14 10.31 0.80 0.13 0.62
[(3-2Hy] L -5.08 6.70 7.04 69.25 7.50 9.51
H -6.77 74.00 8.24 0.97 2.38 14.41
L -1.88 86.74 9.93 3.23 0.10
4 H -5.73 85.78 12.20 1.42 0.60




5 L -2.01 77.49 8.74 11.83 1.95 ----
H -5.76 88.12 10.77 0.69 0.43
5 L -1.95 77.34 11.37 10.26 1.03 -
H -5.77 88.99 10.29 0.68 0.04
L -4.59 21.84 9.74 63.17 5.25
[6-2H\]
H -7.29 86.06 11.74 2.04 0.16
Complexes HOMO LUMO
[2-H]
[3-2Hy]
4




[6-2H\]

[2-Hnl

[3-2H\]

[6-2H\]







