Inorg. Chem. 2007, 46, 1981-1991

Inorganic:Chemistry

* Article
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The displacement of CO in a few simple Fe(l)-Fe(l) hydrogenase model complexes by bisphosphine ligands Ph,P—
(CHa)n=PPh, [with n =1 (dppm) or n = 2 (dppe)] is described. The reaction of [{ u-(SCH,),CH.} Fe,(CO)g] (1) and
[{ «4-(SCH,)2N(CH,CH,CHs)} Fe,(CO)g] (2) with dppe gave double butterfly complexes [{ u-(SCH,).CHz} Fea(CO)s(Ph,-
PCH,)], (3) and [{-(SCH),N(CH,CH,CHs)} Fex(CO)s(Ph,PCH,)]. (4), where two Fe,S, units are linked by the
bisphosphine. In addition, an unexpected byproduct, [{ «-(SCH,),N(CH,CH,CHj3)} Fe,(CO)s{ Ph,PCH,CH,(Ph,PS)} ]
(5), was isolated when 2 was used as a substrate, where only one phosphorus atom of dppe is coordinated, while
the other has been converted to P=S, presumably by nucleophilic attack on bridging sulfur. By contrast, the
reaction of 1 and 2 with dppm under mild conditions gave only complexes [{ «-(SCH,),CHz} Fea(CO)s(Ph,PCH,-
PPh,)] (6) and [{u-(SCH),N(CH,CH,CHj3)} Fe,(CO)s(Ph,PCH,PPh,)] (8), where one ligand coordinated in a
monodentate fashion to one Fe,S, unit. Furthermore, under forcing conditions, the complexes [{ u-(SCH,),CH} -
Fea(CO)«{ u-(Ph2P),CH,}] (7) and [{ u-(SCH,).N(CH,CH,CH3)} Fex(CO) u-(PhaP),CH,} ] (9) were formed, where
the phosphine acts as a bidentate ligand, binding to both the iron atoms in the same molecular unit. Electrochemical
studies show that the complexes 3, 4, and 9 catalyze the reduction of protons to molecular hydrogen, with 4
electrolyzed already at —1.40 V versus Ag/AgNO; (—1.0 V vs NHE).

have been determined by X-ray crystallographl. The
majority of these complexes have very negative redox

Introduction

The realization that the active site of two bacterial

hydrogenases consists of a,8g clustet? has initiated
extensive studies of such clustér8.A number of model

complexes have recently been prepared, and their structures
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potentials. In order to get complexes which are more readily

reduced, at least after protonation, a number of phosphine

complexes (PMg PPhMeg, P(OMe}, PPh)6-1° have been
prepared. Also, a bidentate ligand (dppf, is(diphenylphos-

phino)ferrocene) has been used to give a complex where the

phosphine ligand coordinates to two,Egunits (Figure 1aj°
With the aim of developing more efficient catalysts, we
decided to study the influence of bisphosphine ligands in

more depth. In principle, bidentate ligands should be capable

of forming two more structural types of complexes with the
FeS; unit, one where the ligand coordinates to both iron

atoms (Figure 1b) and one where it chelates to one of the

same iron atoms (Figure 1c). In addition, the bidentate ligand
could coordinate with only one phosphorus atom, leaving

Gao et al.
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Figure 1. The possible coordination manners for a bidentate phosphine

the other free for coordination to a photosensitizer, providing "92"

the possibility to create photocataly3idiVe have, therefore,

started to investigate the coordination of bidentate phosphine

ligands, which might be expected to be both more flexible

and better nucleophiles than dppf. Described herein are

exploratory studies of the ligands dppe and dppm, which
lead to the formation of seven new complexég;(SCH).-
CHz} Fe(CO)(PhPCH)]2 (3), [{#-(SCH)N(CH,CHCHs)}
Fey(COB(PhPCHy)l2 (4), [{u-(SCH)N(CH.CHCHs)}-
Fe(CO){ PPCH,CH;(PRePS}] (5), [{u-(SCH)2CHz}-
Fe(CO)(PRPCHPPR)] (6), [{ 1-(SCH)2CHz} Fe(COM{ u-
(PhPXCHo}] (7), [{u-(SCH,).N(CH,CH,CHj3)} Fe,(CO)s-
(PhPCHPPR)] (8), and [u-(SCHy)N(CH,CH,CHy)} Fe
(COM{ u-(PhPXCH2}] (9), which were characterized by
spectroscopy and X-ray crystal structure determination.

Results and Discussion

Chemistry. Two types of FgS, complexes were studied,
a propane dithiolate (PDT) complé*? and an azapropane
dithiolate (ADT) complex2. In order to form a vacant site
and promote phosphine coordination, IN&?3 and propy-
laminé® were used, the amine oxide being, by far, the most

efficient promoter and, therefore, being used in most cases.

The known compleXl was obtained by refluxing Fe(C®)
and 1,3-propanedithiol in toluene according to the literature
method?? Treatment ofL with dppe in the presence of Me
NO in a 1:1:1 molar ratio gave a red solid in good yield. It
was characterized afd-(SCH,),CH,} F&(CO)(PhPCH,)]2

(3) (Scheme 1), and we found that, like dgpfthe dppe
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ligand substitutes CO in the double monodentate manner to
give a cluster of F£5, cores antibridged by dppe. The
presence of MéNO proved to be crucial for the success of
this substitution, and no product was obtained in its absence.
In the presence of excess BO and at a higher reaction
temperature, the same prod@atas obtained in a pure state.
The same reaction with the ADT compleX prepared
according to Rauchfuss’s protocdl,gave the expected
complex4 in moderate yield. However, the reaction also gave
substantial amounts of a byproduct, the compexith one
phosphorus atom coordinated to the.fecomplex, while

the other has been converted to a noncoordinating, terminal
P=S group. Nucleophilic substitution on a coordinated thiol
by phosphine or oxidative formation of elemental sulfur,
which reacts with phosphine, can, perhaps, explain this
remarkable transfer of sulfur from iron to phosphine.

By contrast, the reaction with the ligand dppm, where the
two phosphine units are linked by only one carbon, afforded
different products. The substrate and the reaction conditions
are crucial for the transformation. When the reaction was
carried out in acetonitrile at room temperature witlas a
substrate, compleX, where the ligand is monodentate,
proved to be the only product. However, when the reaction
was performed in refluxing toluene, compléxvas isolated,
where the two phosphorus atoms of the dppm are connected
to the two iron atoms in the same molecule (Scheme 2). Ap-
plication of similar reaction conditions ®gave complexes
8 and 9, which are the analogues ®and7 in a variable
ratio. Short reaction times, ca. 0.5 h, gave maB)lyhile 9
was the main product when the reaction time was prolonged
to 1 h. It is interesting to note th&tis much more reactive
toward the dppm thah. Under the same conditions (reflux,

1 h), the comple® was formed in 75% yield, whereas com-
plex 1 gave only6 in low yield. Increasing the reaction time
and adding MgNO gave the compleX in ca. 30% yield.

The results of the ligand substitution in the parent clusters
1 and 2 deserve some further comments. A site-selective
substitution reaction was possible by controlling reaction
conditions and substrates. It is obvious that the nature of
the central bridge atom (N/C), the kind of bidentate ligand
(dppe/dppm), and the reaction conditions (solvent and

(24) Li, H.; Rauchfuss, T. BJ. Am. Chem. So@002 124, 726-727.



Binuclear Fe—S Complexes with Bidentate Phosphine Ligands

Scheme 1. Synthetic Rout®
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temperature) significantly influence the product type of the
substitution. A complex of the type a (Figure 1) was the
major product when the B8, complexes reacted with the
dppe ligand, as also reported earlier for the dppf lig&nd.
Usually, the use of CECN/MesNO gave good yields for
this transformation, but with the dppm ligand, the second
phosphorus atom (e.¢6) did not coordinate to the second
FeS, unit, probably due to steric factors. However, in
refluxing toluene, an B&; structure with a bridging diphos-
phine, such ag, could be obtained selectively. Similarly,
the compleXd was readily formed, preceded by the complex
8. This suggests that complex6sand 8 are precursors of
complexes’ and9, which represent a new type of structure
for complexes between bisphosphine ligands an&feits.
Characterization of the Complexes. The 'H NMR
spectrum of compleg consists of the expected signals from
the PDT and dppe subunits. TH® NMR spectrum shows
a singlet in the typical region around 60 ppm. In the API
ES mass spectra, the most intense pealBfaras observed
atm/z1148.7, corresponding to [M CI]~ (negative mode),
and atm/z 1114.7, corresponding to [M- H]™ (positive
mode). The structures of complexésnd5 could also be

determined byH and3'P NMR as well as by MS spectra,
although both complexes exhibited broadened signalllin
NMR. The high-resolution mass spectrummfjave M" =
831.9957, which corresponds well to the formula weight with
the terminal P=S double bond. The proposed structureésof

is also clear from crystal structure data, with the expected
P=S double bond being 1.95 A, in accordance with the
typical value of the P-S bond length of ca. 2.0 A (while a
P=0 double bond should be ca. 1.4 A). TH& NMR spec-
trum of 6 contains the expected peaks for the PDT in the
region between 1.5 and 2 ppm and for the dppm at 3.3 ppm.
In the3P NMR spectrum, a doublet for the coordinated P is
found at 58 ppm, and a doublet for the free phosphorus is
found at—25 ppm. The correspondinfgP NMR spectrum

for complex7 displays one singlet at 53.65 ppm. The same
trend is seen foB and 9, with a pair of doublets at 57.76
and—25.2 ppm for8 and a singlet at 54 ppm f&. The IR
spectra of3, 4, 5, 6, and8 in KBr show strong absorption
bands in the region of 1922050 cn1?, corresponding to
the carbonyl stretching pattern for terminally bonded @
groups. However, for and9, the carbonyl bands appear at
lower frequencies, as might be expected for these more
electron-rich complexes. F@r four bands are visible at 1895,
1916, 1946, and 1981 crh and for 9, three bands are
observed at 1916, 1952, and 1986 ¢m

The crystallographic structures 89 are depicted in
Figures 2-8, together with the atomic labeling system.
Selected bond lengths and angles are given in Tabies 1
The main framework of cluste®&and4 (Fe—P—C—C—P—

Fe) is composed of zigzag structures with ongSrbutterfly

unit attached to each end of the dppe bridge. EaclsFe
subunit has a square pyramidal structure, and both complexes
haveC,, symmetry. The F£5; cores in the tetranuclear com-
plex 3 and the parent complekare geometrically similar.
The Fe-Fe bond distance is equal to that in(2.51 A),
showing that the ligand exchange has no effect on the
Fe—Fe bond length. The P(2Fe(1)-Fe(2) plane is almost
parallel to that of P(1A)Fe(1A>-Fe(2A) because of an

Inorganic Chemistry, Vol. 46, No. 6, 2007 1983
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Figure 4. ORTEP (ellipsoids at 30% probability) diagram Bf

Table 3. Selected Bond Lengths and Angles for Comptex

bond lengths (A) bond angle®)(
Fe(l-Fe(2)  25165(12) Fe(BS(1)-Fe(2) 67.94(5)
Fe(1)-S(1) 2.2557(15)  Fe(HS(2)-Fe(2) 67.57(4)
Fe(1)-S(2) 2.2566(14)  S(BFe(1)-S(2) 84.27(5)
Fe(2-S(1) 2.2481(16)  S(HFe(2-S(2) 84.16(5)
Fe(2)-S(2) 2.2688(17) C(18)N(1)-C(39)  113.9(4)
Fe(1)-C(6) 1.756(5) C(¥P2)-S(3) 113.39(18)
Fe(1)-C(7) 1.756(6)
Fe(1-P(1) 2.2169(13)
P(2-C(1) 1.819(4)
P(2-S(3) 1.9445(18)

a staggered (antiperiplanar), rather than eclipsed, conforma-
tion. The C(10}-P(1)-C(16) angle is 1023 significantly
smaller than the typical value (ca. )9 which is an

Figure 3. ORTEP (ellipsoids at 30% probability) diagram 4f indication of the steric bulk of the two F® subunits. The
Table 1. Selected Bond Lengths and Angles for CompBex structure o#4 is very similar to that o8. The C(11)-P(1)-
bond lengths (A) bond angles)( C(17) (not all labeled for clarity) angle value is 109.&ven

Fe(1)-Fe(2) 2.5108(14)  Fe(®S(1)-Fe(2) 67.42(6)

Fe(1)-S(1) 2.262(2) Fe(BS(2)-Fe(2) 67.30(6)

Fe(1)-S(2) 2.2587(19)  S(HFe(1)-S(2) 84.54(7)

Fe(2)-S(1) 2.262(2) S(HFe(2)-S(2) 84.22(7)

Fe(2)-S(2) 2.273(2) P(HFe(l)-Fe2)  151.23(6)

Fe(1)-C(1) 1.774(8) C(10yP(1)-Fe(1)  114.5(2)

Fe(1)-C(2) 1.764(8) C(10yP(1)-C(16)  102.3(3)

Fe(1)-P(1) 2.2212(19)  C(9)P(1)-C(16) 99.7(3)

P(1)-C(10) 1.826(6) C(OAYC(9)-P(1)  112.3(5)

P(1)-C(16) 1.841(7)

S(1)-C(6) 1.821(7)

S(2)-C(8) 1.143(8)

Table 2. Selected Bond Lengths and Angles for Complex

bond lengths (&) bond angle$)(

Fe(1)-Fe(2) 2.5101(8)  Fe(BS(1)-Fe(2) 67.38(4)

Fe(1)-S(1) 2.2626(13) Fe(HS(2)-Fe(2) 67.27(4)

Fe(1)-S(2) 2.2632(12) S(HFe(1)-S(2) 84.27(5) Figure 5. ORTEP (ellipsoids at 30% probability) diagram @&f

Fe(2-S(1) 2.2625(13)  S(HFe(2)-S(2) 84.15(5)

Fe(2)-S(2) 2.2686(13) P(bHFe(l)-Fe(2) 151.42(4) Table 4. Selected Bond Lengths and Angles for Compex

Fe(1)-C(4) 1.783(5) C(23A¥C(23-P(1) 111.5(3)

Fe(1)-C(5) 1.780(5)  C(IBP@A)}C(17)  100.14(19) bond lengths (A) bond angle$)(

Fe(1)-P(1) 2.2330(11) Fe(1)-Fe(2) 2.5651(8) Fe(HS(1)-Fe(2) 69.14(3)

Fe(2)-S(1) 2.2582(12)  Fe(BHS(2)-Fe(2) 69.25(3)

: : L Fe(2-S(2) 2.2591(13)  S(B)Fe(1)-S(2) 85.05(4)
|nvers_|oQ center at_the_ m|dp0|nt_ of the g@EH, bond. '_rhe_ Fe(1)-5(1) 22607(11)  S(DFe(2)-S(2) 85.05(4)
substitution of CO is site selective, and the phosphing in Fe(1-S(2) 2.2555(10)  P(BC(6)-P(2) 113.12(18)
occupies only the two apical positions, which is consistent ~ Fe(1)-P(1) 2.2400(10) ~ C(2HP(1)-C(31)  100.58(19)

. . Co C(6)—P(2)-C(41) 100.08(16)
with the behavior of the usual monophosphine ligattd¥’. C(6)-P(2)-C(51)  102.14(19)
Viewed along the C(9}C(9A) bond, P(1) and P(1A) are in C(41)-P(2)-C(51)  103.23(19)

1984 Inorganic Chemistry, Vol. 46, No. 6, 2007
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Figure 6. ORTEP (ellipsoids at 30% probability) diagram B&f

Table 5. Selected Bond Lengths and Angles for Complex
bond lengths (&)

bond angle®)(

!
Cl1o) 0(4)

Figure 8. ORTEP (ellipsoids at 30% probability) diagram @f

Table 7. Selected Bond Lengths and Angles for Comp@ex

Fe(1)-Fe(2) 2.5154(18) Fe(BS(1)-Fe(2)  67.78(8)
Fe(1)-S(1) 2.255(3) Fe(BS(2-Fe(2)  67.85(9)
Fe(1)-S(2) 2.252(3) S(BFe(1)-S(2) 84.53(11)
Fe(2)-S(1) 2.256(3) S(1)Fe(2)-S(2) 84.44(11)
Fe(2)-S(2) 2.255(3) P(1C(B)-P(2) 115.8(5)
Fe(1)-P(1) 2.220(3)

Fe(2-P(2) 2.219(3)

bond lengths (&) bond angle®)(

smaller than the corresponding angle C(B)1)-C(16) in
3, probably due to the interaction with the nearbpropyl.
For complexegt and5, the bond lengths and angles at the

central dinuclear units are very close to those reported earlier

for complexes related th.'° In complex5, the monodentate
phosphine ligand also coordinates to an apical position, as
visualized in Figure 4. A comparison of complex34, and

5 shows that the Fe(£)P(1) bond distances are almost the
same, all falling in the range of 2.22.23 A. The angle of
C(9A)—C(9)—P(1) in 3 is 112.3, a little larger than the

Figure 7. ORTEP (ellipsoids at 30% probability) diagram &f

Table 6. Selected Bond Lengths and Angles for Comp8ex
bond lengths (&)

bond angle®)(

Fe(1)-Fe(2) 2.5217(6)  Fe(HS(1)-Fe(2)  68.15(3)
Fe(2)-S(1) 2.243409)  Fe(1)-S(2Fe(2) 67.86(3)
Fe(2-S(2) 2.2539(10)  S(BFe(1)-S(2) 83.96(3)
Fe(1)-S(1) 2.2577(10)  S(BHFe(2)-S(2) 84.52(4)
Fe(1)-S(2) 2.2639(11) P(BC(35)-P(2)  112.32(16)
Fe(2-P(1) 2.2168(9)

Fe(1)-Fe(2) 2.5044(6)  Fe(BS(1)-Fe(2) 67.69(3)
Fe(2-S(1) 2.2579(9)  Fe(DS(2-Fe(2) 66.66(3)
Fe(2-S(2) 2.2652(8)  S(BFe(1)-S(2) 84.15(3)
Fe(1)-S(1) 2.2384(9)  S(BFe(2)-S(2) 84.34(3)
Fe(1)-S(2) 2.2923(9) P(HC(10)-P(2)  113.68(15)
Fe(1)-P(1) 2.2005(9)

Fe(2-P(2) 2.2393(9)

corresponding angle id, which is 111.5. The P-CH,—
CH,—P chain is thus a little more compressedtimNotably,

the propyl groups on the bridgehead N of bdtand5 point
toward the bulky dppe moiety, which occupies a thermody-
namically unstable position.

Passing from dppe to dppm, there are clear structural
changes, as shown by the struct@eThe Fe-Fe bond
distance increases from 2.51 A in compf@xo 2.56 A in
complex6. This somewhat exceeds the bond length in the
complex with a ferrocenytbisphosphine ligand (2.543 Aj.
The second phosphorus atom is neither coordinated to Fe
nor combined with the sulfur atom, in contrast to the dppe
ligand. In complexe8, 4, and5, the phosphine occupies an
apical position, whereas in complé&x it occupies a basal
position, perhaps for steric reasons. The Fe@(l) bond
distance ir6 is ca. 2.24 A, slightly longer than that 81xand
4. In contrast to the basal coordinationnthe phosphine
is in an axial position ir8. Both the Fe-Fe bond (2.52 A)
and the Fe-P bond (¢2.22 A) in 8 are shorter than the
corresponding bond i, and they are of approximately the
same length as the bonds 3n4, and5.

For complexes? and 9, the dppm bridges the two iron
atoms with one phosphorus atom bonded to each iron atom.
The phosphorus atoms both occupy basal positions. The Fe-
(1)—-P(1) distance (2.20 A) is a little shorter than the Fe-
(2)—P(2) distance (2.24 A) i, but in7, they are essentially
equal. The PC—P bond angles in complexés 8, and9

Inorganic Chemistry, Vol. 46, No. 6, 2007 1985
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Figure 9. Cyclic voltammograms 08 (a) and4 (b) (1.0 mM) in 0.05 M
n-BusNPR/CH.CI, at a scan rate of 100 mV/s.
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Figure 10. Cyclic voltammogram o (a) and9 (b) (1.0 mM) in 0.05 M
n-BusNPFR/CH3CN at a scan rate of 100 mV/s.

05 00

are about 113 although their coordination manners are
different. In7, this angle is slightly bigger, 115.8
Electrochemistry. In order to get an estimate of the
capability to catalyze hydrogen production, cyclic voltam-
metry (CV) of the complexes, 4, 7, and9 (Figures 9 and
10) was performed. CompleR exhibited an irreversible
oxidation wave at 0.67 V (FE€/F€'Fe) and an irreversible
reduction peak at-1.94 V (FeFe/FEF€) (vs Ag/AgNGs).
Complex4 showed a broad irreversible oxidation peak at
0.62 V and an irreversible reduction peak-&t.93 V. This
is in agreement with the published CVs of other types of
related complexe$:2>2° Complex7 showed two irreversible
oxidation waves at 0.36 (feg/F€e'Fe) and 0.74 V(F&€'/
Fe'Fe'),3%%%s well as an irreversible reduction peak at
—2.14 V (FéFe/FELFE) (vs Ag/AgNG;). Similarly, complex
9 showed two irreversible oxidation peaks at 0.22 and
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2001, 123 9476-9477.

(26) Chong, D.; Georgakaki, I.
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2003 586-595.
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0.56 V and an irreversible reduction peak -a2.11 V.
Controlled potential coulometry of complexg@sand4 at —2

V in the absence of acid showed a consumption of 2.10 and
2.13 electrons per molecule. This suggests that the tw®& Fe
centers are essentially identical and mutually independent
and are both reduced one step at€a.V.

The influence of strong acid GEO;H (0—40 equiv) on
complexes3, 4, 7, and9 was studied by CV (Figures 11
and 12). At moderate acid concentration (0 to 20 equiv), the
oxidation peak at 0.62 V for complek moved to a more
positive potential by 0.24 V. A new reduction peak appeared
at about—1.25 V when 2 equiv of CSO;H was added.
This shift upon protonation (ca 0.6 V) is greater than the
corresponding shift (0.23 V) for a related hexacarbonyl
complex3® perhaps because of the replacement of a carbonyl
group by a phosphine ligand. As the acid concentration was
increased, the peaks atl.25 and—2 V both grew and
moved to more negative potentials (Figure 11b). These fea-
tures are indicative of catalytic proton reduction. By contrast,
no new reduction peaks were detected for com@eand
the original one did not move to a more negative potential
when CRSO;H was added, although it also grew larger
(Figure 11a). At high acid concentration, curve crossing was
observed for both complexésand4 (vide infra)3%:36

The CVs of complexe& and9 in the presence of triflic
acid in CHCN gave similar results @&and4. For 7, except
that the current intensities of all reduction peaks grew further
with the increase of the acid concentration, no other new
changes were observed. By contrast,9pa new reduction
peak appeared at aboutl.6 V when 1 equiv of CES0;H
was added. This shift value upon protonation (ca. 0.5 V) is
comparable to that fof (0.6 V). However, with complexes
7 and9, curve crossing could not be observed even at a high
acid concentration. The oxidation peaks®fvere clearly
shifted to more positive potentials when acid was added in
a slightly more complicated manner (Figure 12). The second
oxidation peak at 0.56 V (MHee'/Fe'Fe') moved to more
positive potential (0.83 V! After addition of 2 equiv of
acid, the first oxidation at 0.22 V (Hfeg/Fe'Fe) disappeared
completely, and only one oxidation peak at ca. 0.83 V was
observed. This was true also after addition of 40 equiv of
acid. A possible explanation is that the two iron atoms
become essentially equivalent when the nitrogen is proto-
nated.

The mechanisms for Hormation are not clear. An ECCE
(electrochemicatchemicat-chemicat-electrochemical) mech-
anism, which has been suggested for a related coniplex,
can tentatively be assigned for comp&»although an ECEC
(electrochemicatchemicat-electrochemicatchemical) mech-
anism is also possible (vide infra). Fd a somewhat
different mechanism seems probable since the first step is
protonation of the two bridgehead nitrogens, leading to a
well-defined complextH,?". This results in a new reduction
peak at—1.25 V, and the carbonyl frequencies in the IR
spectrum are shifted by 18 cn! to a higher frequency
relative to those of the paremt. This is of the same
magnitude as those observed for a related bis(trimethylphos-
phine) compleX® The methylene protons ofiHz?*, in
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Figure 11. Cyclic voltammogram o8 (a) and4 (b) (1.0 mM) with addition of CESG:H (0, 2, 6, 10, 16, 20, 40 equiv) in 0.05 MBusNPF/CHCl, at
a scan rate of 100 mV/s. The curves for acid concentrations betwee#026quiv were omitted for clarity (see Figure S2).

Figure 12. Cyclic voltammogram of (a) (1.0 mM) with addition of CESO:H (0, 1, 2, 3, 4, 5, 10 equiv) an@l (b) (1.0 mM) with addition of CESO;H
(0, 1, 2 equiv) in 0.05 Mh-BusNPFRs/CH3CN at a scan rate of 100 mV/s. The curves for acid concentrations between 5 and 10 eQuixeferomitted for
clarity (see Figure S3).

proximity to the ADT nitrogen £NCH,S—), moved from Scheme 3. Possible Mechanism of the Proton Reduction
2.66 (singlet) and 2.12 ppm (singlet)4rto 4.30 (multiplet) E (Fe’ Fe')(NH) c
and 3.05 ppm (doublet) (ratio of 1:1). The peak in tHe / \
NMR, finally, moved from 60.45 to 62.50 ppm (see

Experimental Section). The protonation could be completely g1 g,
reversed by the addition of 5 equiv of aniline to regenerate

4. However, when the same amount of 4-cyano- C E

aniline was added, no change occurred, placing thegb - .

4H,%* between 10.6 and 7.6. If we represent haltef,2" : (HFe' Fe)(NH)

by (FEFENH)", (FEFENH) should be formed by the at2155and 2121 cm. The first most probably corresponds
reduction at ca—1.25 V. Protonation will then give (HEe to 4H,2". The second species could be (MFENH)* since
FENH)*, which could react with a second proton to give the shifts in the carbonyl frequencies, 93 and 118 %rare
molecular hydrogen and (HeeNH)?*. After a second of the same magnitude as those observed upon protonation
reduction, (FEFENH)™, corresponding t@H,?", would be of related FH#€—bis(trimethylphosphine) complexés3®
regenerated, in accordance with the mechanism suggesteeavhich are around 80 cm.

above for3 and earlier for related complex&sHowever, The interpretation of the curve crossing that was observed

since the hydride in (HF&ENH)"T might be expected to  in the CVs of complexe8 and4 is not clear. This type of
have more proton than hydride character, the reaction behavior was recently also observed for the related complex

® ®
(Fe' Fe')(NH) (HFe" Fe')(NH)

sequence may, in fact, be reduction to (HFeNH) first, [(u-PDT)Fe(CO)L,] (L = PTA) 3! The crossing was barely
generating a complex with stronger hydride character, visible for 3, even upon addition of 40 equiv of acid (Figure
followed by protonation to give hydrogen asH*" directly. 11a), while a distinct new peak could be observed at

The mechanism could then tentatively be presented as a—0.96 V upon the return scan fdr(Figure 11b). The reduc-
CECEC (chemicatelectrochemicatchemicat-electrochemi- tion peak currents (ip) at ca=1.94 V for3and—1.25 V for
cal—chemical) mechanism (Scheme 3). Upon short bulk 4 were plotted versus scan rates from 60 to 800 mV/s in the
electrolysis (5-10 min) of4 in a strongly acidic acetonitrile  absence of acid and at an acid concentration of 40 equiv.
solution, two sets of carbonyl frequencies can be observedFor 4, a square-root relationship between ip and the scan
by IR spectroscopy, one at 2062 and 2003 temd the other  rate was obtained, which is an indication that the “curve-
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Figure 14. Coulometry for bulk electrolysis: GBOsH (100 mM) in the
presence oB (---) and the baselines electrolyzing atl.85 V ().
T T Electrolysis potentials:—1.85 V for 9 (vs Ag/AgNG;). Solution volume:
40 50 60 5 mL. Glassy carbon electrode surface area: 1.% ath measurements
. were made on 1 mM solutions of the relevant complexes in@MHwith
t/min — n-BusNPFs (0.1 M) as the supporting electrolyte.
Figure 13. Coulometry for bulk electrolysis: GBO;H (100 mM) in the
presence 08 (— - —), 4 (- - +), and the baselines electrolyzing-a1.40 V Conclusion

(—)and—1.95V (- - -). Electrolysis potentials=1.95 V for3 and—1.4
V for 4 (vs Ag/AgNQ;). Solution volume: 5 mL. Glassy carbon electrode The reaction of the B8, complexesl and 2 with the

e somoes e e s 22t sapamona - Disphosphines dppe and dpprm has been found to give hree
electrolyte. types of complexes, depending on reaction conditions and
the structure of the phosphine. With dppe, under fairly mild
crossing” peak is not the result of a surface deposition reaction conditions, both and2 gave structures that contain
process! For 3, this relationship was not obtained, indicating two terminal butterfly FgS, cluster cores coordinated to a
that the surface deposition may occur. Bonot only does bisphosphine ligand3( 4). In the case o2, also ca. 20% of
surface crossing take place, but the formation of a new complex5 was formed, where one phosphine had been
intermediate is suggested by the observation of a distinctconverted to a phosphine sulfide. Under more forcing
peak at—0.96 V subsequent to the reduction/bat ca.—2 conditions, this became the major product. By contrast, using
V.32-34 As far as we are aware, this type of behavior has not the ligand dppm, the bisphosphine was only monodentate,
been observed before. Further work is, therefore, necessaryiving complex6, probably because the combined bulk of

in order to establish the nature of this intermediate. two phenyl groups and the coordinated complex decreased
Finally, catalytic generation of hydrogen was studied by the reactivity of the second phosphorus for steric reasons.
controlled potential electrolysis of complexgs4, and9 in However, under forcing conditions, the reactions with dppm
CH,Cl,— or CHsCN—BWNPF; (Figure 13 and 14). During  gave complexe§ and9, in which the diphosphine ligand
the recording of the CVs of complex&s 4, 7, and9, we bridges the two Fe atoms of the same molecule. This shows

could observe hydrogen bubbles evolving from the surface that, depending on complex, phosphine, and reaction condi-
of the glassy carbon disc electrode for three complexes whentions, a great variety of complexes can be prepared selec-
enough CESO;H was added. The electrochemistry of the tively. Finally, it was found that complekis a good catalyst
complexes was, therefore, studied in more detail. As might for electrochemical production of hydrogen with a relatively
be expected, some uncatalyzed proton reduction could below reduction potential in the presence of an acid.
observed upon addition of the strong triflic acid, even in the ] ]

absence of catalyst. At the potential required for the reduction EXPerimental Section

of 3(1.95 V vs Ag/AgNQ), the rate of uncatalyzed hydrogen Al reactions and operations related to organometallic complexes
evolution was fairly high, but a small catalytic activity 8f were carried out under a dry, oxygen-free, nitrogen atmosphere with
could be observed (Figure 13). Atl.4 V, which was standard Schlenk techniques. All solvents were dried and distilled
sufficient for reduction in the presence of compkxthe prior to use according to the standard methods. Commercially
rate of uncatalyzed reduction was considerably smaller, andavailable chemicals, including-propylamine, paraformaldehyde,

a distinct catalytic activity of could be observed. However, ~dppe, and dppm were used without further purification. The reagents
in both cases, the catalytic activity decreased with time and -/EtsBH and triflic acid were purchased from Aldrich.

ceased, at last, f@ after 50 min and fod, after 1.5 h. On Infrared spectra were recorded on a JASCO FT/IR 430 spectro-

1] 1 i i
the basis of each k8, unit, this corresponds to ca. 4 turn- photometer.™H ar_1d "C NMR (mainly CDCh solution) were
. . . collected on a Varian INOVA 400 NMR spectrometer. Mass spectra
overs for3 and 12 for4. Since 7 required a reduction

. . . ; were recorded on an HP1100 MSD instrument, and HRMS was
potential of—2.1 V, we did not study its hydrogen evolution. performed on a HPLC-Q-TOFMS (Micro) system. Gas chromato-

Complex9 showed hydrogen evolution with & turnover num- - grams were recorded on a GC7890, and nitrogen was selected as
ber of ca. 14 at-1.85 V (Figure 14). The less negative elec- the carrier gas.

trolysis potentials and relatively higher efficiency #and Methylene chloride (Aldrich, spectroscopy grade), used for
9 show that they are better catalysts for reduction of protons. performance of electrochemistry, was dried with molecular sieves

1988 Inorganic Chemistry, Vol. 46, No. 6, 2007
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(4 A) and then freshly distilled from CaHinder N. A solution of
0.05 M n-BuyNPF; (Fluka, electrochemical grade) in GEl, or

on silica gel with CHCl,/hexane (1/2 v/v) as the eluent to gi8e
(220 mg, 80%).H NMR (CDCL): & 0.87-0.90 (m, 4H, 2x

CHsCN was used as the electrolyte. Electrochemical measurementsCH,CH,CH,), 1.49-1.50 (m, 4H, 2x SCH,CH,), 1.76-1.79 (m,
were recorded using a BAS-100W electrochemical potentiostat. The4H, 2 x SCH,CH,), 2.58 (s, 4H, PE,CH,P), 7.40-7.33 (m, 12H,
electrolyte solution was degassed by bubbling with dry argon for Ph), 7.517.49 (m, 8H, Ph) ppn?P NMR (CDCE): 6 60.66 (s)
10 min before measurement. Cyclic voltammograms were obtainedppm. IR (KBr): »(CO) 2040, 1982, and 1922 cth MS (API—
in a three-electrode cell under argon. The working electrode was aES): m/z1114.7 [M+ H]*, 1148.7 [M+ CI]~. HRMS (ESI): m/z
glassy carbon disc (diameter 3 mm), successively polished with 3[M + CI]~ calcd for GHzsFesO10P.S4Cl, 1148.7759; found,
and 1um diamond pastes and sonicated in ion-free water for 10 1148.7786. Anal. Calcd (%) for HsgFe010P:Ss: C, 45.27; H,
min. The reference electrode was a nonaqueous Agéectrode 3.26. Found: C, 45.75; H, 3.72.

(1.0 mM AgNG; in CH3CN), and the auxiliary electrode was a Synthesis of { u-(SCHz):N(CH,CH,CH2)} Fex(CO)s(Ph:PCH)]»

platinum v_vire. The_ gas in the airtigh_t ves_s_el was carefully taken (4) and [{u-(SCH,):N(CH,CH,CH3)} Fex(CO)s{ Ph,PCH,CH -
out by syringe, which was hydrogen identified by gas chromatog- (Ph,PS}] (5). A solution of 2 (0.215 g, 0.5 mmol) and MBO-

raphy. Gas chromatography was performed under isothermal2HZO (0.111 g, 1 mmol) in CECN (40 mL) was stirred for 5 to
conditions with nitrogen as a carrier gas and a thermal conductivity 10 min at room temperature. Then, a solution of,CH (2 mL)

detector (TCD). o _ with dppe (0.199 g, 0.5 mmol) was added. After 1 h, the solvent
Single-crystal X-ray diffraction patterns were recorded with an | -« evaporated, and the residue was washed witiCGHexane

Oxford Diffraction Excalibur diffractometer equipped with a (1/1 vIv) to give4 (181 mg, 60%) ané (95 mg, 23%)4. 'H NMR

sapphire-3 CCD on a Mo radiation sourde=t 0.71073 A) with (CDCL): 6 0.66 (S, 6H, 2 CHs), 0.88 (S, 4H, 2« CHsCH,CHb),

w scans at different’s to fill an Ewald sphere. The sampte 1.25 (s, 4H, 2x CH,CH,N), 2.08 (s, 4H, PELCH.P), 2.12 (s
detector distance was 50 mm. The maximuénvzas ~63°. 4H, 2 x NCH,S), 2.66 (s, 4H, 2< NCH;,S), 7.37 (s, 12H, Ph),

Indexing, cell refinements, and integration of reflection intensities 7.62 (s, 8H, Ph) ppmiC NMR (CDCh): 6 11.71, 29.89, 51.90
were performed with the Crysalis softwéfeNumerical absorption &1 a1’ ‘8809 12871 130.10. 132.60. 209 65 pﬁ?ﬁ.’NMR’

correction was perfc_)rmed with the program X-REDyerifying (CDCL): 6 60.45 (s) ppm. IR (KBr):»(CO) 2040, 1970 and 1936
the crystal shape with the program X-shdp&he structure was cmL. MS (API-ES): m/z 1200.8 [M+ H]*. Anal. Calcd (%) for

solved by direct methods using SHELXSY7giving electron CagHagFeN01P,Ss: C, 46.02; H, 3.86: N, 2.33. Found: C, 45.40:
density maps where most of the non-hydrogen atoms could be "4\ 2 335, 14 NMR (éDblg): 50.66 (s, 3H, Gl 0.99
resolved. The rest of the non-hydrogen atoms were located from (s’ oH bH;,CHZCHz) 1.26 (s, 2H, CHCH,N) 2.5’7—2.’69 (r;1 8H
difference electron density maps, and the structure model Wasz’>< N&Zst, PCHZCIL|2P), 7_4’0 (si 12H, Ph),,7.69 @d= 40.(; Hz,’

r‘if'”‘fdm""ggéf;rg‘ga;rg‘zfﬁ‘?'iqﬁfgfs Cf]"ct“'?:ons'f’hﬁ!zgéh?th 8H, Ph) ppm.13C NMR (CDCL): & 12.90, 29.90, 50.04, 61.18,
progra ~esAllnon-nydrogen atoms were relined With 1 5¢ 55159 04, 131.29, 132.31, 132.68, 209.66 pBM.NMR

anisotropic displacement parameters, and the hydrogens, which were(CDC|3), o 4533 (d,J = 132.0 Hz), 59.56 (dJ = 132.0 Hz)

placed at geometrically calculated positions and let to ride on the ) ) ' | . :

atoms they were bonded to, were given isotropic displacement pprl. ISS(K’BAgljéCS:O)ni/M:ﬁlg??\A in%EQZJRChrI)Sv(Fé\:SIS? ?33

parameters calculated gsUeq for the non-hydrogen atoms with gg}cd- for é H Fezl\)lb S:P 8-31[9929' EOled 831(995¢ Alial

& = 1.2 for methylenic { CH,—) and aromatic hydrogens. Caled (%) fi)rszz:;, o FsezNé’ P.Ss C. 52.00; H. 4.24 N, 1.68.
Synthesis of {u-(SCHy):N(CH-CH;CHs)} Fex(CO)g] (2). A Found: G. 52 39‘? ;5 4 32,5N2 L0 T

solution ofn-propylamine (3.3 mL, 40 mmol) and paraformaldehyde ]
Synthesis of {u-(SCH,),CH3} Fex(CO)s(Ph,PCH,PPh,)] (6).

(2.4 g, 80 mmol) in THF (40 mL) was stirred for 4 h, cooled to 0 )
°C, and (HS)Fe(CO)s (2 mmol) in THF (40 mL) was added. After A solution of 1 (0.12 g, 0.31 mmol) and MBIO-2H,0 (0.07 g,

further reaction for 5 h, the solution was filtered, and the solvent 0-63 mmol) in CHCN (20 mL) was stirred at room temperature
was removed on a rotary evaporator. The crude product was purifiedfor 15 min. Then, dppm (0.12 g, 0.31 mmol) was added. After
by chromatography on silica gel with hexane as the eluent to give Stiring for 4 h, the solvent was removed under reduced pressure,
2 (770 mg, 90%) as a red solitd NMR (CDCly): 6 0.79 (s, 3H, and the crude product was purified by chromatography on silica
CHs), 1.31 (s, 2H, CHCH,CH}), 2.61 (s, 2H, CHCH,N), 3.51 (s, gel with pentane/EtOAc (10:1 v/v) as the eluent. Compexas
4H, 2 x NCH,S) ppm. IR (KBr): »(CO) 2073, 2030, and 1992  ©btained as a red solid (0.179 g, 77%).NMR (CDCl): 6 1.61—
cmL. MS (API-ES): m/z 430.0 [M + H]*. Anal. Calcd (%) for 1.65 (m, 4H, 2x SCH,CH,), 1.71-1.92 (m, 2H, CHCH,CHp),
CiH1FeNOsS,: C, 30.79; H, 2.58; N, 3.26. Found: C, 30.37; H, 3.15-3.45(m, 2H, PEI;P), 7.16-7.40 (m, 16H, Ph), 7.467.80
2.82; N, 3.27. (m, 4H, Ph) ppm31P NMR (CDCk): 6 58.35 (d,J = 207.3 Hz),
Synthesis of [u-(SCH,),CH3}Fex(CO)s(PhPCHy)], (3). A —25.29 (dJ = 207.3 Hz) ppm. IR (KBr):»(CO) 2040, 1974, 1969,
solution of1 (0.193 g, 0.5 mmol) and MdlO-2H,0 (0.111 g, 1 1960, and 1916 cnt. Anal. Calcd (%) for GHosFe:03P>S;: C,
mmol) dissolved in MeCN (40 mL) was stirred for 5 to 10 min at 53.39; H, 3.80; Found: C, 53.39; H, 3.87.
room temperature. Then, a solution of dppe (0.199 g, 0.5 mmol), Synthesis of { u-(SCH,).CH 2} Fex(CO)4{ u-(PhP),CH3}] (7).
dissolved in CHCI, (2 mL), was added. After 1 h, the solventwas A solution of2 (0.1 g, 0.26 mmol), dppm (0.1 g, 0.26 mmol), and
evaporated, and the crude product was purified by chromatographyMe;NO-2H,O (0.087 g, 0.78 mmol) in toluene (25 mL) was
refluxed for 18 h. The solvent was then removed under reduced
pressure, and the crude product was purified by chromatography
on silica gel with CHCl./pentane (1/3 v/v) as the eluent. Complex
7 was obtained as a red solid (0.6 g, 27%).NMR (CDCl): ¢
1.91-2.01 (m, 2H, CHCH,CH,), 2.09-2.23 (m, 4H, 2x SCH,-
CHy), 3.10-3.30 (m, 1H, P-CH,—P), 3.61-3.81 (m, 1H, P-CH,—
P), 7.28-7.50 (m, 16H, Ph), 7.507.70 (m, 4H, Ph) ppn?P NMR
(CDCly): 6 53.65 (s) ppm. IR (KBr):»(CO) 1981, 1946, 1916,

(38) Oxford Diffraction.Xcalibur CCD System, CrysAlis Software System,
Version 1.170; Oxford Diffraction Ltd.: Oxfordshire, U.K., 2003.

(39) X-RED, Absorption Correction ProgranVersion 1.09; Stoe & Cie
GmbH: Darmstadt, Germany.

(40) X-SHAPE, Crystal Optimisation for Numerical Absorption Correction
version 1.2; Stoe & Cie GmbH: Darmstadt, Germany.

(41) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—473.

(42) Sheldrick, G. M.Computer Program for the Refinement of Crystal
Structures Gottingen, Germany.
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and 1895 cm!. Anal. Calcd (%) for GuHogFe04P,S, CsHior
H,O: C, 55.2; H, 5.22. Found: C, 55.4; H, 5.24.

Synthesis of {/A-(SCHz)zN(CH 2CH,CH3)} Fey(CO)s-
(Ph,PCH,PPh)] (8). A solution of2 (0.215 g, 0.5 mmol) and dppm
(0.192 g, 0.5 mmol) in toluene (40 mL) was refluxed for 0.5 h.
Then, the solvent was removed under reduced pressure, and the
crude product purified by chromatography on silica gel with,CH
Cly/hexane (1/2 viv) as the eluent. Complexvas obtained as a
red solid (0.196 g, 50%)H NMR (CDCL): ¢ 0.70 (t,J = 7.2
Hz, 3H, (Hj), 1.12-1.14 (m, 2H, CHCH,CH,), 2.2 (s, 2H,
CH,CHN), 2.74 (d,J = 9.2 Hz, 2H, NG4,S), 2.90 (d,J = 9.2
Hz, 2H, NCH,S), 3.29 (d,J = 9.2 Hz, 2H, PEi,P), 7.19-7.21
(m, 8H, Ph), 7.26:7.29 (m, 8H, Ph), 7.62 (] = 8.8 Hz, 4H, Ph)
ppm.31P NMR (CDCk): ¢ 57.76 (dJ =219 Hz),—25.20 (dJ =
219 Hz) ppm. IR (KBr): »(CO) 2040, 1977, and 1927 cth Anal.
Calcd (%) for GsHasFeNOsP,S,: C, 53.52; H, 4.24; N, 1.78.
Found: C, 53.56; H, 4.35; N, 1.77.

Synthesis  of  [u-(SCH,)2N(CH2CH,CH3)} Fex(CO)af u-
(PhaP),CH2}] (9). A solution of2 (0.215 g, 0.5 mmol) and dppm
(0.192 g, 0.5 mmol) in toluene (40 mL) was refluxed for 1 h. The
solvent was then removed under reduced pressure, and the crude
product was purified by chromatography on silica gel with,€H
Cly/hexane (1/2 viv) as the eluent. Compléxvas obtained as a
red solid (0.379 g, 75%fH NMR (CDCly): 6 0.84 (s, 3H, Ei3),
1.26 (s, 2H, CHCH,CH,), 1.33 (s, 2H, CHCH,N), 3.01 (s, 4H,
PCH,P), 3.81 (s, 2H, NE,S), 3.92 (s, 2H, NE,S), 7.32 (s, 12H,
Ph), 7.59 (s, 8H, Ph) ppnilP NMR (CDC}): 6 54.24 (s) ppm.
IR (KBr): »(CO) 1986, 1952, and 1916 crh Anal. Calcd (%)
for C3HasFeNOLP,S,: C, 53.92; H, 4.39; N, 1.85. Found: C,
53.40; H, 4.54; N, 1.78.

Protonation of 4. A small amount o# (3 mg) was dissolved in
CDsCN (0.5 mL) in an NMR tube, and then, 2.2 of triflic acid
(5 equiv) was added directly to the solution for in sl NMR,
31P NMR, and IR analysistH,2". I1H NMR (CDsCN): 6 0.79 (s,
6H, 2 x CHg), 0.93 (s, 4H, 2x CH3;CH,CH,), 1.38 (s, 4H, 2x
CH,CH;N), 2.77 (m, 4H, PEI,CH,P), 3.05 (d, 8H,J = 10.4 Hz,

4 x NCH,S), 4.30 (m, 8H, 4x NCH,S), 7.46 (s, 12H, Ph), 7.62
(s, 4H, Ph), 7.76 (s, 4H, Ph) ppfiP NMR (CD:CN): 6 62.50 (s)
ppm. IR (COxCN): »(CO) 2058, 1986, and 1954 cth

The solution of4H,2* in CD3CN was fully deprotonated when
aniline (5 equiv) was added. It gave the deposidpWhich was
identified after filtration by!H NMR, 3P NMR, and IR in CDGJ.
However, when the same amount of 4-cyanoaniline was added, no
change happened, thus placing it&;between 10.6 and 7.6.

A similar procedure was done ®in CD3;CN in an attempt to
give 3H,%". However, we did not obtain a solution just like that of
4H,%". The'H NMR, 3P NMR, and IR spectra in (CDg)lwere
the same as those of with just as expected, even when triflic
acid was added. This provided evidence tBalid not react with
triflic acid without the participation of the electron during CV.

Control Experiment. In order to confirm the two-electron
assignment for the first reduction wave of complegeand4, a
control experiment was performed. When the total cha@g (
passed during bulk electrolysis at an applied potentiat {0 V,
calculated values for the passage of 1.50, 1.75, and 2.10 electrons
were approache®. The CVs obtained at the theoretical values of
1.50 and 1.75 electrons per molecule&nd 4 also showed a
reduction wave at about1.90 V, although the height of this wave
was decreased. However, a CV obtained at the theoretical value of

(43) Tye, J. W.; Lee, J.; Wang, H.-W.; Mejia-Rodriguez, R.; Reibenspies,
J. H.; Hall, M. B.; Darensbourg, M. inorg. Chem2005 44, 5550~
5552.
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C34H33F82NO4P2$2
757.37

8
CagHasFeNO4PS,
757.37

7
Ca2HsFe 04 P2 S,
714.305

6
CasHsFe Os P2 S,
742.31

5
CseH3sFeNOsP2S3
831.47

4
CaeHasFesN2010P2Ss

1200.43

3
GoHaeFe4010P2Ss

1114.29

empirical formula

fw

Table 8. X-ray Crystallographic Data

21.5441(10)
9.7792(4)
16.8278(7)

monoclinic
90.00

PQ]_/ C

21.5441(10)
9.7792(4)
16.8278(7)

monoclinic
90.00

91/ C

orthorhombic
41.0436(10)
21.3835(7)
90.00
90.00

90.00

Pnma
16.4811(5)

14.3088(15)
23.615(2)

9.8480(10)
90.00

monoclinic

P21/ C

monoclinic
33.670(13)
90.00

C2/lc
16.776(7)

13.903(6)

triclinic

Pl
10.9853(2)

11.2692(2)
12.8333(3)

monoclinic

C2lc
18.365(5)

16.886(4)
15.569(4)

90.00

crystal system
space group
a(A)

b(A)

c(®)

a (%)

B()

104.3780(10)

93.1110 (10)
118.5390(10)
1320.49(5)

1

98.837(3)
90.00

98.837(3)
90.00

90.938
90.00

96.909(6)
90.00

104.217(4)

90

7 ()

3503.3(3) 3503.3(3)

14464.7(7)

3327.2(6)

7796(5)

4680(2)

4

V (A3)
Z

4

4

4

8

1.436
273(2)

1.436
273(2)

1.312

1.482
295(2)
1.133
1520

1.417
293(2)

1.510
293(2)
1.350

614

1.581

Pealed (9 m43)

T(K)

293(2)

293(2)
1.516

1.076
1560

1.037 1.076
1560

5856

1.028
3424

w (mm-Y)

2264

F (000)

24548 24548

17065 19010 134322

6825
4572/0.0186

1.074

9614

reflns collected
reflinsRint

:

7404/ 0.0316

0.999

7404/ 0.0316

0.999

24626/0.4113

0.792

10680/0.07671

0.820

8408/0.0421

1.015

4109/0.0622

1.171

GOF (on P)

0.0657(0.043
0.1429(0.128

0.0796 (0.1207) 0.0490 (0.0541) 0.0593 (0.1194) 0.0480 (0.2303) 0.0821(0.4680) 0.0657(0.0437)
0.1413 (0.1480) 0.1244 (0.1470) 0.0874 (0.1269) 0.1714(0.3037) 0.1429(0.1285)

0.1328 (0.1456)

R1[l > 20 (I)] (all data}
WR2 [I > 20 (1)] (all data)

~—
=

AR1= (ZIIFol = IFl)/(3IFol). ®PWR2 = [FW(Fo® — FAFTW(Fo)?Y2
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ca. 2.10 and 2.13 electrons per molecule¥and4 did not show Ms. Rong Zhang for the HRMS measurements and Ms. Kun
any reduction wave at1.90 V, indicating the complete reduction  Jin for the NMR measurements.
of the bulk solution.
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