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As a continuation of our studies on biomimetic chemistry and butterfly cluster chemistry, two
series of “closed” and “open” butterfly [2Fe2Se] cluster complexes have been prepared in satisfactory
yields. Thus, treatment of Fe3(CO)12 with (HSeCH2)2CHOH in toluene at reflux gave the expected
“closed” butterfly [2Fe2Se] cluster complex [(μ-SeCH2)2CH(OH)]Fe2(CO)6 (A), whereas the “open”
butterfly cluster complex (μ-EtSe)[(μ-SeCH2CH(OH)(CH2Br)]Fe2(CO)6 (B) was unexpectedly pro-
duced along with complexA via a sequential reaction of (μ-Se2)Fe2(CO)6 with Et3BHLi, followed by
treatment with (BrCH2)2CHOH. The other “closed” and “open” cluster complexes 1-6 could be
further prepared by the hydroxy transformation and CO substitution reactions of complexesA and B.
For example, (i) reaction of A with PPh3 and decarbonylating agent Me3NO afforded PPh3-
monosubstituted complex [(μ-SeCH2)2CH(OH)]Fe2(CO)5(PPh3) (1), (ii) further reaction of 1 with
the acylating agent PhC(O)Cl in the presence of Et3N produced the benzoate-functionalized
complex [(μ-SeCH2)2CH(O2CPh)]Fe2(CO)5(PPh3) (2), (iii) treatment of A with the phosphatizing
agent Ph2PCl in the presence of Et3N or simply with PhPCl2 yielded the phosphite-functionalized
complexes [(μ-SeCH2)2CH(OPPh2-η

1)]Fe2(CO)5 (3) and [(μ-SeCH2)2CH(OPPhCl-η1)]Fe2(CO)5
(4), and (iv) treatment of B with 4-pyridinecarboxylic chloride or Ph2PCl in the presence of Et3N
resulted in formation of the “open” butterfly cluster complexes (μ-EtSe)[μ-SeCH2CH(CH2Br)-
(O2CC5H4N-4)]Fe2(CO)6 (5) and (μ-EtSe)[μ-SeCH2CH(CH2Br)(OPPh2-η

1)]Fe2(CO)5 (6). All the new
complexes have been characterized by elemental analysis and spectroscopy, as well as for A, 1-4,
and 6 by X-ray crystallography. Both 1H and 77Se NMR spectral studies demonstrated that
complexes B and 5 consist of three isomers of e-Et/a-R, e-Et/e-R, and a-Et/e-R, whereas complex 6

exists only as one isomer of e-Et/a-R. On the basis of an electrochemical study, it was found that the
“closed” and “open” complexes A and B can catalyze the proton reduction of TsOH and HOAc to
give hydrogen, respectively.

Introduction

The butterfly [2Fe2E] (E=S, Se) cluster complexes with
general formula (μ-RE)2Fe2(CO)nL6-n (L=2e ligands) have
recently attracted ever more attention because of their rich and
varied chemistry1-3 and particularly their close relationship
with biomimetic chemistry of the natural enzymes of FeFe-
hydrogenases (FeFeHases), NiFe-hydrogenases (NiFeHases),

andNiFeSe-hydrogenases (NiFeSeHases).4,5 The three groups
of hydrogenases are highly efficient enzymes, which can cata-
lyze the reversible redox reaction between hydrogen and pro-
tons in various microorganisms.6 Figure 1 compares their
active site structures obtained from the corresponding enzyme
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crystallographic studies.7-10 As shown in Figure 1, the three
active sites have the following structural features: (i) the active
site forFeFeHases contains a butterfly [2Fe2S] cluster, whereas
theNiFe- andNiFeSe-hydrogenases’ active sites have a butter-
fly [NiFe2S] cluster, (ii) the two Fe atoms in the butterfly
[2Fe2S] cluster and the Fe atom in the butterfly [NiFe2S]
cluster are coordinated by CO and CN- ligands, whereas the
bimetallic centers in these butterfly clusters are all bridged by
thiolate ligands, (iii) whereas the thiolate ligands in FeFeHases
are a dithiolate SCH2XCH2S, those of NiFeHases and NiFe-
SeHases are two CysS monothiolates (CysS=cysteinyl), and
(iv) whereas one of the iron atoms in the butterfly [2Fe2S]
cluster of FeFeHases is linked to a cubic [4Fe4S] cluster via the
sulfur atom of CysS ligand, the nickel atom in NiFeHases is
coordinated by two terminal CysS ligands and that in NiFeSe-
Hases by one terminal CysS ligand and one terminal CysSe
ligand, respectively.
In view of the interesting chemistry and the structural

similarity of complexes (μ-RE)2Fe2(CO)nL6-n with the
above-mentioned enzyme active sites, we and others have

prepared a great variety of such butterfly [2Fe2E] cluster
complexes, many of which have been used as the active site
models of FeFe-hydrogenases.11-14 As part of our projects
associated with the butterfly Fe/E cluster chemistry and bio-
mimetic chemistry of hydrogenases, we report the synthesis,
structural characterization, and properties of two series of
butterfly [2Fe2Se] cluster complexes, which are closely related
to the active sites of FeFe-, NiFe-, and NiFeSe-hydrogenases.

Results and Discussion

Synthesis and Characterization of [(μ-SeCH2)2CH(OH)]-
Fe2(CO)6 (A) and (μ-EtSe)[(μ-SeCH2CH(OH)(CH2Br)]Fe2-
(CO)6 (B). The C-hydroxy-functionalized butterfly [2Fe2Se]
cluster complex A, similar to its parent complex [μ-Se-
(CH2)3Se-μ]Fe2(CO)6,

14b,14c could be prepared by oxidative
addition of 1,3-dihydroseleno-2-propanol with Fe3(CO)12 in
toluene at reflux in 51% yield (Scheme 1).

Complex A is an air-stable red solid, which was fully
characterized by elemental analysis, spectroscopy, and
X-ray crystal diffraction analysis. The IR spectrum of
A showed three absorption bands in the range 2068-
1989 cm-1 for its terminal carbonyls and one broad band
centered at 3418 cm-1 for its hydroxy group. The 1H NMR
spectrum of A displayed one doublet at 1.85 ppm for the
hydrogen atom in its equatorial hydroxyl group (confirmed
by X-ray crystallography, vide infra) and one triplet at 1.53
ppmandone doublet at 2.84 ppm for the axial and equatorial
hydrogen atoms in its two CH2 groups. The 77Se NMR
spectrum of A exhibited a singlet at 207.36 ppm for its two
identical Se atoms bridged by a hydroxylpropylene group.
This 77Se NMR value is much larger than that of its parent
complex (145.0 ppm14b and 150.6 ppm14c), owing to the
presence of an electron-withdrawing hydroxy group in A

and the 77Se NMR data being highly sensitive to the Se
coordination mode and the chemical environment around
the Se atom.15

The molecular structure of A was unequivocally con-
firmed by X-ray crystallography. While Figure 2 shows its
ORTEP drawing, selected bond lengths and angles are given

Figure 1. Comparison of the active site structures of (a) FeFeHases,7,8 (b) NiFeHases,9 and (c) NiFeSeHases.10
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in Table 1. Figure 2 shows that complex A contains a
hydroxylpropanediselenolate ligand, which is bridged be-
tween the Fe1 and Fe2 atoms to form a “closed” butterfly
[2Fe2Se] cluster. The hydroxy group of A is indeed attached
to atom C8 by a common equatorial bond of the chair and
boat-like six-membered rings Fe1Se1C9C8C7Se2 and Fe2S-
e1C9C8C7Se2, whereas the hydrogen atom is connected to

C8 by the common axial bond. In fact, the structure of A is
very similar to that of its sulfur analogue [(μ-SCH2)2CH-
(OH)]Fe2(CO)6.

16

The “closed” complex A could also be prepared in 22%
yield, along with 13% of complex B, by treatment of
(μ-LiSe)2Fe2(CO)6 (generated in situ from (μ-Se2)Fe2(CO)6
and Et3BHLi)17 with 1 equiv of 1,3-dibromo-2-propanol in
THF from -78 �C to room temperature; however, further
experiment showed that treatment of the in situ generated
(μ-LiSe)2Fe2(CO)6 with an excess amount (3 equiv) of 1,3-
dibromo-2-propanol under the same conditions resulted in for-
mation of complex B as the major product along with a minor
amount of A in 31% and 3% yields, respectively (Scheme 2).

Interestingly, the above-mentioned sequential reactions
afforded two types of products (the expected “closed”A and
the unexpected “open” product B) with different yields,
mainly depending upon the molar ratio between intermedi-
ate (μ-LiSe)2Fe2(CO)6 and electrophile (BrCH2)2CHOH. In
addition, the ethyl group in B most likely originates from
Et3B that was released during the initial reductive cleavage
reaction of the Se-Se bond of (μ-Se2)Fe2(CO)6 with Et3BH-
Li.17 Although this is the first case in which an ethyl group of
Et3B is transferred to the bridged Se atom of a butterfly
[2Fe2Se] cluster, some cases are known in which an ethyl
group of Et3B is transferred to the bridged S atom of a
butterfly [2Fe2S] cluster in similar sequential reactions.18

While complex A was identified by comparison of its
melting point and IR and 1H NMR data with those of the
same compound prepared above by oxidative addition
method, complex B (an air-stable red liquid) was character-
ized by elemental analysis and IR, 1HNMR, and 77Se NMR
spectroscopy. In principle, the “open” type of butterfly
complex B may have three possible isomers: (i) e-Et/a-R,
(ii) e-Et/e-R, and (iii) a-Et/e-R (R=CH2CH(OH)CH2Br), in
which its two different substituents are connected to Se
atoms of the butterfly [2Fe2Se] cluster core in equatorial/
axial, equatorial/equatorial, or axial/equatorial positions
(Figure 3); the axial/axial isomer for this type of complex
could not exist due to the strong steric repulsions between the
two substituents.1a,19 Fortunately, the three isomers of B

Figure 2. Molecular structure of A with 30% probability level
ellipsoids.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for A, 1,
and 2

A

Se(1)-Fe(1) 2.3706(8) Se(2)-C(7) 1.964(4)
Se(1)-Fe(2) 2.3714(8) Fe(1)-Fe(2) 2.5598(9)
Se(2)-Fe(1) 2.3578(8) C(7)-C(8) 1.501(6)
Se(2)-Fe(2) 2.3685(8) O(7)-C(8) 1.434(5)

Fe(1)-Se(1)-Fe(2) 65.34(2) Se(2)-Fe(1)-Fe(2) 57.41(2)
C(7)-Se(2)-Fe(1) 108.39(13) Se(1)-Fe(1)-Fe(2) 57.34(2)
Fe(1)-Se(2)-Fe(2) 65.59(2) Se(2)-Fe(2)-Se(1) 87.11(2)
Se(2)-Fe(1)-Se(1) 87.38(2) C(7)-C(8)-C(9) 114.1(4)

1

Se(1)-Fe(1) 2.3821(9) Fe(2)-P(1) 2.2546(14)
Se(1)-Fe(2) 2.3774(7) Fe(1)-Fe(2) 2.5777(11)
Se(2)-Fe(1) 2.3717(8) C(6)-C(7) 1.504(5)
Se(2)-Fe(2) 2.3800(7) O(6)-C(7) 1.445(4)

Fe(1)-Se(1)-Fe(2) 65.58(2) P(1)-Fe(2)-Fe(1) 157.55(3)
Se(2)-Fe(1)-Fe(2) 57.30(3) Se(1)-Fe(1)-Fe(2) 57.12(3)
Fe(1)-Se(2)-Fe(2) 65.70(3) Se(2)-Fe(2)-Fe(1) 56.99(2)
Se(2)-Fe(1)-Se(1) 85.97(3) C(6)-C(7)-C(8) 115.1(4)

2

Se(1)-Fe(1) 2.4129(8) Fe(1)-P(1) 2.2481(13)
Se(1)-Fe(2) 2.3827(8) Fe(1)-Fe(2) 2.5509(9)
Se(2)-Fe(1) 2.3768(8) C(11)-C(12) 1.507(6)
Se(2)-Fe(2) 2.3771(9) O(11)-C(12) 1.467(5)

Fe(1)-Se(1)-Fe(2) 64.27(3) P(1)-Fe(1)-Fe(2) 158.96(4)
Se(2)-Fe(1)-Fe(2) 57.55(2) Se(1)-Fe(1)-Fe(2) 57.29(2)
Fe(1)-Se(2)-Fe(2) 64.90(3) Se(2)-Fe(2)-Fe(1) 57.54(3)
Se(2)-Fe(1)-Se(1) 85.99(3) C(11)-C(12)-C(13) 114.5(4)

Scheme 2
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have been proved by its 1HNMR spectrum (Figure 4), which
shows three triplets at 1.49, 1.44, and 1.19 ppm and three
doublets at 4.80, 4.99, and 5.03 ppm; these triplets and
doublets could be reasonably assigned to the three different
CH3 and OH groups in the equatorially and axially bound
ethyl and CH2CH(OH)CH2Br substituents in the three iso-
mers. The isomer ratio was obtained as (i):(ii):(iii) ≈ 11:8:1
according to the integrated values of the corresponding three
1H NMR signals for the CH3 or OH group.

Interestingly, the 77Se NMR spectrum of B displayed six
singlets in the range 95.72-206.96 ppm, consistent with the
fact that B has six different Se atoms in its three isomers. In
addition, the IR spectrum of B displayed three absorption
bands in the region 2063-1980 cm-1 and one absorption
band at 3407 cm-1, consistent with B having terminal CO’s
and a hydroxy group, although its three isomers could not be
distinguished by the IR spectrum.
Synthesis and Characterization of [(μ-SeCH2)2CH-

(OH)]Fe2(CO)5(PPh3) (1) and [(μ-SeCH2)2CH(O2CPh)]Fe2-
(CO)5(PPh3) (2). We further found that butterfly [2Fe2Se]
cluster complexes 1 and 2 could be prepared by functional
transformation reactions of the C-hydroxy and Fe-carbonyl
functionalities of complex A with satisfactory yields. Thus,
treatment of A with PPh3 and decarbonylating agent
Me3NO20 in MeCN produced the PPh3-monosubstituted
complex 1 in 81% yield, whereas further reaction of 1 with
benzoyl chloride in the presence of Et3N in CH2Cl2 afforded
the corresponding benzoate-functionalized complex 2 in
76% yield (Scheme 3).

Complexes 1 and 2 are air-stable red solids, which were
fully characterized by elemental analysis, spectro-
scopy, and X-ray crystallography. The IR spectra of
1 and 2 displayed three absorption bands in the region

2037-1928 cm-1 for their terminal carbonyls, while 1 and
2 exhibited an additional band at 3387 or 1711 cm-1 for
their hydroxyl and ester carbonyl, respectively. Their
highest νCtO values, compared to that of complex A, are
shifted by 33 and 36 cm-1 toward lower energy. This is in
accord with phosphine ligands being stronger σ-donors
than CO.21 The 1H NMR spectrum of 1 showed two
doublets at 1.27 and 2.23 ppm for the axial and equatorial
hydrogen atoms in its two CH2Se groups, whereas complex 2
displayed a triplet at 1.52 ppm and a doublet at 2.47 ppm
for the axial and equatorial hydrogen atoms in its two
CH2Se groups. In addition, the 31P NMR and 77Se NMR
spectra of 1 and 2 exhibited a singlet at ca. 67 ppm and ca.
185 ppm for their PPh3 ligands and the two identical
bridged Se atoms.

The molecular structures of 1 and 2 have also been
confirmed by X-ray diffraction analysis (Figures 5, 6 and
Table 1). Similarly, they contain a bridgehead C-hydroxyl or
a C-benzoate-functionalized 1,3-propanediselenolate (PDS)
ligand bridged between two iron atoms of the Fe(CO)3 and
Fe(CO)2(PPh3) units. In 1 and 2, both hydroxyl and benzoate
substituents lie in an equatorial position and both PPh3
ligands are located in an apical position of the square-
pyradimal Fe2 or Fe1 atom. The Fe1-Fe2, P1-Fe2, and
P1-Fe1 bond lengths of 1 (2.5777 Å; 2.2546 Å) and 2 (2.5509
Å; 2.2481 Å) are close to the corresponding ones of the
previously reported phosphine-substituted butterfly [2Fe2E]
(E=S, Se) cluster complexes.11g,23

Synthesis and Characterization of [(μ-SeCH2)2CH-

(OPPh2-η
1)]Fe2(CO)5 (3) and [(μ-SeCH2)2CH(OPPhCl-

η1)]Fe2(CO)5 (4). More interestingly, the phosphite-functio-
nalized complexes 3 and 4, in which their P atoms are
coordinated to one Fe atom of the diiron subsite, were also
prepared by functional transformation reactions of the C-
hydroxy and Fe-carbonyl functionalities of complex A.
Thus, treatment of complex A with Ph2PCl in the presence
of Et3N in THF or simply with PhPCl2 inMeCN gave rise to
complexes 3 and 4 in 78% and 69% yields, respectively
(Scheme 4). It is evident that these two reactions involve
the initially formed intermediates M1 and M2 by intermole-
cular condensation of A with phosphine chlorides, followed
by intramolecular CO substitution of M1 and M2 by their P
atoms.16

Figure 3. The three isomers of B.

Figure 4. Partial 1H NMR spectrum of B.

Scheme 3
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Similar to 1 and 2, complexes 3 and 4 are also air-stable red
solids, which were characterized by elemental analysis and
spectroscopy. The IR spectra of 3 and 4 displayed four
absorption bands in the range 2043-1925 cm-1 for their
terminal carbonyls. The 31PNMR spectra exhibited a singlet
at 159.47 and 207.66 ppm for their P atoms coordinated to
the Fe atom in each diiron subsite. Particularly noteworthy is
that the 1HNMRspectrumof 3 is quite different from that of
4. For instance, complex 3displayed twodoublets at 1.97 and
2.60 ppm for its two axial Ha atoms and two equatorial He

atoms, whereas 4 showed four doublets at 1.95, 2.15, 2.54,
and 2.95 ppm for its two axial Ha and two equatorial He

atoms (Figure 7). Why they displayed such different 1H
NMR spectra is because the two Ha atoms or two He atoms
in complex 3 are identical (with respect to the plane passing

through its P atom, the central C atom of its diselenolate
ligand, and the midpoint of its Fe-Fe bond) due to its
P atom bearing two identical phenyl groups, but in complex
4 they are different due to the presence of an asymmetric
P center with two different (Ph and Cl) groups. The 77Se
NMR spectrum of 3 displayed only one singlet at 4.35 ppm
for its two identical Se atoms, and 4 showed two singlets at
10.98 and 43.03 ppm for its two different Se atoms, which is
consistent with the aforementioned different 1H NMR spec-
tra of 3 and 4.

The molecular structures of 3 and 4 have been unambigu-
ously confirmed byX-ray diffraction analysis. TheirORTEP
drawings are shown in Figures 8 and 9, whereas selected
bond lengths and angles are listed in Table 2. Figures 8 and 9
indicate that complexes 3 and 4 contain a novel pentadentate
ligand, (μ-SeCH2)2CH(OPPh2)-η

1 or (μ-SeCH2)2CH(OPPh-
Cl)-η1, which is bridged between the two Fe atoms of Fe-
(CO)3 and Fe(CO)2 units to form the three fused six-mem-
bered rings Fe1Se1C6C7C8Se2, Fe2Se1C6C7C8Se2, and
Fe2Se1C6C7O6P1. The hydrogen atoms attached to their
C7 atoms are, in contrast to the corresponding ones of
complexes A, 1, and 2, lying in an equatorial position of
the former two six-membered rings due to formation of the
latter P-containing six-membered ring. Indeed, complex 3 is
symmetric with respect to the plane passing through P1, C7,

Figure 5. Molecular structure of 1 with 30% probability level ellipsoids.

Figure 6. Molecular structure of 2 with 30% probability level
ellipsoids.

Scheme 4
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and the midpoint of the Fe1-Fe2 bond, while complex 4 is
not symmetric with respect to the plane due to the P1 atom
being attached to two different groups. Actually, the molec-
ular crystal structures of 3 and 4 are in good agreement with
their IR, 1H NMR, and 77Se NMR data, and they much
resemble those of their sulfur analogues.16

Synthesis and Characterization of (μ-EtSe)[μ-SeCH2-

CH(CH2Br)(O2CC5H4N-4)]Fe2(CO)6 (5) and (μ-EtSe)[μ-Se-
CH2CH(CH2Br)(OPPh2-η

1)]Fe2(CO)5 (6). The “open” but-
terfly [2Fe2Se] cluster complexes 5 and 6 could be similarly
prepared by functional transformation reactions of the
C-hydroxy and Fe-carbonyl functionalities of the starting
“open” complex B. Thus, treatment of complex B in CH2Cl2
with 4-pyridinecarboxylic acid chloride in the presence of
Et3N gave the corresponding carboxylate-functionalized
complex 5 in nearly quantitative yield, whereas complex
B was treated in THF with Ph2PCl and Et3N, via intermedi-
ate M3, to afford the corresponding phosphite-functiona-
lized complex 6 in 40% yield (Scheme 5).

While complex 5 is an air-stable red liquid, complex 6 is an
air-stable red solid. Both complexes were characterized by
elemental analysis and spectroscopy, and particularly for 6
byX-ray crystal diffraction analysis. The IR spectra of 5 and
6 showed three and four absorption bands in the range
2064-1919 cm-1 for their terminal carbonyls, whereas 5

displayed an additional band at 1737 cm-1 for its ester
carbonyl. It is interesting to note that complex 5, like its
starting complex B, contains three isomers, (i) e-Et/a-R, (ii)
e-Et/e-R, and (iii) a-Et/e-R (R=CH2CH(CH2Br)O2CC5H4-
N-4), whereas complex 6 has only one isomer, namely, e-Et/
a-R (R=CH2CH(CH2Br)OPPh2-η

1). This is because the 1H
NMR spectrum of 5 showed three triplets at 1.45, 1.38, and
1.13 ppm that could be assigned to the three different CH3 in

the three equatorial and axial ethyl group-containing iso-
mers; in addition, 6 displayed only one triplet at 0.96 ppm
that was reasonably attributed to the CH3 in the equatorial
ethyl group-containing isomer mentioned above. It follows
that the 1H NMR spectra of 5 and 6 are consistent with the
77Se NMR spectrum of 5, showing six singlets for its six
different Se atoms in its three isomers, and that of 6, showing
two singlets for its twodifferent Se atoms in its isomer e-Et/a-
CH2CH(CH2Br)OPPh2-η

1. Fortunately, the X-ray crystal-
lographic study has unequivocally confirmed the molecular
structure of complex 6. The ORTEP plot of 6 is depicted in
Figure 10. Table 2 lists selected bond lengths and angles. As
shown intuitively in Figure 9, complex 6 consists of an open
[2Fe2Se] cluster core with five terminal carbonyls. The ethyl
group is indeed equatorially attached to the Se2 atom
through the C9-Se2 bond, while the phosphite ligand is

Figure 7.
1H NMR spectrum of the two CH2Se groups in 4.

Figure 8. Molecular structure of 3 with 30% probability level
ellipsoids.

Figure 9. Molecular structure of 4 with 30% probability level
ellipsoids.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 3, 4,
and 6

3

Fe(1)-Se(2) 2.3788(14) Se(2)-C(8) 1.985(9)
Fe(1)-Se(1) 2.3858(15) P(1)-O(6) 1.633(5)
Fe(2)-Se(2) 2.3627(12) Fe(1)-Fe(2) 2.5385(17)
Fe(2)-Se(1) 2.3752(14) Fe(2)-P(1) 2.192(2)

Se(2)-Fe(1)-Se(1) 87.67(5) Fe(2)-Se(2)-Fe(1) 64.74(4)
Se(2)-Fe(1)-Fe(2) 57.32(4) P(1)-Fe(2)-Fe(1) 135.92(7)
Se(1)-Fe(1)-Fe(2) 57.58(4) Se(2)-Fe(2)-Fe(1) 57.94(4)
Se(2)-Fe(2)-Se(1) 88.29(4) Se(1)-Fe(2)-Fe(1) 57.98(5)

4

Se(1)-C(6) 1.963(3) Fe(2)-P(1) 2.1469(11)
Se(1)-Fe(2) 2.3664(8) Se(2)-Fe(2) 2.3653(8)
Se(1)-Fe(1) 2.3714(8) Se(2)-Fe(1) 2.3752(8)
P(1)-O(6) 1.600(3) Fe(1)-Fe(2) 2.5798(10)

Fe(2)-Se(1)-Fe(1) 65.98(3) Se(2)-Fe(2)-Fe(1) 57.21(2)
Fe(2)-Se(2)-Fe(1) 65.94(3) Se(1)-Fe(2)-Fe(1) 57.10(3)
Se(1)-Fe(1)-Se(2) 87.84(4) Se(2)-Fe(1)-Fe(2) 56.84(3)
Se(1)-Fe(1)-Fe(2) 56.91(2) P(1)-Fe(2)-Se(2) 90.15(4)

6

Fe(1)-Se(2) 2.3729(11) P(1)-C(17) 1.821(5)
Fe(1)-Se(1) 2.3822(10) Fe(2)-Se(1) 2.3744(11)
Fe(1)-Fe(2) 2.5647(14) Fe(2)-Se(2) 2.3851(13)
Fe(2)-P(1) 2.1865(14) Br(1)-C(8) 1.939(5)

Se(2)-Fe(1)-Se(1) 83.43(3) Se(1)-Fe(2)-Fe(1) 57.52(3)
Se(2)-Fe(1)-Fe(2) 57.61(4) Se(2)-Fe(2)-Fe(1) 57.15(3)
Se(1)-Fe(1)-Fe(2) 57.22(3) Fe(1)-Se(2)-Fe(2) 65.24(3)
P(1)-Fe(2)-Se(1) 93.73(5) Fe(2)-Se(1)-Fe(1) 65.26(4)
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axially connected to the Se1 atom via the C6-Se1 bond and
apically coordinated to the Fe2 atom to form the six-
membered P1Fe2Se1C6C7O6metalloheterocycle. Although
6 is an “open” butterfly [2Fe2Se] cluster complex, its
Fe1-Fe2 bond length (2.5647 Å) is very close to the corre-
sponding ones for “closed” complexes A and 1-4 and the
corresponding ones reported for the “closed” and “open”
butterfly [2Fe2E] (E=S, Se) cluster complexes.14c,16,24

Electrochemistry of A and B.The electrochemical behavior
of the representative models A and B were studied in MeCN
under CO by cyclic voltammetric techniques. Table 3 lists
their electrochemical data, andFigure 11 displays their cyclic
voltammograms, respectively. It is shown thatA exhibits one
quasi-reversible reduction, one irreversible reduction, and
one irreversible oxidation, whereas B displays two irrever-
sible reductions and one irreversible oxidation. The first and
second reduction peaks of A (-1.63 and -2.30 V) and B

(-1.58 and -2.22 V) could be assigned to the one-electron
reduction processes from FeIFeI to FeIFe0 and FeIFe0 to
Fe0Fe0 (supported by the calculated values of 1.11 and 1.09
Farady/equiv obtained by study of the bulk electrolysis of a
MeCN solution of A at -1.80 V and B at -1.77 V,25

respectively). Similarly, the oxidation peaks of A (þ0.70 V)
and B (þ0.61 V) should be attributed to the one-electron
oxidation processes from FeIFeI to FeIFeII. To compare the
CV behavior of A with its sulfur analogue [(μ-SCH2)2CH2-
(OH)]Fe2(CO)6 (C),

16 we determined the cyclic voltammo-
gramofC (see Figure 11* in the Supporting Information).As
can seen in Table 3 and Figure 11*, complex C displays one
quasi-reversible reduction peak at -1.61 V, one irreversible
reduction peak at -2.16 V, and one irreversible oxidation
peak at þ0.76 V. Therefore, the CV behavior of A is very
similar to that of C.

The cyclic voltammograms of A and B in the presence of
p-toluenesulfonic acid (TsOH, pKa = 8.7 in MeCN) and
acetic acid (HOAc, pKa=22.3 in MeCN)26 are presented in
Figures 12 and 13, respectively. For comparison, the cyclic
voltammograms of A and B without TsOH and HOAc are
also included. It is shown thatwhen the first 2mMTsOHwas
added, the first reduction peak of A at -1.60 V obviously
increased and continuously increased linearly with an
increase in acid concentration. However, in contrast to this,
when the first 2 mM HOAc was added, the first reduction
peak of B at -1.57 V did not grow, but its second reduction
peak at -2.24 V grew remarkably with increasing acid
concentration. The rapid increase in current height of the
reduction peak reveals an electrocatalytic processes.27-30

To further confirm the catalytic ability of A and B for H2

production, a solution of A or B (0.5 mM) with an excess

Table 3. Electrochemical Data of A, B, and Ca

Epc, Epa(V) Epc(V) Epa(V)

compound FeIFeI/FeIFe0 FeIFe0/Fe0Fe0 FeIFeI/FeIFeII

A -1.63,-1.53 -2.30 þ0.70
B -1.58,- -2.22 þ0.61
C -1.61,-1.51 -2.16 þ0.76

aAll potentials are versus Fc/Fcþ in 0.1 M n-Bu4NPF6/MeCN.

Figure 11. Cyclic voltammograms of A and B (1 mM) in 0.1 M
n-Bu4NPF6/MeCN under CO at a scan rate of 100 mV s-1.

Figure 10. Molecular structure of 6 with 30% probability level
ellipsoids.

Scheme 5
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amount of TsOH or HOAc (25 mM) was electrolyzed
at-1.65 and-2.34 V, respectively. During 0.5 h electrolysis
of TsOH, a total of 25.6 F per mole of A passed, which
corresponds to 13 turnovers. Gas chromatographic analysis
showed that the hydrogen yield was about 80%. Similarly,
during 0.5 h electrolysis of HOAc, a total of 28.0 F per mole
of B passed (which corresponds to 14 turnovers) and the
hydrogen yield was about 90%.

Finally, it is worth pointing out that although numerous
butterfly [2Fe2S] cluster-based model compounds were pre-
viously reported to have the catalytic ability for proton
reduction to hydrogen,28-32 very few butterfly [2Fe2Se]
cluster complexes have been found to have such electroca-
talytic behavior.14

Conclusion

We have prepared the “closed” and “open” butterfly
[2Fe2Se] cluster complexes, A and B, by oxidative addit-

ion of Fe3(CO)12 with (HSeCH2)2CHOH and a sequential
reaction of (μ-Se2)Fe2(CO)6 with Et3BHLi followed by treat-
ment with (BrCH2)2CHOH, respectively. Further functional
hydroxy transformation and CO substitution reactions of A
and B have resulted in formation of the corresponding
butterfly cluster complexes 1-6 with various functionalities.
All these “closed” and “open” cluster complexes are new and
have been fully characterized. Particularly noteworthy is that
the molecular structures of solid complexes A, 1-4, and 6

have been confirmed by X-ray crystal diffraction analysis,
while liquid compound B and its derivative 5 have been
established to exist as three isomers e-Et/a-R, e-Et/e-R, and
a-Et/e-Rby their 1H and 77SeNMRspectroscopic analysis. In
view of the structural similarity of these “closed” and “open”
cluster complexes with the active sites of FeFeHases, NiFe-
Hases, and NiFeSeHases (although the “closed” complexes
have more similarity with the active site of FeFeHases), we
regarded these butterfly complexes as the active site models
for these natural enzymes. In addition, we have demonstrated
that the representative “closed” and “open” complexesA and
B have the ability to catalyze the proton reduction of TsOH
and HOAc to give hydrogen, respectively.

Experimental Section

General Comments. While all reactions were performed using
standard Schlenk and vacuum-line techniques under N2, all ma-
nipulations shouldbe carriedout in awell-ventilatedhood, since all
selenium-containing compounds are usually highly toxic. Toluene
and THF were distilled from sodium/benzophenone ketyl, while
MeCN and CH2Cl2 were distilled from CaH2. Fe3(CO)12,

33

PhPCl2,
34 (μ-Se2)Fe2(CO)6,

17 and 4-pyridinecarboxylic acid chlor-
ide35 were prepared according to the publishedmethods. Selenium
powders, NaBH4, 1,3-dibromo-2-propanol (85%), Ph2PCl,
Et3BHLi (1M in THF), and other chemicals were purchased from
commercial suppliers and used as received. Preparative TLC was
carried out on glass plates (25�15�0.25 cm coated with silica gel
G (10-40 μm). IR spectra were recorded on a Bio-Rad FTS 135
infrared spectrophotometer. 1H (31P, 77Se) NMR spectra were
taken on a Bruker Avance 300 NMR, a Varian Mercury 300
NMRor a VarianMercury Plus 400NMR spectrometer, respec-
tively. Elemental analyses were performed with an Elementar
Vario EL analyzer. Melting points were determined on a Yanaco
MP-500 apparatus and were uncorrected.

Preparation of (HSeCH2)2CHOH.This hydroxydiselenol was
recently prepared by a complicated method.36 However, we
could prepare it by a simple and convenient method. A stirred
suspension of seleniun powders (0.790 g, 10.0 mmol) in absolute
ethanol (20 mL) was cooled to 0 �C, and then NaBH4 (0.390 g,
10.0 mmol) was slowly added. The mixture was stirred at 0 �C
for an additional 0.5 h to give a solution containing sodium
hydrogenselenide.37 To this solution was added 1,3-dibromo-2-
propanol (0.48 mL, 5.0 mmol), and then the new mixture was
warmed to room temperature and stirred at this temperature for
3.5 h. After addition of the degassed water (20 mL), a given
amount of dilute hydrochloric acid was added in order to lower
the pH value of the mixture to 1-2. The H2Se present in the
mixture was completely removed by bubbling nitrogen in a well-

Figure 12. Cyclic voltammogram of A (1 mM) with TsOH
(0-10 mM) in 0.1 M n-Bu4NPF6/MeCN under CO at a scan
rate of 100 mV s-1.

Figure 13. Cyclic voltammograms of B (1 mM) with TsOH
(0-10 mM) in 0.1 M n-Bu4NPF6/MeCN under CO at a scan
rate of 100 mV s-1.
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ventilated hood, and then themixture was extracted withCHCl3
(30mL�3). After CHCl3was removed, the remaining red oil was
distilled under vacuum to give the product as a light yellow oil
(0.479 g, 55%), bp 45-46 �C (1 mmHg). This compound was
identified by comparison of its IR and 1HNMRdata with those
of an authentic sample prepared by another method.36

Preparation of [(μ-SeCH2)2CH(OH)]Fe2(CO)6 (A). To a deep
green solution of Fe3(CO)12 (0.504 g, 1.00 mmol) in toluene
(25 mL) was added 2-hydroxypropane-1,3-diselenol (0.220 g,
1.00mmol). Themixture was refluxed for 1.5 h, resulting in a color
change from deep green to dark red. After solvent was removed in
vacuo, the residue was subjected to flash column chromatography
using petroleum ether to remove the soluble and insoluble impu-
rities and then using acetone to elute the major red band. After
acetone was removed in vacuo, the residue was further subjected to
TLC separation using acetone/petroleum ether (1:4 v/v) as eluent.
From the main red band, A was obtained as a red solid (0.253 g,
51%),mp 96-97 �C.Anal. Calcd for C9H6Fe2O7Se2: C, 21.80; H,
1.22. Found: C, 21.75;H, 1.24. IR (KBr disk): νCtO 2068 (s), 2024
(vs), 1989 (vs); νO-H 3418 (m) cm-1. 1HNMR (300MHz,CDCl3,
TMS): 1.53 (t, 2Ha, JHaHe=JHaHa0=11.1 Hz), 1.85 (d, 1H, J=5.1
Hz,OH), 2.84 (d, 2He, JHeHa=12.0Hz), 2.97-3.03 (m, 1Ha0) ppm
(Ha andHe denote the axially and equatorially bondedHatoms in
CH2Se groups, while Ha0 and He0 represent those axially or
equatorially bonded to bridgehead C atom). 77Se NMR (57
MHz, CDCl3, Me2Se): 207.36 (s) ppm.
Preparation of A and (μ-EtSe)[μ-SeCH2CH(OH)(CH2Br)]Fe2-

(CO)6 (B). (i) The procedure for complex A as major product: A
purple-red solution of (μ-Se2)Fe2(CO)6 (0.438 g, 1.00 mmol) in
THF (25 mL) was cooled to-78 �C, and then Et3BHLi (2.0 mL,
2.00 mmol) was added. The mixture was stirred at -78 �C for 20
min to give a brown-red solution containing (μ-LiSe)2Fe2(CO)6.
After 1,3-dibromo-2-propanol (0.12 mL, 1.00 mmol) was added,
the new mixture was warmed to room temperature and stirred at
this temperature for 12 h.Volatiles were removed in vacuo, and the
residue was subjected to TLC separation using CH2Cl2/petroleum
ether (1:1 v/v) as eluent. From the main red band, Bwas obtained
as a red oil (0.080 g, 13%). When the eluent was changed to
acetone/petroleum ether (1:4 v/v), A was obtained from another
main red band as a red solid (0.111 g, 22%). Complex A was
identified bymelting point and IR and 1HNMR spectral compar-
ison with the same compound prepared in the reaction of (HSe-
CH2)2CHOH with Fe3(CO)12. Complex B was characterized by
elemental analysis and spectroscopy. Anal. Calcd for
C11H11BrFe2O7Se2: C, 21.85; H, 1.83. Found: C, 22.01; H, 1.85.
IR (KBr disk): νCtO 2064 (s), 2023 (vs), 1980 (vs); νO-H 3407 (m)
cm-1. 1H NMR (400 MHz, d6-acetone, TMS): 1.19
(t, J=7.6 Hz, a-CH2CH3), 1.44 (t, J=7.6 Hz, e-CH2CH3), 1.49
(t, J = 7.4 Hz, e-CH2CH3), 2.42-3.07 (m, 4H, SeCH2CH3,
SeCH2CH), 3.45-3.64 (m, 2H, BrCH2), 3.74-3.81 (m, e-CH2-
CH), 4.00-4.08 (m, e-CH2CH), 4.10-4.15 (m, a-CH2CH), 4.80
(d, J=5.2 Hz, e-CH2CHOH), 4.99 (d, J=5.2 Hz, e-CH2CHOH),
5.03 (d, J=5.2 Hz, a-CH2CHOH) ppm. 77Se NMR (76 MHz,
CDCl3, Me2Se): 95.73 (s), 146.92 (s), 155.84 (s), 160.81 (s), 203.07
(s), 206.97 (s) ppm. (ii) Another procedure for complex B as
major product: To the prepared THF solution from
(μ-Se2)Fe2(CO)6 (0.438 g, 1.00 mmol) and Et3BHLi (2.0 mL,
2.00 mmol) as described in procedure (i) was added an excess
amount 1,3-dibromo-2-propanol (0.36 mL, 3.00 mmol), and then
the new mixture was stirred at room temperature for 12 h. After
the same workup as that described in procedure (i), complexes B
(0.190 g, 31%) and A (0.015 g, 3.0%) were obtained, respectively.
Preparation of [(μ-SeCH2)2CH(OH)]Fe2(CO)5(PPh3) (1). A

solution of A (0.248 g, 0.50 mmol), PPh3 (0.131 g, 0.50 mmol),
andMe3NO 3 2H2O (0.056 g, 0.50 mmol) in MeCN (15 mL) was
stirred at room temperature for 0.5 h. The resulting dark red
solution was evaporated to dryness in vacuo, and the residue
was separated by TLC using acetone/petroleum ether (1:3.5 v/v)
as eluent. From the main red band, 1was obtained as a red solid
(0.295 g, 81%), mp 150 �C (dec). Anal. Calcd for C26H21-

Fe2O6PSe2: C, 42.78; H, 2.90. Found: C, 42.72; H, 2.98. IR
(KBr disk): νCtO 2037 (vs), 1975 (vs), 1928 (m); νO-H 3387 (m)
cm-1. 1H NMR (400 MHz, CDCl3, TMS): 1.16 (d, 1H, J=3.6
Hz, OH), 1.27 (d, 2Ha, JHaHe=11.2 Hz), 1.54-1.59 (m, 1Ha0),
2.23 (d, 2He, JHeHa=10.0 Hz), 7.45, 7.64 (2s, 15H, 3C6H5) ppm.
31P NMR (162 MHz, CDCl3, 85% H3PO4): 67.88 (s) ppm. 77Se
NMR (57 MHz, CDCl3, Me2Se): 182.38 (s) ppm.

Preparation of [(μ-SeCH2)2CH(OCOPh)]Fe2(CO)5(PPh3)
(2). A solution of 1 (0.365 g, 0.50 mmol) in CH2Cl2 (15 mL)
was cooled to 0 �C, and then Et3N (0.07 mL, 0.50 mmol) and
benzoyl chloride (0.06mL, 0.50mmol) were added. Themixture
was warmed to room temperature and stirred at this tempera-
ture for 12 h. After solvent was removed in vacuo, the residue
was subjected to TLC separation using CH2Cl2/petroleum ether
(1:3 v/v) as eluent. From the main red band, 2was obtained as a
red solid (0.317 g, 76%), mp 95 �C (dec). Anal. Calcd for
C33H25Fe2O7PSe2: C, 47.52; H, 3.02. Found: C, 47.40; H,
3.09. IR (KBr disk): νCtO 2034 (vs), 1977 (vs), 1959 (vs), 1930
(s); νCdO 1711 (s) cm-1. 1H NMR (400 MHz, CDCl3, TMS):
1.52 (t, 2Ha, JHaHe=JHaHa0=11.4Hz), 2.47 (d, 2He, JHeHa=10.0
Hz), 3.68-3.74 (m, 1Ha0), 7.41-8.08 (m, 20H, 4C6H5) ppm. 31P
NMR (162 MHz, CDCl3, 85% H3PO4): 67.30 (s) ppm. 77Se
NMR (57 MHz, CDCl3, Me2Se): 190.35 (s) ppm.

Preparation of [(μ-SeCH2)2CH(OPPh2)-η
1]Fe2(CO)5 (3). To

a red solution of A (0.248 g, 0.50 mmol) in THF (15 mL) cooled
to0 �CwereaddedEt3N(0.07mL,0.50mmol) andPh2PCl (0.09mL,
0.50mmol). After themixture was stirred at 0 �C for 0.5 h, it was
allowed to warm to room temperature and stirred at this
temperature for 12 h. Solvent was removed in vacuo, and the
residue was subjected to TLC separation using CH2Cl2/petro-
leum ether (1:2 v/v) as eluent. From the main red band, 3 was
obtained as a red solid (0.255 g, 78%), mp 174 �C (dec). Anal.
Calcd for C20H15Fe2O6PSe2: C, 36.85; H, 2.32. Found: C, 36.93;
H, 2.27. IR (KBr disk): νCtO 2043 (s), 1982 (vs), 1963 (vs), 1925
(s) cm-1. 1H NMR (300 MHz, CDCl3, TMS): 1.97 (d, 2Ha,
JHaHe=12.3 Hz), 2.60 (d, 2He, JHeHa=9.9 Hz), 4.39-4.48 (m,
1He0), 7.48-7.75 (m, 10H, 2C6H5) ppm. 31P NMR (121 MHz,
CDCl3, 85% H3PO4): 159.47 (s) ppm. 77Se NMR (57 MHz,
CDCl3, Me2Se): 4.35 (s) ppm.

Preparation of [(μ-SeCH2)2CH(OPPhCl)-η1]Fe2(CO)5 (4).
To a red solution of A (0.248 g, 0.50 mmol) in MeCN (15 mL)
was added PhPCl2 (0.07 mL, 0.50 mmol), and then the mixture
was stirred at room temperature for 12 h. After solvent was
removed in vacuo, the residue was subjected to TLC separation
using CH2Cl2/petroleum ether (1:3 v/v) as eluent. From the main
red band, 4was obtained as a red solid (0.210 g, 69%),mp 143 �C
(dec). Anal. Calcd for C14H10ClFe2O6PSe2: C, 27.55; H, 1.65.
Found: C, 27.54; H, 1.63. IR (KBr disk): νCtO 2036 (vs), 1987
(vs), 1970 (vs), 1941 (s) cm-1. 1H NMR (400 MHz, CDCl3,
TMS): 1.95, 2.15 (2d, 2Ha, JHaHe=12.8 Hz), 2.54, 2.95 (2d, 2He,
JHeHa=12.8 Hz), 4.62-4.66 (m, 1He0), 7.60-8.02 (m, 5H, C6H5)
ppm. 31PNMR(162MHz, CDCl3, 85%H3PO4): 207.66 (s) ppm.
77Se NMR (57 MHz, CDCl3, Me2Se): 10.98 (s), 43.03 (s) ppm.

Preparation of (μ-EtSe)[μ-SeCH2CH(CH2Br)(O2CC5H4N-

4)]Fe2(CO)6 (5). A solution of B (0.302 g, 0.50 mmol) in CH2Cl2
(15 mL) was cooled to 0 �C, and then Et3N (0.07 mL, 0.50 mmol)
and 4-pyridinecarboxylic acid chloride (0.071 g, 0.50 mmol) were
added. After the mixture was stirred at 0 �C for 0.5 h, it was
warmed to room temperature and stirred at this temperature for 12
h. Solvent was removed in vacuo, and the residue was subjected to
TLC separation using CH2Cl2 as eluent. From the main orange-
red band, 5 was obtained as a red oil (0.352 g, 99%). Anal. Calcd
for C17H14BrFe2NO8Se2: C, 28.77; H, 1.99; N, 1.97. Found: C,
28.67; H, 2.07; N, 2.08. IR (KBr disk): νCtO 2064 (s), 2025 (vs),
1982 (vs);νCdO1737 (s) cm-1. 1HNMR(300MHz,CDCl3,TMS):
1.13 (t,J=7.5Hz, a-CH2CH3), 1.38 (t,J=7.5Hz, e-CH2CH3), 1.45
(t, J = 7.5 Hz, e-CH2CH3), 2.22-3.07 (m, 4H, SeCH2CH3,
SeCH2CH), 3.63-3.71 (m, 2H, BrCH2), 5.03-5.10 (m, e-
CH2CH), 5.37-5.44 (m, e-CH2CH), 5.49-5.55 (m, a-CH2CH),
7.95 (s, 2H, 2 R-H of pyridine ring), 9.00 (s, 2H, 2 β-H of pyridine
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ring) ppm. 77Se NMR (76MHz, CDCl3, Me2Se): 86.93 (s), 136.05
(s), 151.95 (s), 154.46 (s), 199.79 (s), 203.59 (s) ppm.
Preparation of (μ-EtSe)[μ-SeCH2CH(CH2Br)(OPPh2-η

1)]Fe2-
(CO)5 (6). A solution of B (0.302 g, 0.50 mmol) in THF (15 mL)
was cooled to 0 �C, and then Et3N (0.07 mL, 0.50 mmol) and
Ph2PCl (0.09mL, 0.50mmol)were added. Themixturewas stirred
at 0 �C for 0.5 h, and then the mixture was warmed to room
temperature and stirred at this temperature for 12h.After removal
of solvent, the residue was subjected to TLC separation using
CH2Cl2/petroleum ether (1:3 v/v) as eluent. From the main red
band, 6 was obtained as a red solid (0.152 g, 40%), mp 154 �C
(dec). Anal. Calcd for C22H20BrFe2O6PSe2: C, 34.73; H, 2.65.
Found:C, 34.75;H, 2.59. IR (KBrdisk):νCtO2036 (vs), 1977 (vs),
1960 (vs), 1919 (s) cm-1. 1HNMR (300MHz,CDCl3, TMS): 0.96
(t, 3H, J = 7.0 Hz, CH3), 1.93-2.39 (m, 4H, e-CH2CH3,
a-CH2CH), 3.36 (br s, 2H, a-CH2CHCH2Br), 3.57-3.63 (m,
1H, a-CH2CH), 7.40-7.93 (m, 10H, 2C6H5) ppm. 31P NMR
(121 MHz, CDCl3, 85% H3PO4): 171.12 (s) ppm. 77Se NMR
(57 MHz, CDCl3, Me2Se): 110.32 (s), 192.58 (s) ppm.
X-ray Structure Determinations of A, 1-4, and 6. Single

crystals of A, 1-4, and 6 suitable for X-ray diffraction analysis
were grown by slow evaporation of the CHCl3/ petroleum ether
solutions ofA and 2 or the CH2Cl2/petroleum ether solutions of
1, 3, 4, and 6 at about -4 �C. Each crystal was mounted on a
RigakuMM-007 (rotating anode) diffractometer equipped with
Saturn 70CCD.Data were collected at room temperature, using
a confocal monochromator with Mo KR radiation (λ=0.71070
Å) in the ω-φ scanning mode. Data collection, reduction, and
absorption correction were performed by the CRYSTAL-
CLEAR program.38 The structures were solved by direct meth-
ods using the SHELXS-97 program39 and refined by full-matrix

least-squares techniques (SHELXL-97)40 on F2. Hydrogen
atoms were located by using the geometric method. Details of
crystal data, data collections, and structure refinements are
summarized in Tables 4 and 5, respectively.

Electrochemistry. Acetonitrile (Fisher Chemicals, HPLC
grade) was used for performance of electrochemistry. A solution
of 0.1 M n-Bu4NPF6 in MeCN was used as electrolyte in all
cyclic voltammetric experiments. The electrolyte solution was
degassed by bubbling with CO for about 10 min before mea-
surement. Electrochemical measurements were made using a
BASEpsilon potentiostat. All voltammogramswere obtained in
a three-electrode cell with a 3 mm diameter glassy carbon
working electrode, a platinum counter electrode, and an Ag/
Agþ (0.01 M AgNO3/0.1 M n-Bu4NPF6 in MeCN) reference
electrode under CO. The working electrode was polished with
0.05 μm alumina paste and sonicated in water for about 10 min.
Bulk electrolysis was run on a vitreous carbon rod (A=2.9 cm2)
in a two-compartment, gastight,H-type electrolysis cell contain-
ing ca. 25 mL of MeCN. Gas chromatography was performed
with a ShimadzuGC-2014 gas chromatograph under isothermal
conditions with nitrogen as a carrier gas and a thermal con-
ductivity detector.
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Table 4. Crystal Data and Structure Refinements for A, 1, and 2

A 1 2

mol formula C9H6Fe2
O7Se2

C26H21Fe2
O6PSe2

C33H25Fe2O7P
Se2 3CHCl3

mol wt 495.76 730.02 953.49
cryst syst orthorhombic monoclinic triclinic
space group Pbca P21/c P1
a/Å 13.699(3) 9.2439(18) 10.3184(8)
b/Å 21.795(4) 17.764(4) 15.9031(11)
c/Å 29.394(6) 16.640(3) 22.649(2)
R/deg 90 90 99.005(10)
β/deg 90 102.25(3) 90.353(12)
γ/deg 90 90 94.881(8)
V/Å3 8777(3) 2670.2(9) 3656.8(5)
Z 24 4 4
Dc/g 3 cm

-3 2.251 1.816 1.732
abs coeff/mm-1 6.982 3.912 3.093
F(000) 5664 1440 1888
index ranges -17 e h e 17 -11 e h e 10 -13 e h e 13

-27 e k e 27 -21 e k e 15 -20 e k e 20
-26 e l e 37 -19 e l e 18 -29 e l e 26

no. of reflcns 58 306 17 942 31 100
no. of indep reflcns 9715 4705 17 118
2θmax/deg 54.30 50.04 55.74
R 0.0372 0.0376 0.0568
Rw 0.0798 0.0726 0.1040
goodness of fit 1.046 0.978 1.048
largest diff peak

and hole/e Å-3
0.612/-0.797 0.555/-0.798 0.789/-0.609

Table 5. Crystal Data and Structure Refinements for 3, 4, and 6

3 4 6

mol formula C20H15Fe2
O6PSe2

C14H10ClFe2
O6PSe2

C22H20BrFe2
O6PSe2

mol wt 651.91 610.26 760.88
cryst syst monoclinic monoclinic triclinic
space group P2(1)/c C2/c P1
a/Å 12.116(2) 22.423(5) 10.383(5)
b/Å 17.491(4) 7.9680(16) 11.346(5)
c/Å 11.902(2) 23.872(5) 11.524(5)
R/deg 90 90 91.620
β/deg 115.13(3) 112.57(3) 98.648(3)
γ/deg 90 90 106.563(7)
V/Å3 2283.6(8) 3938.5(14) 1282.9(10)
Z 4 8 2
Dc/g 3 cm

-3 1.896 2.058 1.970
abs coeff/mm-1 4.562 5.413 5.623
F(000) 1272 2352 740
index ranges -14 e h e 13 -26 e h e 26 -11 e h e 13

-19 e k e 20 -9 e k e 9 -13 e k e 14
-14 e l e 14 -24 e l e 28 -15 e l e 15

no. of reflcns 16 798 12 480 9447
no. of indep reflcns 3946 3471 6029
2θmax/deg 50.02 50.04 55.76
R 0.0698 0.0332 0.0424
Rw 0.1624 0.0615 0.1028
goodness of fit 1.033 0.910 0.962
largest diff peak

and hole/e Å-3
2.072/-1.259 0.548/-0.728 1.207/-1.617
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