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Introduction

The hydrogenase active sites and the chemistry they per-
form have inspired synthetic chemists in attempts to pro-
duce small molecule analogues[1–3] as potential base–metal

catalysts for H2 uptake, H2 production, or, in the case of the
mono-iron hydrogenase, [Fe]-H2ase, H2 activation for a hy-
dride reduction process.[4–9] Recent studies including X-ray
diffraction,[7,9] spectroscopies,[4,5] and DFT modeling[10] sug-
gest the active site of the [Fe]-H2ase consists of a low-spin
FeII, two cis-oriented CO ligands, a cysteinyl-S, an organic
pyridone bidentate ligand (N and acyl carbon), and a H2O
(or an open site) trans to the acyl group as sketched in
Figure 1.

Different from the [FeFe]- and [NiFe]-H2ases that directly
utilize H2 and H+ as substrates in hydrogen metabolism
(H2 = 2 H+ + 2 e�), the [Fe]-H2ase (alternatively called
Hmd or H2-forming methylene-H4MPT dehydrogenase) cat-
alyzes the reduction of N5,N10-methenyl-tetrahydrometha-
nopterin (methenyl-H4MPT+ , or H4MPT+) with H2 to
N5,N10-methylene-tetrahydromethanopterin (methylene-
H4MPT, or H4MPT) and a proton (Figure 1).[6,8] The [Fe]-
H2ase catalyzes isotopic exchange in T2/H2O or D2/H2O mix-
tures and the conversion of para-H2/ortho-H2 only in the
presence of H4MPT+ while the [NiFe]- and [FeFe]-H2ases
catalyze the same reactions without an exogenous electron
acceptor/donor.[8] Illustrated in Figure 1 is an appealing ter-
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nary-complex mechanism put forth by Thauer, Shima, et al.
that uses the d6, FeII catalytic center as an H2 trapping site,
with the carbonium ion of the H4MPT+ substrate strategi-
cally positioned to abstract hydride with concurrent proton
transfer to a nearby base.[6] This mechanism does not invoke
an Fe–H intermediary, however, DFT calculations have sug-
gested that a hydride transfer mechanism involving Fe–H
cannot be ruled out.[10]

Synthetic analogues recently developed for the [Fe]-H2ase
include octahedral FeII dicarbonyls that mimic the dena-
tured state of Hmd.[4,11, 12] The Rauchfuss group reported a
hexacoordinate (PhS)(Ph2PC6H4C(=O))Fe(CO)3

[13] which
has the acyl carbonyl built in as analogue of the CO-inhibit-
ed state.[4] A rare example of a pentacoordinate, presumably
FeII dicarbonyl, is that of an (acetyl)FeII complex derived
from carbonylation of a 3-coordinate Fe–Me species report-
ed from the Holland laboratory.[14] Inspired by the report of
Liaw, et al. ,[15] that pentacoordinate, 16-electron FeII dicar-
bonyl complexes could be accessed in the presence of strong
p-donor ligands such as the 2-amidothiophenolate dianion,
we have developed a series of iron dicarbonyl complexes 4,
5 and 6. Herein, we report syntheses, electronic structures,
and characterizations, including protonation-activated CO
uptake and 12CO/13CO exchange, as influenced by the
unique electronic makeup of the Fe(NS) unit.

Results and Discussion

Synthesis and characterization : Scheme 1 outlines a reliable
procedure used to prepare (NS)Fe(CO)2ACHTUNGTRENNUNG(PR3) neutral com-
plexes; the approach is somewhat different from that of

Liaw, et al. for the cyano analogue.[15] The target complexes
were isolated as dark brown crystalline solids in moderate
to good yields. In the case of complex 5, the Fe0 complex,
trans-[Fe(CO)3ACHTUNGTRENNUNG(PPh3)2], was a substantial byproduct. Com-
plexes 4, 5 and 6 are air stable and may be handled for short
periods at room temperature in the dark. However, their
thermal and light sensitivity requires that they be stored at
low (�40 8C) temperatures and always shielded from light.
The light sensitivity displayed by 5 and 6 is also a character-
istic of the [Fe]-H2ase enzyme.[16] Compounds 4, 5, and 6
show sharp 31P NMR resonances at 89.6, 97.4 and
173.6 ppm, respectively, confirming their diamagnetism.
They are soluble in most organic solvents.

Figure 2 displays the n(CO) IR spectra for which the near
equal intensity of the two bands suggests cis-dicarbonyls are
at about 908 angles. The n(CO) band positions follow that
expected for the electron-donating abilities of the phosphine
ligands; those of complexes 5 and 6 (measured in CH2Cl2)
are closest to those of the [Fe]-H2ase active site (2011 and
1944 cm�1 and likewise of equal intensities).[4]

Details of the X-ray diffraction studies of crystalline com-
pounds 4 and 5 are fully described in the Supporting Infor-
mation. The ORTEP drawings of the molecular structures
are presented in Figure 3 so as to emphasize the square pyr-
amidal structure of complex 5 for which analysis according
to Addison�s t value[17] finds complex 5 (t=0.192, based on
aACHTUNGTRENNUNG(S1-Fe-C2)= 173.98 and bACHTUNGTRENNUNG(C1-Fe-Ni)= 141.08) to be more
nearly a square pyramid (similarly to Liaw�s cyano com-
plex),[15] while complex 4 (t=0.53, based on aACHTUNGTRENNUNG(S-Fe-P) =

166.58 and bACHTUNGTRENNUNG(N-Fe-C1)=155.08) is a hybrid of square pyra-
midal and trigonal bipyramidal geometries.

Computational studies : These high quality crystal structures
encouraged examination of the extent of light atom metric
differences that might signal interruption of the aromaticity
in the aryl ring and the NS ligand�s “non-innocence”.[18]

DFT computations used in this analysis were performed
with the B3LYP in a double zeta basis set for the free ligand
and complexes 4–6. Complex 4 was further examined with
another functional and basis set (see Computational Details
in the Experimental Section). The DFT-optimized struc-
tures, which agree with the corresponding crystal structures

Figure 1. Formulation of the active site of the [Fe]-H2ase and a suggested
mechanism of action, that is, stereoselective hydride abstraction from
(h2 -H2)FeII by the H4MPT+ substrate (see text).[8]

Scheme 1. One-pot synthesis of complexes 4, 5 and 6.

Figure 2. IR spectra (n(CO) region) of complexes 4, 5 and 6 in CH2Cl2.
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(see for example, Figure 4) of these complexes, were con-
firmed as energy minima by frequency calculations. In par-
ticular, the largest deviation of Fe–donor atom distances
occur for Fe–P which is calculated to be 0.06 � larger than
the experimental value, an error that is typical for this func-
tional and basis set. The calculated metrical details are also
in good agreement for complex 5.

In the case of complex 4, the isomer with optimized pa-
rameters that better matched experimental data has an
energy about 1–2 kcal mol�1 higher than the lowest energy
isomer given in Figure 4. The main structural difference in
the isomers lies in the N-Fe-C(1) angle of 1288 in the lowest
energy isomer but 1388 ACHTUNGTRENNUNG(avg) in the isomer that better
matches the experiment (1418) (see Supporting Information,
Figure S1b). When the geometry was optimized for an
isomer of 4 that corresponds to the geometry of 5, a third
isomer was predicted in which the PCy3 ligand is trans to

the N rather than trans to the “open” site (4) or trans to the
sulfur (5). The two calculated isomers of 4 are isoenergetic
(<0.4 kcal mol�1 different). Thus, alternative ligand arrange-
ments, such as those observed for 4 and 5, may be possible
in related species.

An alternating pattern of C�C bonds in the aryl ring of
the 2-amidothiophenolate ligand is found in both the calcu-
lated structures of complexes 4 and 5 and the experimental
X-ray diffraction data. Furthermore, the pattern of C�C
bond lengths in the “aromatic” ring shows that the C5�C6
and C7�C8 are the two shortest bonds in both the calculated
and experimental structures. The other bonds are all longer;
in particular C6�C7, which in a truly aromatic ring would
have the same bond distances as C5�C6/C7�C8, is 0.02 �
longer than the other bonds in both the calculated and ex-
perimental structures.

In order to examine the significance of this C�C bond
pattern, DFT calculations were also performed for the free
NS ligand in three redox levels: the �2 amidothiophenolate
(NS2�), the �1 p-radical or 2-iminothionebenzosemiqui-
noate (NS�), and the neutral 6-iminocyclohexa-2,4-diene-
thione forms (NS0). Table 1 lists the calculated distances in
the free ligand in these various possible forms and of the
ligand within complexes 4 and 5. The comparison of the
bond lengths alone could lead one to conclude that the
ligand within the complexes is most like the �1 p-radical.
However, one should not take this to mean that the complex
contains a radical ligand as an average of the dianionic ami-
dothiolate and the neutral iminothione forms could produce
a similar pattern.

According to Wieghardt et al., a bonding pattern such as
that described above, that is, alternating short–long–short
C–C distances in the C5�C6/C6�C7/C7�C8 positions, indi-
cates that the 2-amidothiophenolate ligand is in a one-elec-
tron oxidized level, with substantial 2-iminothionebenzose-
miquinonate, p-radical character.[18] If so, the formal charge
of the Fe center of these complexes should be + 1, and the
observed diamagnetism would suggest that the unpaired
electrons on ligand and metal are antiferromagnetically cou-

Figure 3. Molecular structures of complexes 4 (top) and 5 (bottom) as
thermal ellipsoid representations, 50% probability, hydrogen atoms omit-
ted. Selected metric parameters of 4 : Fe1�C1 1.764(2), Fe1�P1 2.248(4),
Fe1�S1 2.240(4), Fe1�N1 1.855(1), C4�N1 1.374(2), C3�S1 1.724(2), C3�
C4 1.409(2), C3�C8 1.411(2), C4�C5 1.420(2), C5�C6 1.380(2), C6�C7
1.401(2), C7�C8 1.381(2) �; C1-Fe1-C2 92.20(7), S1-Fe1-N1 84.64(4), C1-
Fe1-N1 140.97(6), S1-Fe1-C2 173.32(5), N1-Fe1-P1 120.21(4), S1-Fe1-P1
93.39(2), C2-Fe1-P18 93.13(5); selected metric parameters of 5 : Fe1�C1
1.751(3), Fe1�P1 2.241(1), Fe1�S1 2.219(2), Fe1�N1 1.863(2), C4�N1
1.362(3), C3�S1 1.725(2), C3�C4 1.410(3), C3�C8 1.401(3), C4�C5
1.409(3), C5�C6 1.371(3), C6�C7 1.397(4), C7�C8 1.370(4) �; C1-Fe1-C2
94.22(12), S1-Fe1-N1 84.63(6), C2-Fe1-N1 154.98(10), S1-Fe1-P1
166.48(3), N1-Fe1-C1 110.43(10), S1-Fe1-C 96.86(9), P1-Fe1-C1 96.62(9)8.

Figure 4. Comparison of DFT and experimental metric parameters for
complex 4. Additional metric parameters are in the Supporting Informa-
tion.
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pled. Alternatively, from the molecular orbital approach,
the bonding pattern in Figure 4 is also consistent with strong
delocalization of a pair of electrons from a formal Fe0 onto
the LUMO of the neutral iminothione, o-(S)(NH)C6H4,
ligand. The HOMO of complex 4 (see Figure 5) shows sub-
stantial similarity to the LUMO of the neutral thione ligand
(see Figure 6). Likewise, the SOMO of the free ligand in the
radical anion form is also similar to the HOMO of the com-
plex. If the better description is a �1 p-radical ligand anti-
ferromagnetically coupled to a FeI radical, one would expect
to find a low-lying triplet state and a spin-unrestricted sin-
glet state with lower energy than the spin-restricted one.[19]

In fact, calculations find a triplet state that is 14.2 kcal mol�1

above the singlet and attempts to find a low-energy, spin-un-
restricted singlet state failed because the unrestricted singlet
produced essentially the same energy and orbitals as the re-
stricted calculation. Similar results obtained by calculations
with the TPSS functional supported the conclusions from
those with the B3LYP functional (See Table S1 for details).
Thus, all the results point to a delocalized description with a
charge distribution like FeI ACHTUNGTRENNUNG(NS�1) but without significant dir-
adical character.

Mçssbauer studies : In order to experimentally probe the ox-
idation state of iron, Mçssbauer spectroscopy was per-
formed. Complexes 4, 5, and 6 exhibited sharp quadrupole
doublets (see Supporting Information, Figure S3) in a mag-
netic field of 0.03 T, at 6 K. The values of the isomer shifts
(Table 2) are negative and are lower than those observed
for low-spin FeII sites, and in a range expected for low-spin
FeI and Fe0 complexes. An FeI center, particularly for com-
plexes 4 and 5, would be consistent with the DFT calcula-
tions which indicate substantial electron delocalization be-
tween the Fe and the NS ligand. Several low-spin ferrous
mono- and dicarbonyl complexes (e.g., [(h5-
C5Me5)FeII(CO)2(CN)] and [(h5-C5H5)FeII(CO)(CN)2]

� in
Table 2), studied with Mçssbauer spectroscopy as reference
points for FeII compounds, show small and positive isomer
shifts.[20] The iron carbonyl pyridonate complex reported by
Hu, et al., exhibits d=0.10(2) mms�1 and DEQ =

0.48(2) mm s�1 and was assigned as FeII.[12] Notably, the de-
finitive FeII complex, fac-[FeI2(CO)3PMe3] (7),[21] exhibits
very similar Mçssbauer parameters to those of the [Fe]-
H2ase (see Table 2). The isomer shift of the latter,
+0.06 mm s�1 is consistent with a low-spin FeII assignment.[5]

Thus, although the first coordination sphere donors of com-
plexes 4, 5 and 6 would suggest close resemblance to the
[Fe]-H2ase active site, their electronic properties as revealed
by Mçssbauer spectroscopy and DFT calculations described
above clearly correspond to a state that is more reduced
than FeII.

Chemical properties : In contrast to the [Fe]-H2ase active
site which readily binds extrinsic CO to yield a facial tricar-
bonyl species, only complex 4 showed any tendency to
(weakly and reversibly) take up CO at 1 bar. Neither did
complex 4 show reactivity with other Lewis bases such as

Table 1. Calculated distances [�] within the NS ligand in three redox
levels and within the ligand in complexes 4 and 5.

a) NS2� b) NS� c) NS0 NS in 4 NS in 5

C3�C4 1.493 1.482 1.512 1.424 1.425
C4�C5 1.462 1.462 1.480 1.422 1.424
C5�C6 1.414 1.388 1.364 1.399 1.398
C6�C7 1.409 1.428 1.456 1.420 1.421
C7�C8 1.433 1.398 1.373 1.402 1.401
C8�C3 1.416 1.435 1.457 1.417 1.418
C3�S 1.827 1.763 1.697 1.753 1.750
C4�N 1.369 1.355 1.314 1.392 1.388

Figure 5. Frontier molecular orbitals (HOMO, left, and LUMO, right, iso-
value=0.05) of complex 4 obtained from DFT calculations.

Figure 6. Frontier orbitals (isovalue =0.05) of the free ligand forms: a)
NS2�, 2-amidothiophenolate; b) NS�, 2-iminothionebenzosemiquinonate;
and c) NS0: 6-iminocyclohexa-2,4-dienethione.

Table 2. Selected Mçssbauer parameters at 6 K, in an applied magnetic
field of 0.03 T.

Complex d [mm s�1] DEQ [mm s�1]

4 �0.078(6) 1.05(1)
5 �0.053(6) 1.03(1)
6 �0.0104(6) 1.00(1)
7[21] 0.065 0.70ACHTUNGTRENNUNG[Cp*FeII(CO)2(CN)][20] 0.076 1.97ACHTUNGTRENNUNG[CpFeII(CO)(CN)2]

�[20] 0.22 1.85
HMD[5] 0.06 0.65
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PPh3 and Et3N. Nevertheless, in the presence of the strong
acid, Et2O·HBF4, and CO (1 bar) solutions of complex 4 in
acetone (or THF) undergo a color change from dark brown
to orange with concomitant n(CO) spectral changes indicat-
ing that stoichiometric CO binding occurs (see Figure 7 and

Supporting Information, Figure S4). On deprotonation with
Et3N, CO is lost and complex 4 is quantitatively regenerat-
ed. While this CO adduct was not isolated, the n(CO) bands
at 2102(w) and 2046(vs) cm�1 are, in position and pattern,
nearly identical to that of the well-characterized mer-
[Fe(CO)3(I)2PACHTUNGTRENNUNG(OEt)3] complex (2102(w) and 2052(vs) cm�1

in CH2Cl2 solution, see Supporting Information, Fig-
ure S5).[21] Notably, the n(CO) IR band patterns of the facial
isomers within this series are distinctly different from that of
the meridional.[22] Hence we propose a tricarbonyl species,
mer-[(H-NS)Fe(CO)3ACHTUNGTRENNUNG(PCy3)]+ or 4(CO)-H+ with structure
as shown in Figure 7 is the product of this reaction.

In a 13CO atmosphere (1 bar), concomitant CO uptake
and 12CO/13CO exchange occurred within 15 min under the
same conditions as above to form [mer-(H-NS)Fe-ACHTUNGTRENNUNG(13CO)3PCy3]

+ (2056(w) and 2002(vs) cm�1 in acetone solu-
tion, see Supporting Information, Figure S6). Subsequent
treatment with Et3N reclaimed complex 4 completely 13CO
labeled (1982(s), and 1938(s) cm�1 in acetone solution)
within 10 min. Notably, this is a much more facile labeling
process than by the direct 12CO/13CO exchange of complex 4
(see Supporting Information, Figure S7). This 13CO ex-
change with intrinsic CO�s of 4(CO)-H+ differs from what is
observed for the [Fe]-H2ase active site in the presence of
13CO. The uptake of 13CO by the active site does not result
in scrambling, a fact that possibly relates to rigidity of the
FeII site in the protein matrix.[4]

Such a change in electrophilicity of a formally d6 metal
ion on ligand protonation has precedent. Most recently,
Heiden and Rauchfuss noted that N-protonation of a diami-
do ligand chelated to IrIII “redirects p-bonding” resulting in
several stable 18-electron base/IrIII adducts, including evi-
dence for h-2H2 binding and activation.[23] From DFT com-
putations here, the protonation of complex 4 occurs at nitro-
gen of the NS ligand, and induces a change in the structure
of the 4-H+ complex relative to that of 4. Optimized struc-
tures of N-protonated isomers of the 4-H+ complex
(Figure 8) find that as a result of the pyramidality of the
amino nitrogen, the NS ligand binding is relaxed such that
the [(H-NS)Fe(CO)2ACHTUNGTRENNUNG(PCy3)]+ or 4-H+ complex is a more
regular square pyramid. Particularly in the isomers, 4-H+

(a) and 4-H+ (b) (Figure 8) the C6H4SN plane of the ligand
is nearly coplanar with the NFeS plane. That is, the structure
is now that expected for a coordinatively unsaturated FeII,
d6 complex and the bonding pattern in the C6H4 ring of the
N-protonated NS ligand in the calculated 4-H+ indicates its
aromaticity (see Supporting Information, Figure S2).[18]

Frontier molecular orbitals of one isomer are also given in
Figure 8. Consistent with protonation-induced electrophilici-

Figure 7. Protonation/deprotonation of complex 4 in the presence of exo-
geneous CO to yield 4(CO)-H+ .

Figure 8. Top: DFT optimized structures and relative energy of the iso-
mers of 4-NH+ and a tautomer, 4-SH+ (isomer a of 4-NH+ is defined as
G= 0.0 kcal mol�1). Bottom: Calculated frontier orbitals (isovalue=0.05)
of 4-NH+ (b).
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ty at iron, the LUMO of 4-H+ shows considerable iron char-
acter (calculated to contribute 47.6 % to the LUMO).

According to the computational result (Figure 8), the
lowest energy isomeric form of 4-H+ is N-protonated (b in
Figure 8) with the endogenous CO�s in the apical/basal posi-
tions (similarly to the approximate square pyramidal struc-
ture of complex 5); the open site is trans to a CO. Uptake of
CO at that site would lead to the meridonal isomer, as op-
posed to the facial isomer. As we have yet to isolate and
characterize complex 4-H+ in the absence of CO, we rely on
computations to relate the neutral complex 4 to 4(CO)-H+ .

Further calculations indicate that the presumed kinetic
product mer-[(H-NS)Fe(CO)3ACHTUNGTRENNUNG(PCy3)]+ or 4(CO)-H+ is also
the thermodynamically favored isomer. That the facial
isomer is observed in the CO-inhibited state of the [Fe]-
H2ase likely reflects both the difference in first coordination
sphere donors as well as the restrictions within the protein
matrix.[4]

Conclusion

The extreme p-delocalizing or non-innocent ligand as found
in the 2-amidothiophenolate ligand described above pro-
vides access to a pentacoordinate iron dicarbonyl but ren-
ders the iron insufficiently electrophilic to perform as ex-
pected for a coordinatively unsaturated d6, FeII center.[24, 25]

DFT computations suggest that as a result of extensive
ligand/iron orbital overlap in the frontier molecular orbitals
of the pentacoordinate complexes 4 and 5, the iron is sub-
stantially less positive than FeII, a conclusion that agrees
with Mçssbauer results. In addition, the differences noted
between the pentacoordinate dicarbonyl iron complexes 4
and 5, and the [Fe]-H2ase enzyme active site, further con-
firm the oxidation state assignment of FeII to the latter. The
flexibility of the p-character in complex 4 is illustrated by
the effect of ligand-based protonation that decreases the
electron density at iron, engendering CO uptake and the
production of an 18-electron, hexacoordinate complex as ex-
pected for d6, FeII, and as seen in the [Fe]-H2ase enzyme
active site. Whether the synthetic analogue can be further
tuned to bind and activate H2 remains to be seen.

Experimental Section

Details of the preparation of complexes 4, 5, and 6 are described in the
Supporting Information.

As example, that of [(NS)Fe(CO)2PCy3] (4) is given here: To a mixture
of [FeI2(CO)3PCy3] (reported in ref. [21]) (300 mg, 0.45 mmol) and 2-ami-
nothiophenol (57 mg, 0.45 mmol) in THF (30 mL) was dropwise added
2 equiv of sodium tert-butoxide (87 mg, 0.9 mmol in 30 mL THF) over
the course of 3 h. The reaction was monitored by IR to completion. THF
was removed under vacuum and the residual dark solids were extracted
with diethyl ether (30 mL). The organic solution was dried under vacuum
and the residue washed with pentane (2 � 10 mL) to remove byproduct
[Fe(CO)3 ACHTUNGTRENNUNG(PCy3)2] (1960(sh) and 1952(s) cm�1 in Et2O). The crude prod-
uct was re-dissolved in Et2O (20 mL) and on cooling at �30 8C, afforded
dark crystals of complex 4 suitable for all characterizations (160 mg,

70%). 1H NMR (CD2Cl2): d = 10.12 (s, 1H, PhNHS), 7.82 (s, 1H,
PhNHS), 7.47 (s, 1H, PhNHS), 7.09 (s, 2H, PhNHS), 2.08 (br, 3 H, Cy),
1.75 (br, 12 H, Cy), 1.60 (br, 6 H, Cy), 1.06 ppm (br, 12H, Cy); 31P NMR
(CD2Cl2): d = 89.59 ppm (s); IR (CH2Cl2): ñ = 1985(s), 1927(s) cm�1; el-
emental analysis calcd (%) for C26H38FeNO2PS: C 60.6, H 7.43, N 2.72;
found (C 61.2, H 7.56, N 2.68.

The syntheses of complexes 5 and 6, were the same as for 4 ; isolation
and purification, however, differ for each compound. Complete details
for 4, 5, and 6 (and the byproduct, [Fe(CO)3 ACHTUNGTRENNUNG(PPh3)2] are given in the Sup-
porting Information.

Theoretical details : DFT calculations were performed using a hybrid
functional [the three parameter exchange functional of Becke (B3)[26]

and the correlation functional of Lee, Yang, and Parr (LYP)[27] (B3LYP)
as implemented in Gaussian 03.[28] The effective core potentials and asso-
ciated basis set of Hay and Wadt (LANL2DZ),[29, 30] were used on the
iron, sulfur and phosphorus atoms. For iron, the two outermost p func-
tions were replaced by the reoptimized 4p functions as suggest by Couty
and Hall.[31] For sulfur and phosphorus, the basis set was augmented by
the d polarization function of Hçllwarth et al.[32] All carbon, nitrogen,
oxygen and hydrogen atoms were represented using Dunning�s double
zeta valence basis (D95),[33, 34] The above functional and basis sets
(B3LYP/LANL2DZ&D95) were applied to all species otherwise noted.
The geometries of complexes 4 and 5, 6 as well as other species were
fully optimized and confirmed as minima by analytical frequency calcula-
tions at the same levels.

In order to thoroughly confirm the structural energetic and degree of dir-
adical character in complexes 4–6 and to verify the conclusions from
B3LYP/LANL2DZ&D95 calculations, additional calculations were car-
ried out for complex 4 in larger basis sets (Dunning�s correlation-consis-
tent polarized valence double-z basis set, cc-pVDZ)[35] and with the
TPSS functional (see Supporting Information, Table S1).[36]

X-ray diffraction studies : CCDC 743744 and 743745 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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