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|. Introduction

In view of its application to fuel cell development, research into
hydrogen activation remains a forefront area for chemists, physicists,
and biologists (I). A rekindling of opportunity and excitement in this
field of chemistry has come from the delineation of simple catalytic
sites of hydrogenase enzymes as displayed by protein crystal structures
published within the last decade (2-10). These active sites hold out
promise of using complexes comprised of base metals such as iron or
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a combination of Fe/Ni instead of platinum metal as catalysts for such
important technical processes.

The starting point for the chemist is the preparation of synthetic
analogues of composition and structure as similar as possible to the
natural active site, with the expectation that the electronic properties
of the latter might be reproduced in the model complex, ultimately
engendering similar function (1I). In the case of Fe-only and [NiFe]
hydrogenases, the fortunate presence of diatomic ligands, well known
to serve as reporters of electron density, has facilitated a comparison
between the natural and the synthetic active sites by providing credible
reference points for the use of spectroscopy in assigning redox levels
for the enzyme at various stages of catalytic activity or deactivation (9).
These comparisons have encouraged a unique synergism between
computations, spectroscopy and synthetic model development (9,12).
The work described herein is an attempt to move such interactions
even closer to the goal of predicting properties needed for synthetic
catalysts designed for hydrogen activation.

Hydrogenases are biological catalysts responsible for Hy uptake or
production, in which the required H; cleavage has been established to
occur in a reversible and heterolytic manner (H*/H™) (13). This activity
is typically assayed by H/D exchange reactivity in Hy/DsO or Hy/Dy/
Hy;O mixtures (I13-17). The active site of iron-only hydrogenase,
[Fe]Hoase (7-10), consists of a 2Fe2S butterfly core in which the sulfur
atoms are linked by three light atoms of undetermined identity, but
typically modeled by either propane dithiolate (pdt), or “SCHyN(R)
CH,S™. The active site is connected to the first 4Fe4S cluster of the
electron-transport chain via a bridging cysteine. Although unusual in
nature, the diatomic ligands (CO, CN™) that fill the remaining coordi-
nation sites of each metal center harken to the genesis of the ancient
organisms and the harsh terrestrial conditions under which these
enzymes evolved (18).

The [Fe]Hsase enzyme exists in at least three different redox levels.
The oxidized-active form, assigned as Fe!'Fel, is the state that takes up
and activates Hy (9). In this state both metals are in octahedral coordi-
nation geometry by virtue of a p-CO group, and the distal Fe (the one
further removed from the 4FedS cluster), is tentatively assigned as Fe'l.
This iron is coordinated by a labile H,O molecule in the oxidized form
(7), and a CO in the CO-inhibited oxidized form (10) as shown in Fig. 1.
Photolytic (CO-loss) conditions allow the CO inhibited form of enzyme
to regain activity as assayed by H/D exchange in Hy/D5,O mixtures (19).

The rapid development of [Fe]Hjsase active site model chemistry
benefited greatly from early organometallic studies of (u-Sy)[Fe(CO)s]s,
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Fic. 1. Stick drawing structures of (a) CO-inhibited oxidized form of
[Fe]H,ase active site; and (b) Fe''Fe! functional models. The specific orientation
of the PMej ligands is E dependent: E = H, transoid; E =SMe, cisoid.

(1-SRS)[Fe(CO)3le, and (u-SRS) [Fe(CO)y(L)]o. Reihlen reported the
synthesis of (u-SEt)y[Fe(CO)sls in 1929 (20). In the 1960s Poilblanc (21)
examined the ligand exchange process for a series of complexes of the
form (u-SR)s[Fe(CO)s],. Poilblanc (21) and Treichel (22) investigated the
attack of electrophiles on the metal-metal bond of (u-SR)s[Fe(CO)o(L)]
complexes to generate {(u-E)(u-SR)o[Fe(CO)x(L)]o} ™. In the 1980s,
Seyferth (23) developed the chemistry of the bridged dithiolate com-
plexes of the form (u-S(CH,),S)[Fe(CO)s],.

Diiron(IT) complexes of the type {(u-E)(u-pdt)[Fe(CO)y(PMes)]s} ™
(E=H or SMe) as seen in Fig. 1 were examined as potential struc-
tural/spectroscopic models of the [Fe]Hsase active site, using PMe; as
a substitute for the reactive cyanide ligands (24-26).

With the encouragement of Prof. Dieter Sellmann in 2001, and using
his experimental protocol (27) we explored the reactivity of Fel'Fe!!
complexes toward Dy and Dy/HsO mixtures. In order to establish the
factors affecting such reactions, solutions of these complexes under
various conditions were pressurized with D, in a medium pressure
NMR sample tube. The 2H NMR spectroscopic monitor of the reactions
indicated the build-up of D-incorporated species (24-26). Control
experiments established that the activation of D, in these reactions
was facilitated by light and was inhibited by coordinating solvents or
the addition of CO (24,25). This last feature is in agreement with the
CO-inhibition of [Fe]Hjase activity and strongly suggests the need for
creation of an open site prior to Dy binding to Fe'’.

The relatively simple active site of [Fe]Hsase and the limited involve-
ment of the protein as ligands in the first coordination sphere has
appealed to computational chemists as an appropriate system to
explore by Density Functional Theory (12,28-32). The calculations pub-
lished to date have focused on correlating v(CO)/v(CN) vibrational
frequencies of the different redox levels of the diiron active site with
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model complexes, on defining plausible possibilities for the unique
three light-atom S to S linker, and on delineating mechanistic possibi-
lities for H, activation (12,28-32). Until now, none of the published
computational models have attempted to explore how the [Fe]Hjase
active site performs the activity assay, i.e., the H/D exchange reactivity
in Hy/D50 or Dy/H,0 mixtures. Herein, DFT calculations are described
that suggest reasonable mechanistic explanations for the experimen-
tally observed H/D exchange reactivity, not of the enzyme active site,
but of Fe''Fe!! functional model complexes. New experiments have also
been carried out in order to test the hypotheses implied by some of the
individual steps of the proposed mechanism, which were calculated to
be energetically feasible.

Il. Experimental Section

Reagents used in the preparation of starting materials, procedures,
and instrumentation have been described earlier (24,25).

A. H/D EXCHANGE IN Dy/H5,0 MIXTURE WITH Fe'Fe! COMPLEX AS CATALYST

In a typical experiment 0.8 mL portions of solutions made from
0.029 g (u-pdt)[Fe(CO)sy(PMes)]s in 1 mL CHyCl, were placed in
medium-pressure NMR sample tubes (Wilmad, 528-PV-7) together with
2 uLL Hy0. The tubes were degassed, pressurized with 10 bar D, and
exposed to sunlight as shown in Fig. 2. H NMR spectra were taken
at time intervals to follow the formation of HOD.

B. REACTIONS OF {(u-H)(u-pdt)[Fe(CO)o(PMes)]s} * [PFg]~ WITH ACETONE

A solution made from 0.095 g {(u-H)(u-pdt)[Fe(CO)o(PMes)]2} * [PFg] ™
in 10 mL acetone was exposed to sunlight for 50 min. The acetone was
removed under vacuum and the resulting solid was redissolved in
7-10 mL. CH,Cl,. The IR spectrum (v(CO) region only) of this solution
showed a mixture of the starting complex (bands at 2031(s) and 1978(s)
cm™Y) and the presumed acetone complex (bands at 2031(s), 1989(m),
1978(s), and 1945(s) cm™Y). After bubbling CO through the solution for
5 min, the IR spectrum showed the disappearance of the v(CO) bands
at 2031, 1989, 1978, and 1945 cm ™', while the v(CO) bands at 2031 and
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Fia. 2. Medium pressure NMR sample tubes containing solutions of the
diiron complexes, pressurized with 10 bar D, and were exposed to sunlight on
the windowsill.

1978 cm ! regained intensity. A similar reaction was carried out in an
NMR sample tube using 10 mg of {(u-H)(u-pdt)[Fe(CO)y(PMes)]s} "
[PFg]~ in 0.8 mL acetone-dg. After exposure to sunlight for 1 h the 'H
NMR spectrum showed two sets of resonances in the upfield region.
A quartet centered at —7.7 ppm with Jy p coupling constants of 29.7
and 21.3 Hz was assumed to be the acetone complex, {(u-H)(pu-pdt)
[Fe(CO)o(PMes)][Fe(CO)(PMes)(acetone)]} ™; and a triplet centered at
—150 ppm with Jyg p 22.8 Hz, derived from the parent compound,
{(u-H)(u-pdt)[Fe(CO)o(PMeg)ls} *. The *'P{'H} NMR spectrum dis-
played a doublet centered at 24.3 ppm and another doublet centered at
22.4 ppm, both with Jp_p coupling of 7.4 Hz. Three microliters of CH;CN
were added and the sample was maintained in the dark for 30 min. The
'H NMR spectrum of this sample showed the disappearance of the
hydride resonance at —7.7 ppm and the appearance of a new hydride
resonance as a doublet of doublets centered at —10.9 ppm. This hydride
signal was identical to that of a bona fide sample of {(u-H)(pu-pdt)
[Fe(CO)o(PMes)][Fe(CO)(PMes)(CH5CN)]} *, whose preparation and full

characterization was reported earlier (33).
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C. COMPUTATIONAL DETAILS

All DFT calculations were performed using a hybrid functional [the
three-parameter exchange functional of Becke (B3) (34) and the corre-
lation functional of Lee, Yang, and Parr (LYP) (35)] (B3LYP) as imple-
mented in Gaussian 98 (36). The iron, sulfur, and phosphorus atoms
used the effective core potential and associated basis set of Hay and
Wadt (LANL2DZ) (37,38). For iron, the two outermost p functions were
replaced by the re-optimized 4p functions as suggested by Couty
and Hall (39). For phosphorus and sulfur, the basis set was augmented
by the d polarization function of Hollwarth et al. (40). Dunning’s
correlation-consistent polarized valence double zeta basis set (cc-
pVDZ) (41) was employed for the CO ligands, H,O, CH5Cly, the carbonyl
group of CH3C(O)CHs, the nitrile group of CH3CN, hydridic hydrogens,
and dihydrogen. The carbon and hydrogen atoms of the ethane dithio-
late bridge, the hydrogen atoms of PHj, and the methyl groups of
CH;CN, CH3;C(O)CHj, and P(CHs);s use Dunning’s double zeta basis
(D95) (4243). Unless otherwise noted, all geometries are fully optimized
and confirmed as minima or n-order saddle points by analytical fre-
quency calculations at the same level. Transition states were fully opti-
mized beginning from either a scan of the metal-ligand distance or the
Quadratic Synchronous Transit (QST3) method as implemented in
Gaussian 98.

NMR shielding tensors were calculated wusing the Gauge-
Independent Atomic Orbital (GIAO) method as implemented in
Gaussian 98 (44-46). The basis sets and level of theory are the same
as used in the geometry optimizations and frequency calculations
mentioned above.

I1l. Results and Discussion

Homovalent Fe''Fe' complexes may be derived from Fe'Fe! precur-
sors via binuclear oxidative addition of electrophiles such as H' or
SMe™ yielding {(u-H)(u-pdt)[Fe(CO)o(PMeg)lo} © and {(1-SMe)(u-pdt)
[Fe(CO)y(PMes)]2} *, respectively, from (u-pdt)[Fe(CO)o(PMes)]s (24-26).
The role of the PMes ligands in the precursor complex (analogues to
cyanide in the enzyme active site) is to increase both the basicity of
the Fe'Fe! bond and to stabilize the Fel'Fe! oxidation level of the
resulting compound. The protonation of {(u-pdt)[Fe(CO)z(CN)]z}z_
to yield {(w-H)(p-pdt)[Fe(CO)x(CN)]5}~ is complicated by the basicity
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of the cyanide nitrogen, which leads to decomposition presumably via
the loss of HNC (or HCN) (2447,48). The {(n-SMe)(u-pdt)[Fe(CO)y
(CN)]z}~ analogue was prepared by a different route to obviate the
electrophilic attack on the cyanide nitrogen (49).

Using ?H NMR spectroscopy as an in situ reaction monitor, the
Fe'Fe! complexes were assayed for hydrogenase-like activity. In the
presence of D,, the observation of incorporation of deuterium into
the bridging hydride position of the diiron complex, indicated activa-
tion of Dy. Consistent with this result, even in the absence of added
water, Hy and Dy mixtures underwent H/D scrambling with {(p-H)
(u-pdt)[Fe(CO)z(PMes)]s} * as a catalyst, concomitantly with H/D
exchange into the p-H position. Experiments under various conditions
showed that in all cases the H/D scrambling process was facilitated by
light and inhibited by the coordinating solvents, CH3CN and acetone,
or by the addition of CO. These conclusions suggested that an open site
is required for Hy activation and that the required open site is created
under photolytic CO-loss conditions (as in the CO inhibited form of the
enzyme). As confirmation of this view, *>*CO was incorporated into the
model complexes under similar photolytic conditions (33). From such
test reactions, {(u-H)(u-pdt)[Fe(CO)y(PMey)];} * was found to serve as
a functional model of [Fe]Hsase in the catalytic isotopic scrambling
of Dy/HsO mixtures. As in the CO-inhibited oxidized enzyme, our
model catalysts require photolytic conditions to affect CO-loss and to
achieve activity.

Analogous studies found that {(u-SMe)(u-pdt)[Fe(CO)y(PMes)]s} "
can also catalyze the H/D exchange reaction in Dy/H;O mixtures
under similar conditions as the pu-H analogue. The pu-SMe derivative,
however, does not catalyze the Hy/Ds scrambling process under stan-
dard anhydrous conditions. Neither was there any evidence for forma-
tion of MeSD or {(u-D)(p-pdt)[Fe(CO)o(PMes)]s} * when solutions of the
u-SMe complex were pressurized with D,. In other words, H/D
exchange reactions employing {(u-SMe)(u-pdt)[Fe(CO)z(PMey)],} * do
not proceed via a {(u-D)(u-pdt)[Fe(CO)y(PMes)]o} *  intermediate.
These results taken together suggest that Dy/H,O scrambling can
occur independently of p-H/D, scrambling and that the former may
proceed via reversible deprotonation of {(u-E)(u-S(CHjy).S)[Fe(CO)y
(PMeg)][Fe(L) (I/)(n*-Hy)]} *.

Based on the above experimental results, and given the lability of the
CO ligands under photolytic conditions, the mechanism presented in
Scheme 1 was proposed as a reasonable first attempt to accommodate
the observations (50). Scheme 1 is not intended to suggest the location
of the open site, but is drawn in this way to accent the similarities
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SCHEME 1.

between our model and the active site of Fe-only hydrogenase, given in
Fig. 1. In fact, products isolated from solvent inhibition studies, vide
infra, suggested that in the case of {(u-H)(u-pdt)[Fe(CO)o(PMes)]s} ™
the open site should be cis to the p-H (33).

The computations presented herein use Scheme 1 as a starting point
to support and thoroughly explore such mechanistic possibilities in
terms of the energetically favorable possibilities for the open site and
the detailed steps of the H, activation.

A. CHOICE AND VALIDATION OF THE COMPUTATIONAL MODEL

Only minor experimental differences were observed for H/D
exchange catalysis using different p-S(CH,),S bridges in {(u-H)(p-
S(CHy),S)[Fe(CO)y(PMegy)];} ¥, where x=2 (ethanedithiolate =edt) or
x =3 (propanedithiolate = pdt). It seems therefore likely that the reac-
tion proceeds via a similar mechanism for these two dithiolate bridges.
The molecular structures, derived from X-ray crystallography for the
two- and three-carbon bridged compounds, overlay very well (25). If
only the Fe, S, and P atoms and CO ligands are considered, the RMS
deviation for the two molecules is 0.098 A; inclusion of the carbon
atoms involved in S-C bonding increases the RMS deviation to
0.227 A. Because of the structural and experimental similarities we
have used the smaller edt bridge in the computations as it is computa-
tionally less expensive and the higher symmetry of this molecule limits
the number of isomers to be considered at each step in the reaction.

Most of the calculations presented use what we designate as the
small model, {(u-H)(u-edt)[Fe(CO)o(PH3)]o} ™+, where the PMes ligand
has been replaced by the simple phosphine, PH;. In order to test the
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TABLE I

COMPARISON OF THE SMALL AND FULL MODELS: COMPUTED BOND ENERGIES®

M-L AE, small model” AE, full model®
Fe-P +34.2 +50.0
Fe-CO,,* +39.6 +39.2
Fe-COpas” +373 +36.6

“AE, as defined by Egs. (1) and (2) and given in keal mol ™.

*{(n-H)(u-edt)[Fe(CO)o(PH3)]o} .

{(w-H)(p-edt)[Fe(CO),(PMes)],)} *

9Designation of apical and basal derived from such positions in the edge-bridged square pyramids
present in (p-edt)[Fe(CO)o(PR3)]s.

validity of this model, we have computed the bond dissociation energies
as defined in Eqgs. (1) and (2).

[FesL]" —>[Fes]™ + L (1)

AE, = [Eo(Fes) + Eo(L)] — Eo([Feo L") (2)

For this process, the AE,, is the total energy, including only the zero-
point correction, of each independently optimized fragment. Values
determined for Fe-P, Fe-CO,,, and Fe-COy, are listed in Table I
Calculations comparing the full model, given in Table I, {(u-H)(u-edt)
[Fe(CO)o(PMes)]s} ©, and the small model {(u-H)(u-edt)[Fe(CO),
(PH3)];} ', show that the Fe-P bond of Fe-PHj is significantly weaker
than that of Fe-PMes;. However, the energy of a given Fe—CO bond is
very similar for the two models. Thus reaction steps that involve PMes
ligand-loss directly are poorly modeled by PHs, while the reactivity
of the Fe-CO bond (or other Fe-L bonds) in the small model should
generally parallel that of the larger model.

A major supposition of this computational mechanistic study is the
separation of the photochemical and thermal reaction events. It has
been assumed, Scheme 1, that a photochemical reaction takes place to
generate a coordinatively unsaturated intermediate that subsequently
reacts thermally with dihydrogen. In other words, we are assuming
that the reaction is photochemically initiated but that light plays no
role in later steps of the reaction (for at least one cycle).

The iron atoms of the reactant {(u-H)(u-S(CHy),S)[Fe(CO),
(PMey)];} ¥ are both electronically and coordinatively saturated.
Therefore, even a minimal mechanism must call for the first step to be
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the creation of an open site on one of the iron centers via either an
internal rearrangement or ligand loss. Unfortunately, the need for con-
tinuous photolysis makes it difficult to delineate further mechanistic
details by experiment alone. As the reaction progress of dark-quenched
samples was monitored by 'H or *H-NMR spectroscopy, only the
products and reactants were observed. There was no indication of
intermediates. The displaced ligands, PMes and CO, were trapped
in the closed system of the medium pressure NMR sample tube and,
in the absence of photolysis, returned to displace weak ligands such as
n2-H,. In this context, density functional theory was used to examine
energetically reasonable intermediates for possible reaction paths.

B. CREATION OF THE OPEN SITE

Figure 3 shows five possible paths, designated a—e, generating n*-H,
complexes from 1 via open site intermediates. Note that paths a—d,
leading from 1 to species 7-10, are all overall endothermic processes.
Paths a—c can be resolved into the endothermic creation of the open
site, followed by the exothermic coordination of dihydrogen. Species 2,

OC\ % OT+
8
ocIFES e, oH
M °
1 E\b
+H,
(010)
T+ T+ I+ 1 ¢ p
OC\ f%\ /CO OC\ ;/%\‘ OC\ Qg foud . M. g e | B
ocFe, ~Feupy  0C P Fe&py coFed SFe( NG PR oy Can AT
mp?  HTCPHs g T s 987" H i ot P
T2 3 h F S Y i
+CO/, +COM, +PHyH, " H,
(+37.3) (+ 39.6) (+34.2) (-)
T+ I+ T+ ™ T+
S % o) Q o) 0. T ]| HyH A0
NS OC\ /QS\ }H OC\ 25 S oC\ 2 P b R
T G TS ST 2 TS [w'finco
7 8 9 10 1
+CO +CO +PH,
(+24.2) (+25.0) (+20.3) (+39.3) (-)
Path a Path b Path ¢ Path d Path e

Fic. 3. Creation of the open site and dihydrogen coordination. The ener-
gies indicated are relative to Ey(1)+ Eo(Hs)=0 and are given in kcal mol ..
(Species corresponding to 5, 6, and 11 were not located.)
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3, and 4 are generated by photo-ejection of either CO or a phosphine
ligand via paths a, b, and c. In path d, irradiation initiates the shift
of the hydride from fully bridging between the two irons to terminal
on one of the iron atoms. The final path calls for photolysis to hetero-
Iytically cleave the Fe—S bond in order to convert the face-bridged
bioctahedral structure of the reactant into the edge-bridged complex
indicated in Fig. 3.

The first three paths in Fig. 3 all involve terminal-ligand dissocia-
tion. With either the small or the full model, the calculated Fe—-CO bond
dissociation energies are in the order: Fe—CO,pical > Fe—COpysa1. (See
Table I for apical/basal definitions. These energies are calculated as
the difference in the total energies, AE,, of the separately optimized
products and reactants, vide supra.) Noted in Table I is the Fe—P bond
energies for Fe-PH; and Fe-PMe; showing that Fe-PMej is 10 kcal mol !
stronger than Fe-CO. Due to the large amount of energy available from
the sunlight (estimated from the cutoff of Pyrex glass at A =280 nm to
be about 100 kecal mol ™), the bond energies alone do little to differ-
entiate the three ligand-loss mechanisms. Three experimental facts,
however, suggest that CO loss is more likely than phosphine loss
(25). First, photolysis of {(u-H)(u-pdt)[Fe(CO)o(PMes)]}  under a 3co
atmosphere leads to *>CO/*CO exchange with no displacement of PMes.
Second, the photolysis of the reactant, in the presence of 1 equivalent of
CH;CN, forms {(u-H)(u-pdt)[Fe(CO)o(PMes)][Fe(CO)(CH3CN)(PMes)]} *.
(This complex is shown by X-ray crystallography to contain a basal
CH3CN (33)) These processes most likely occur wvia dissociative
mechanisms. Finally, the addition of PMes to a solution of the starting
materials results in deprotonation of the bridging hydride. It is likely,
therefore, that a mechanism that calls for phosphine loss would lead
to decomposition via this route. While the formation of DPMe] is
observed after prolonged photolysis, it does not occur on the same
time scale as that for H/D exchange. Thus, the basal CO loss mechan-
isms seem the most likely.

The fourth and fifth paths share several similarities. Both call for
a ligand which bridges the iron centers in the starting material to shift
away from one of the metal centers and bind to a single iron. Minima
corresponding to complexes 5 and 6 could not be located. Unrestrained
geometry optimization with a variety of ligand starting geometries
(both semi-bridging and non-bridging) led back to the fully-bridging
{(n-H)(p-edt)[Fe(CO)o(PH3)]5} * complex 1, Fig. 3.

The difficulty in optimizing a structure analogous to 5 did not
extend to the n*-H, adduct, 10. In fact, a transition state has been
found that directly connects species 1 and 10 of Fig. 3. As shown in
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Fic. 4. Hydrogen exchange without ligand loss. Complex 10 proceeds over
a low energy C, symmetric transition state to the structural isomer 10'.
Relative energies are given in kcal mol ™.

Fig. 4, species 10, should it be formed, has a very low barrier, +0.7
kecal mol™!, to proton exchange via a trihydride transition state. In
addition, the hydride shift mechanism, forming 10 directly from 1
and Hs, can also explain the inhibition of H/D exchange by added CO
and coordinating solvents, as well as Do/H,0 scrambling if complex 10
is formed. In fact, the process of forming CO or acetone analogues of
species 10 from complex 1, is less endothermic than formation of the
n%-H, species, a result that reflects the better binding ability of CO
and acetone to the Fe!! center. Furthermore, the calculated gas phase
proton affinity shows that the acidity of the bound dihydrogen in
species 10 is comparable to that of species 7, 8, and 9.

For the reasons described above, species 10, if accessible, should be
competent for H/D exchange of Hy/Dy and Do/H,0O mixtures. Species 10,
however, lies 39.3 kcal mol ! above its separated components, complex 1
and dihydrogen, and the transition state from complex 1 to 10 lies an
additional 5 kcal mol ™! higher. For a normal thermal reaction, such a
barrier is higher than the energy required to break the M-L bonds and
decompose the compound. Thus, for this process to occur, the high-
energy excited state molecule would have to bind dihydrogen more
rapidly than it decays by ligand loss. In fact, during the short lifetime
of an excited state molecule the unimolecular process of ligand loss
seems far more likely than the bimolecular process of dihydrogen
capture. Furthermore, it should be noted that the computed barrier
for dihydrogen loss to reform complex 1 is only 5 kcal mol ™.

No minima resembling species 6 or 11 in Fig. 3 were located. All
attempts at optimization of these potential intermediates resulted in
previously optimized species 1 and 12, respectively. Interestingly, the
thermodynamics of 1 + Hy — 12 (4 27.8 keal mol™) represents the
lowest energy cleavage of n2-H,, not involving water (Fig. 5).

Our conclusion is that paths d and e of Fig. 3 are the least likely and
thus these paths will not be considered further.
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Fic. 5. Insertion of dihydrogen. Complex 12 is formed from the formal inser-
tion of Hy into the Fe—S bond. The energy of complex 12 is relative to the energy of
1 +H, and given in keal mol ™.

C. DIHYDROGEN COMPLEXES

For the first three paths in Fig. 3 the coordination of dihydrogen
to the open site forming n2-H2 species 7, 8, and 9, are comparably,
exothermic processes (—13.1, —14.6, and —13.9 kcal mol !, respectively).
The similarity of these values does not permit discrimination between
the terminal ligand-loss mechanisms. The binding of dihydrogen to
complex 1, without ligand loss, to give species 10 is a very endothermic
process (4 39.3 kcal mol ™), vide supra.

D. H/D EXCHANGE INHIBITION

Figure 6 presents results of binding a variety of potential ligands or
solvent molecules to the basal open site of 2. The energies, determined
according to Eqgs. (3) and (4), include zero-point corrections only.

[Fes]” + L —> [Fe,L]* (3)
AEy = Ey([Fe;L]") — [Eo(Fes) + Eo(L)] (4)

In all these cases, formation of the iron-ligand bond is calculated to
be an exothermic process. Consistent with their roles as inhibitors of
H/D exchange catalysis, the coordinating solvents, acetonitrile and
acetone, bind some 15-20 kcal mol ' more strongly to the iron center
than does dihydrogen. Dichloromethane, on the other hand, is similar to
dihydrogen. Furthermore, the isolation of a stable acetonitrile complex,
vide supra, is explained by the fact that the strengths of the Fe-NCMe
and Fe-CO bonds are similar (AEy;=—36.0 vs. —37.3 kcal mol ™).
Paradoxically, water, which is known to accelerate the rate of H/D
exchange into the pu-H position, coordinates to the iron with the same
affinity as acetone and much more strongly than Hs.
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Fic. 6. Trapping the open site. The energy released by coordination of a
series of relevant ligands to the open site of 2. Bond energies are calculated
according to Eq. (4) and are given in kcal mol .

We have not systematically examined the open site capture process
for species 3 and 4. However, it seems reasonable that the same trend
as observed for 2, and presented in Fig. 6 will be followed for 3
and 4: (i.e., Fe-CO > Fe-NCMe > Fe-O = C(CH3)y~ Fe-OH, > Fe-Hy~
Fe(C1CH,Cl)). In other words, CO, acetonitrile, and acetone (and H50)
should be inhibitors of H/D exchange regardless of the location of
the open site.

E. CLEAVAGE oF THE H-H BoND

We have explored both water-free and water-assisted routes to the
cleavage of the H-H bond in certain n?-H, species of Fig. 3. For the
former route, the bridging thiolate sulfur donor and the bridging
hydride were considered as possible internal bases for the heterolytic
cleavage of Hy from each of the dihydrogen species, Fig. 7. In the watexr-
assisted routes, H,O is used as an external base to deprotonate H,,
Fig. 8.
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Fic. 7. Water-free activation of dihydrogen via Path a. The anhydrous
activation of dihydrogen using the thiolate sulfur (left) or hydride (right).
Relative energies in keal mol .
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Fia. 8. Water Assisted Activation of dihydrogen via Path a.The water-assisted
cleavage of the H-H bond. Differences in charge does not allow the direct
comparison of the energies of 19 and 20. Relative energies given in keal mol .

The water-assisted mechanism of H-H cleavage is a challenge for our
gas-phase DFT calculations. An attempt was made to gain a qualitative
understanding for the energetics of this step by calculating the species
with explicit water molecules and the resulting “deprotonated species”
as given by Egs. (5) and (6).

{Fea(Hp)} " - xHyO—>{Fey(H - - - H(H20),)}* (5)
AEy = Ey({Fey(H--- H(H20),)} ") — Eg({Fea(Hy)} ™ - x(H50))  (6)

Complexes of the form (u-H)(u-edt)[Fe(CO)o(PHj3)][Fe(CO)(PH3)(H---H
(H50),)]} *, where x=1 or 2 returned to the form (u-H)(p-edt)[Fe(CO),
(PH3)][Fe(CO)(PH3)(n?-Hy) - x(H30))]} * upon relaxed geometry optimi-
zation. In other words, either one or two water molecules were insufhi-
cient as a gas-phase base for deprotonation of species 7. Addition of
three water molecules led to the optimization of {(u-H)(p-edt)[Fe(CO)y
(PH3)][Fe(CO)(PH3)(H- - -H(H20)3)]} *; the latter is shown as its
optimized structure in Fig. 7. Using this method we calculated the
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deprotonation of these n%-H, complexes to be essentially thermoneutral.
(Our test calculations show that the extremely acidic dihydrogen
complex of Morris, {(T]2-Hg)Fe[PEtZ(CHg)ZPEtQ]ZCO}Z+ (51), modeled by
us as {(n*-Hy)Fe[PHy(CH,),PH5],CO}* ", also requires two water mole-
cules for deprotonation.) While we have not been able to address the
exact energetics or the activation energy for this process, the results
suggest that these complexes are sufficiently acidic to be deprotonated
by small water clusters or perhaps by small clusters of water with other
polar molecules.

Figure 7 gives two modes of cleavage of the H-H bond starting from
the n2-H2 species, 2 that do not involve water. The first route is the
heterolytic cleavage of dihydrogen using the lone pair on the bridging
thiolate sulfur to yield 17. The thermodynamic difference for this path
is 285 kcal mol™". The other route, which uses the hydride to effect
cleavage of the H-H bond, giving 18, is even higher in energy,
544 kcal mol ' Although the hydride route is clearly energetically
non-viable, the route through S is not impossible. However, the water-
assisted route is clearly the more energetically favorable than either
of the water-free routes.

In all cases heterolytic cleavage of the bound dihydrogen of the
apical n?-H, species, 8, was high in energy relative to those derived
from the basal n%-H, species, 7. The deprotonation of 8 by either an
external base or the thiolate sulfur leads to a high energy intermediate
due to the presence of a trans hydride ligand in the resulting interme-
diate. In addition, experimental data, vide supra, suggest that H/D
exchange most likely occurs from the basal position.

F. H/D EXCHANGE INTO THE pu-H POSITION

Theory and experiment, taken together, suggest that the dihydro-
gen species 7-10, Fig. 1 are sufficiently acidic to be deprotonated by
small water-containing clusters and re-deuterated to affect Do/H50 (or
Hy/D,0) exchange. This process alone, however, does not explain how
deuterium gets exchanged into the p-H position. Experimentally,
the incorporation of deuterium into the pu-H from the reaction of
{(u-H)(u-pdt)[Fe(CO)o(PMey)],} © with D,O, with or without light, is
exceedingly slow. In other words, while the bridging hydride exchanges
readily with deuterium from Dy or Dy/H30, there is a high barrier to
exchange with with D,0O alone.

The computations have suggested a somewhat unexpected, but
energetically reasonable route for H/D exchange into the p-H position,
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Fic. 9. Binuclear reductive elimination. The dihydride complex, 20, passes
over a low energy transition state to form a dihydrogen complex, 21. Relative
energies given in kcal mol .

Fig. 9. As mentioned earlier, the cationic n? — H, species, 7, can readily
be deprotonated to afford the neutral species, 20 that contains both a
bridging and a terminal hydride. This dihydride can pass over a low-
energy transition state (AEy_.rs= +6.6 kcal mol™') to form the
neutral Fe'Fe! n?-HH* species, 21. The formation of p-H* can then be
accomplished in one of two ways. The Fe-Fe bond may be reprotonated
by {(H,0),H*} " to form p-H*. Another possibility is a rotation of the
n%-HH* (AEy _1s= +4.4 kecal mol™?), followed by reformation of the
dihydride can also afford p-H*.

G. THE OVERALL MECHANISM

When taken together, the theoretical and experimental data suggest
a integrated mechanism for H/D exchange in Dy/Hy0 mixtures as
catalyzed by {(u-E)(u-S(CHy),S)[Fe(CO);PMes],} *. Figure 10 presents
this mechanism in a way that is equally valid for the p-H and for the
pu-SMe complex. The most important feature in the main cycle (right
side of Fig. 10) is n%-H, binding at a single Fe' site that is deprotonated
by the external base, D,O. The left side of Fig. 10 shows a binuclear
reductive elimination process that produces a n%-HD bound to the
Fe'Fe! binuclear complex and holds only for the p-H parent catalyst.

This mechanism thus invokes a species, 2, whose trapping by exoge-
nous bases or ligands might account for inhibition of H/D exchange. It
also suggests the possibility of H/D exchange facilitated by a n*-H,
complex of Fe'Fe!. Experiments designed to test such implications are
described below.

H. Dy/H30 SCRAMBLING CATALYZED BY (u-pdt)[Fe(CO),(PMes)]s

While most 12-Hs, complexes of iron are in Fe!! complexes, the results
presented above suggest that the creation of an open site on the Fe'Fe!
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Fic. 10. The general mechanism of H/D exchange. The right cycle for E=H or
SMe. The left cycle holds only for E=H. D, =(H;0),D" and RE =reductive
elimination.

species, (u-pdt)[Fe(CO)y(PMes)]s, might also bind and activate dihydro-
gen. Gas-phase calculations show that binding of H, to (p-edt)[Fe(CO),
(PH3)][Fe(CO)(PH3)] to form (p-edt)[Fe(CO)5(PHs)][Fe(CO)(n*-Hy)(PHs)],
21, is an exothermic process. This complex may rearrange, proceeding
over a very small barrier (see Fig. 9; AEs_1s= + 0.6 kcal mol™) to
form species 20. The reversible conversion between 20 and 21 would
lead to scission of the H-H or D-D bond but no isotope exchange in
the absence of water. The deprotonation of a n*-H, intermediate, like
21, however, could lead to the H/D exchange of Dy/H,0 mixtures.

In order to establish the viability of the Fe'Fe! species for activ-
ation of dihydrogen for H/D exchange in Dy/H5O mixtures, an experi-
ment similar to the one performed for {(u-E)(u-pdt)[Fe(CO),PMe],} "
(E=H and SMe) was carried out using the (p-pdt)[Fe(CO),PMes],
complex as a potential H/D exchange catalyst (24-26). Details are
given in Section II. The formation of HOD was monitored by ?H NMR
spectroscopy. The 2H-NMR spectra, presented in Fig. 11, were recorded
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Fic. 11. 2H NMR spectra showing the formation of HOD (5 =1.64 ppm) in
CH,Cl, solution containing (p-pdt)[Fe(CO);PMes]s, 10 bar Dy and 2 pl. HO:
(a) before exposure to sunlight, (b) after 4 h of photolysis, (c) after 10 h of photo-
lysis and (d) after 13 h of photolysis. Relative ratios of the intensity of the
resonance of CHDCI; (natural abundance) to HOD are given in parentheses.

before exposure of the solutions to light and at intervals during sev-
eral hours of exposure. For (u-pdt)[Fe(CO);PMesls, the intensity of
the resonance at 1.65 ppm corresponding to D-enriched Hy0O in the
solvent increased from 1.03 (4 h) to 3.76 (13 h). While this isotopic
exchange activity is poorer than that emanating from the Fe'Fe!l
catalysts, the fact that the Fe'Fe' catalyst is competent at all is
consistent with the computational prediction of an (n?-H,)Fe'Fe!
intermediate.
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I. REACTION OF {(u-H)(u-pdt)[Fe(CO)o(PMes)]s} © WITH ACETONE

One of our basic assumptions was that the only role of light in the
reaction was the creation of an open site on one of the metal centers.
Our computations showed that an n?-H, intermediate, if formed, could
facilitate Dy/p-H exchange thermally in the presence of water. In other
words, if a basal open site could be generated in the absence of light
then Dy/p-H exchange should proceed via a dark, thermal reaction.

The acetonitrile complex, {(u-H)(u-pdt)[Fe(CO)s(PMes)][Fe(CO)
(CH3CN)(PMey)]} *, was not active for thermal H/D exchange. Compu-
tations suggested that acetone should bind to the iron center somewhat
more weakly than acetonitrile. A similar experimental approach to
the preparation and isolation of {(u-H)(u-pdt)[Fe(CO)y(PMes)][Fe(CO)
(CH3CN)(PMe3)]} © was attempted with acetone, albeit with poor
results. The prolonged photolysis of mixtures of {(u-H)(u-pdt)
[Fe(CO)z(PMes)]; } © and 1-5 equivalents of acetone in CH,Cl; lead to
extensive decomposition. Although attempts to isolate and fully char-
acterize the complex formed in this case were unsuccessful, infrared
and NMR spectral data support the formation of an acetone complex
in situ as described below.

When a solution of {(u-H)(u-pdt)[Fe(CO)o(PMes)]s} * in acetone was
exposed to sunlight for one hour the color gradually changed from
orange-red to dark brown-red. The IR spectrum showed the presence
of the starting (v(CO)=2031, 1991 cm ') complex together with a spe-
cies with v(CO) stretching frequencies displaced by ca. 50 cm ™! (Fig. 12).
(While few acetone complexes of metal carbonyls have been isolated,
available data suggest the electron donating ability of (CH3);C =0 is
better than that of CO (52), consistent with the lower values of v(CO)
observed here.) Bubbling CO through this solution led to the disappear-
ance of the new v(CO) bands and the reappearance of the v(CO) bands
of {(w-H)(u-pdt)[Fe(CO)o(PMes)]o} ™, indicating the replacement of
acetone by CO had reformed the starting complex.

Further support for the formation of the acetone complex was pro-
vided by an experiment carried out in an NMR sample tube. When an
acetone solution of {(u-H)(u-pdt)[Fe(CO)o(PMes)]s} * was exposed to
sunlight for one hour, two hydride resonances were observed as shown
in Fig. 12. The doublet of doublets centered at —7.7 ppm with Jy_p
coupling of 21 and 30 Hz corresponded to the coupling of the bridging
hydride to two non-equivalent phosphines of the presumed acetone com-
plex, {(u-H)(u-pdt)[Fe(CO)o(PMes)][Fe(CO)(PMes)(acetone)]} *; a triplet
at —15.0 ppm with Jy_p of 22 Hz was characteristic of the starting
hydride species {(u-H)(u-pdt)[Fe(CO)y(PMes)];} *. Addition of CH3CN
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Fic. 12. (a) Infrared spectra (CO region) and (b) "H NMR spectra (hydride
region) of {(u-H)(u-pdt)[Fe(CO)sPMeg],} ™ as it reacts with Me,C=0 to form {(u-
H)(p-pdt)[Fe(CO)PMe3(0O=CMey)][Fe(CO);PMes]} © and acetone displacement
upon reaction with CO to reform {(u-H)(u-pdt)[Fe(CO);PMes];} ¥ and CH5CN to
form {(p-H)(u-pdt)[Fe(CO)PMes(CH;5CN)][Fe(CO),PMes]} *, respectively.

to this sample in the dark caused the resonance at —7.7 ppm to disap-
pear with the appearance of a new signal centered at —10.9 ppm (doub-
let of doublets with Ji_p of 21 and 27 Hz) corresponding to the acetoni-
trile complex, {(u-H)(u-pdt)[Fe(CO)o(PMes)][Fe(CO)(PMes)(CH3;CN)]} .
An identical sample of {(u-H)(u-pdt)[Fe(CO)x(PMes)]z} * in dg-acetone,
maintained in the dark, gave no indication of the thermal displacement
of CO by acetone; neither did subsequent addition of CH;CN result in
CO/CH3CN exchange in the dark. We conclude that the acetone
complex, generated by photolytic CO loss followed by solvent molecule
capture, can be converted to the acetonitrile complex in a thermal
(non-photolytic) ligand exchange process. The acetonitrile complex,
here generated in situ from the acetone complex, is known to contain
a basally coordinated CH3CN ligand (33). Since the most likely mechan-
ism for this exchange is a dissociative replacement of an acetone
molecule by a CH3CN molecule, we conclude that the photolysis of
{(n-H)(p-pdt)[Fe(CO)2(PMes)]z} * in acetone results in the formation of
{(w-H)(p-pdt)[Fe(CO)2(PMes)][Fe(CO)(acetone)(PMeg)]} .
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Unfortunately, the acetone complex did not give clear answers
about the validity of a dark, thermal H/D exchange process. Acetone
solutions of the complex did not catalyze Hy/Dy or Do/u-H exchange.
The complex decomposes in the presence of water and in solutions
other than acetone.

dJ. CALCULATION OF NMR SHIELDING TENSORS

The experimentally observed "H-NMR spectrum of the “acetone com-
plex” shows a doublet of doublets centered at —7.7 ppm. To help assign
this resonance, a series of structural candidates for the acetone com-
plex, as well as the known parent hydride, 1, and the CH3CN complex,
12, were geometry optimized and their NMR spectra were calculated.
(NOTE: The edt/PH; model was used for these calculations while
experiments were carried out with the pdt/PMe; complex.) The NMR
chemical shift calculation gives absolute shielding values. These
values were scaled by setting the value for p-H hydrogen of {(u-H)
(p-edt)[Fe(CO);PH3)5} * equal to the observed chemical shift for the
hydride of {(u-H)(u-pdt)[Fe(CO)o(PMes)];} ™ in acetone (—15.0 ppm).
Accordingly, the chemical shift of the p-H of the acetonitrile complex,
12, was computed to be at —10.5 ppm (experimental value = —10.8 ppm).
Examples of structural isomers computed for the acetone complex are
shown in Fig. 13.

The experimental value of —7.7 ppm is in good agreement with the
basal-substituted species, 13 that is computed to have a p-H hydride
shift of —74 ppm. The next closest match is the p-acetone-terminal
hydride species, 22, with a calculated hydride chemical shift of
—17.2 ppm. This structure is less likely than 13, both for its higher energy
(4287 kecal mol ! relative to 13), as well as the expected coupling
pattern for this structure (a doublet is expected for 22, as opposed to

Oc\ /% /Co—I+ Oc\ % Co—I+ Oc\ Qg /o:/\—I+

2 %gHa Q7 Fe >Fe\HPH OCF’,/Fe\ - Fe\(%HS
13 i I 23
22
(-7.4) (-7.2) (-31.4)

FiG. 13. Possible isomers for the monosubstituted acetone complex.
Calculated chemical shifts, given in parentheses, are in ppm and scaled to that
of species 2 =—15.0 ppm.
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the doublet of doublets observed experimentally) The apically substi-
tuted acetone species, 23, calculated to have a chemical shift of
—314 ppm, is much too far upfield to be considered a viable candidate
for the structure of the experimentally observed acetone complex.

IV. Conclusions

The growing importance of computational chemistry in mechanistic
inorganic chemistry may be ascribed to the broad accessibility and
application of Density Functional Theory and related techniques to
large molecules, in this case a diiron complex with 10 to 12 coordina-
tion sites filled with diatomic or larger ligands. For simple substrates,
as in the H/D isotopic scrambling process described here, conclusions
from experimental techniques are typically limited to issues involving
the rate-determining step of the reaction path. While chemical intuition
arising from knowledge of stable ground state structures assists in
formulating experimental tests of reasonable scenarios for events
prior to and following the highest barrier, experimental proofs of
these steps are often difficult; here calculation may be critical to
formulating a complete mechanism.

The case in point in our studies of simple isotopic exchange in
Hy/D,0 or Dy/H,0 mixtures as facilitated by Fe(II) in dinuclear com-
plexes is a particular mechanistic challenge as the catalysis is light-
driven and the experiments thus far have been non-wavelength specific.
The critical step of ligand loss preceding a most reasonable step of Hy
binding draws on the experimental verification and chemical prece-
dence of (1”|2-H2)FeII complexes in organometallic-like coordination
environments (6I). Experimental data suggested CO labilization was
the most likely effect of sunlight.

The observation of inhibition of the H/D exchange reaction by CO
and CH3CN implicates coordinatively unsaturated intermediates in the
H, capture process. As a part of this manuscript we report evidence for
the existence of an acetone derivative of the (u-H)(FeH)g complex, as
suggested by theory. As it has obvious ramifications for technical devel-
opment of such Hy-uptake catalysts, the possibility that water might
similarly compete for the open site and serve both as a required reagent
and a catalyst inhibitor deserves a future detailed study.

The reaction paths explored by theory were closely tied to published
experimental results, and provided support for previously sug-
gested mechanisms. The predictive power of theory beyond what the
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experimentalist can readily do was displayed in steps likely to follow
the highest barrier process. Most notably, theory accounted for the
enhanced H/D exchange into the bridging hydride position of {(u-H)
(p-pdt)[Fe(CO)2]PMeg]s} * from Dy/H;0 mixtures over either of the indi-
vidual components, Dy or D50 as D-sources independent of each other.
An unexpected path (reductive elimination) from a terminal hydride/
bridging hydride intermediate suggested the possibility that the Fe'Fe'
parent complex might facilitate H/D exchange in Hy/D,O mixtures.
This possibility was substantiated by experiment.

Many issues are involved in decisions as to the detail required to
“complete” a mechanistic study, i.e., to further test assumptions used to
formulate the proposed reaction path that have gained credibility
from theory. Prominent in decisions to go further are the effective
use of time and resources, and the technical feasibility of more sophis-
ticated experiments. As development of H, uptake and activation by
base metal catalysts, hopefully linked to electrode surfaces, appear to
be exceedingly important for technological progress, further study of
this system seems to be mandated.

DEbicaTioN

This manuscript is dedicated to the memory of Professor Dieter Sellmann, a superb
scientist whose depth of knowledge was exceeded only by his generous spirit. It was
our joy and blessing to call him “Friend” Marcetta and Don Darensbourg, and Michael
B. Hall.

ACKNOWLEDGMENTS

We acknowledge financial support from the National Science Foundation (CHE-
0111629 and CHE-9800184) and R. A. Welch Foundation (A-0648 and A-0924). We also
thank the Supercomputing Facility at Texas A&M University for computer time and the
Laboratory for Molecular Simulation at Texas A&M University for computer time and
software.

REFERENCES

1. Cammack, R.; Frey, M.; Robson, R. “Hydrogen as a Fuel”’; Taylor and Francis: London,
2001.

2. Volbeda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey, M.; Fontecilla-
Camps, J. C. Nature 1995, 373, 580-586.

3. Volbeda, A.; Garcin, E.; Piras, C.; De Lacey, A. L.; Fernandez, V. M.; Hatchikian, E. C.;
Frey, M.; Fontecilla-Camps, J. C. J. Am. Chem. Soc. 1996, 118, 12989-12996.

4. Garcin, E.; Vernede, X.; Hatchikian, E. C.; Volbeda, A.; Frey, M.; Fontecilla-
Camps, J. C. Structure 1999, 7, 557-566.



>

10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.
23.

24.

25.

26.
27.
28.
29.
30.
31.
32.
33.

34.
35.
36.

SYNERGY BETWEEN THEORY AND EXPERIMENT 25

Higuchi, Y.; Yagi, T.; Yasuoka, N. Structure 1997, 5, 1671-1680.

Higuchi, Y.; Ogata, H.; Miki, K.; Yasuoka, N.; Yagi, T. Structure 1999, 7, 549-556.
Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, L. C. Science 1998, 282,
1853-1858.

Nicolet, Y.; Piras, C.; Legrand, P.; Hatchikian, C. E.; Fontecilla-Camps, J. C.
Structure 1999, 7, 13-23.

Nicolet, Y.; De Lacey, A. L.; Vernéde, X.; Fernandez, V. M.; Hatchikian, E. C;
Fontecilla-Camps, J. C. JJ. Am. Chem. Soc. 2001, 123, 1596-1601.

Lemon, B. J.; Peters, J. W. Biochemistry 1999, 38, 12969-12973.

Lee, S.; Holm, R. H. Proc. Nat. Acad. Sci. USA 2003, 100, 3595-3600.

Cao, Z.; Hall, M. B. J. Am. Chem. Soc. 2001, 123, 3734-3742.

Yagi, T. J. Biochem. 1970, 68, 649-657.

Krasna, A. L; Rittenberg, D. J. Am. Chem. Soc. 1954, 76, 3015-3020.

Adams, M. W. W.; Mortenson, L. E.; Chen, J.-S. Biochim. Biophys. Acta 1981, 594,
105-176.

Albracht, S. P. J. Biochim. Biophys. Acta 1994, 1188, 167-204.

Farkas, A.; Farkas, L.; Yudkin, J. Proc. Roy. Soc. (London) 1934, B115, 373.
Wichtershauser, G. Science 2000, 289, 1307-1308.

Lemon, B. J.; Peters, J. W. J. Am. Chem. Soc. 2000, 122, 3793-3794.

Hieber, W.; Spacu, P. Z. Anorg. Allg. Chem. 1937, 233, 852-864.

Fauvel, K.; Mathieu, R.; Poilblanc, R. Inorg. Chem. 1976, 15, 976-978.

Treichel, P. M.; Rublein, E. K. J. Organomet. Chem. 1989, 359, 195-203.

Seyferth, D.; Womack, G. B.; Gallagher, M. K.; Cowie, M.; Hames, B. W.;
Fackler, J. P. Jr.; Mazany, A. M. Organometallics 1987, 6, 283-294.

Zhao, X; Georgakaki, I. P.; Miller, M. L.; Yarbrough, J. C.; Darensbourg, M. Y. J. Am.
Chem. Soc. 2001, 123, 9710-9711.

Zhao, X.; Georgakaki, I. P.; Miller, M. L.; Mejia-Rodriguez, R.; Chiang, C.-Y.;
Darensbourg, M. Y. Inorg. Chem. 2002, 41, 3917-3928.

Georgakaki, I. P.; Miller, M. L.; Darensbourg, M. Y. Inorg. Chem. 2003, 42, 2489-2494.
Sellmann, D.; Geipel, F.; Moll, M. Angew. Chem. Int. Ed. 2000, 39, 561-563.

Dance, I. Chem. Comm. 1999, 17, 1655-1656.

Fan, H.-J.; Hall, M. B. J. Am. Chem. Soc. 2001, 123, 3828-3829.

Liu, Z.-P.; Hu, P. J. Chem. Phys. 2002, 117, 8177-8180.

Bruschi, M.; Fantucci, P.; De Gioia, L. Inorg. Chem. 2002, 41, 1421-1429.

Liu, Z.-P.; Hu, P. J. Am. Chem. Soc. 2002, 124, 5175-5182.

Zhao, X.; Chiang, C.-Y.; Miller, M. L.; Rampersad, M. V.; Darensbourg, M. Y.
J. Am. Chem. Soc. 2003, 125, 518-524.

Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. 1988, 37, 785—789.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann, R. E;
Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.;
Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.;
Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, A. C,;



26

37.
38.
39.
40.

41.
42.
43.

44.
45.
46.
47.
48.

49.

50.

51.
52.

J.W. TYE et al.

Head-Gordon, M.; Replogle, E. S.; Pople, J. A. “Gaussian 98, revision A.11"’; Gaussian
Inc.: Pittsburgh, PA, 2002.

Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 284-298.

Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270-283.

Couty, M.; Hall, M. B. J. Comp. Chem. 1996, 17, 1359-1370.

Hollwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas, V.
Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G. Chem. Phys. Lett. 1993, 208,
237-240.

Dunning, T. H. Jr. J. Chem. Phys. 1989, 90, 1007-1023.

Dunning, T. H. Jr. J. Chem. Phys. 1970, 53, 2823-2833.

Dunning, T. H. Jr.; Hay, P. J. “Methods of Electronic Structure Theory”, vol. 3,
3rd edn.; Eds. Schaefer, H. F.; Plenum Press: New York, 1977.

A. London, F. J. Phys. Radium 1937, 8, 397-409.

Ditchfield, R. Mol. Phys. 1974, 27, 789-807.

Wolinski, K.; Hinton, J. F.; Pulay, P. J. Am. Chem. Soc. 1990, 112, 8251-8260.
Schmidt, M.; Contakes, S. M.; Rauchfuss, T. B. J. Am. Chem. Soc. 1999, 121,9736-97317.
Lawrence, J. D.; Li, H.; Rauchfuss, T. B.; Bénard, M.; Rohmer, M.-M. Angew. Chem.,
Int. Ed. 2001, 40, 1768-1771.

Liaw, W.-F.; Tsai, W.-T.; Gau, H.-B.; Lee, C.-M.; Chou, S.-Y.; Chen, W.-Y.; Lee, G.-H.
Inorg. Chem. 2003, 42, 2783-21788.

Darensbourg, M. Y.; Lyon, E. J.; Zhao, X.; Georgakaki, I. P. Proc. Nat. Acad. Sci. USA
2003, 100, 3683-3688.

Landau, S. E.; Morris, R. H.; Lough, A. J. Inorg. Chem. 1999, 38, 6060-6068.

Drew, D.; Darensbourg, D. J.; Darensbourg, M. Y. Inorg. Chem. 1975, 14, 1579-1584.



ELECTRONIC STRUCTURE AND SPECTROSCOPIC
PROPERTIES OF MOLYBDENUM AND TUNGSTEN
N2, NNH, NNH,, AND NNH3; COMPLEXES WITH
DIPHOSPHINE CO-LIGANDS: INSIGHTS INTO
THE END-ON TERMINAL REDUCTION PATHWAY
OF DINITROGEN

FELIX TUCZEK

Institut fiir Anorganische Chemie, Christian Albrechts Universitét,
D-24098 Kiel, Germany

L. Introduction
II. Vibrational Spectroscopy and QCA-NCA
A. Dinitrogen Complexes
B. W-N,H, Complexes; x=1,2,3
III. Electronic Structure and Electronic Absorption Spectroscopy
IV. Conclusions
References

|. Introduction

The conversion of dinitrogen to ammonia is one of the important
processes of chemistry. Whereas the technical ammonia synthesis
requires high temperature and pressure (I), this reaction proceeds at
room temperature and ambient pressure in nature, mediated by the
enzyme nitrogenase (2). There is evidence that Ny is bound and reduced
at the iron—-molybdenum cofactor (FeMoco), a unique Fe/Mo/S cluster
present in the MoFe protein of nitrogenase. Although detailed struc-
tural information on nitrogenase has been available for some time (3),
the mechanism of N, reduction by this enzyme is still unclear at the
molecular level. Nevertheless, it is possible to bind and reduce dinitro-
gen at simple mono- and binuclear transition-metal systems which
allow to obtain mechanistic information on elemental steps involved
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in this process (4). Based on the “classic” Mo and W phosphine systems,
all the intermediates of the following reduction pathway have been
isolated (5):
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..... > N H
’TIHS - | \ /H
M N2 (™ - N . .
e || |“Diazenido(-)”
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SCHEME 1.

Importantly, this end-on terminal reduction pathway of Ny has been
suggested to apply to nitrogenase. In agreement with the Thorneley/
Lowe kinetic scheme of nitrogenase (6), it requires a sequence of one-
electron reduction and protonation steps. The reduction of bridging N,
in contrast, proceeds via diazene and hydrazine and therefore requires
a series of two-electron reductions. The conversion of dinitrogen to
ammonia described in Scheme 1 has also been performed in a catalytic
way, achieving three cycles (7). More recently, a catalytic conversion
(six cycles) of Nj at a sterically protected site provided by a Mo triami-
doamine complex has been realized (§8). In this reaction sequence,
analogous species as shown in Scheme 1 have been evidenced and char-
acterized, respectively (9).

Of central importance in the chemistry of nitrogen fixation 1is
the concept of activation (4f). This involves a transfer of electronic
charge from the transition metal to the coordinated N, by metal —
ligand back donation, making this very inert molecule susceptible
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to protonation. A theoretical estimate of the charge transmitted to the
N, ligand is provided by charge analysis in the framework of molecular
orbital calculations. In order to achieve a systematic understanding of
the degree of Ny activation and to obtain more insight into the reduc-
tion pathway of Nj, we have been studying N, complexes and their
protonated intermediates with spectroscopy coupled to DFT calcula-
tions (I10-16). One of the most sensitive probes for the state of reduction
of the Ny, molecule is vibrational spectroscopy. Infrared and Raman
spectroscopy therefore have played a prominent role in our investiga-
tions. Vibrational data have been evaluated with a Quantum Chemistry
Assisted Normal Coordinate Analysis (QCA-NCA) which is based on
calculation of the f-matrix by DFT and subsequent fitting of important
force constants to match experimentally observed frequencies (12-I16).
The information obtained from DFT is also employed to calculate elec-
tronic transitions by TDDFT (time-dependent DFT) which are com-
pared to experimental UV/Vis data. As a result, a close check of the
quality of the quantum chemical calculations is obtained, and these
calculations can then be employed to understand and optimize the
reactivity of the intermediates of Ny fixation.

In pursuit of this goal, we have in particular studied the Ny, NoH,
and NyH,; complexes [W(Ny)o(dppe)o] (I), [WF(NNH)(dppe)s] (II), and
[WF(NNH,)(dppe)s] ™ III; dppe =1,2-bis(diphenylphosphino)ethane)
with the help of infrared and Raman spectroscopy coupled to DFT
calculations (12). More recently, these studies were complemented by
investigation of the Mo and W hydrazidium complexes [MF(NNHs)
(depe)g](BF,)2, M=Mo (IVa) and W (IVb) (I5). The analogous NNHj;
compounds with dppe could not be isolated so far; i.e., protonation of
the corresponding N, precursors was found to lead to NNH, systems (5).
We therefore had to switch to depe (1,2-bis(diethylphosphino)ethane) in
the latter investigation. The hydrazidium complexes IV were prepared
from the N, complexes [M(Ny)o(depe)s], M=Mo and W by protonation
with HBF,. Protonation of these systems with HCI, on the other hand,
was found to lead to the depe-NNH, systems [MCI(NNH,)(depe)s]Cl,
M=Mo (Va) and W (Vb) (I5) which are related to the complex
[MoBr(NNH,)(depe)s|Br originally described by Chatt (I7). This
allowed us to compare the results of vibrational and optical absorption
spectroscopy obtained on Mo/W-Ny; and -NNH, dppe complexes with
data obtained on their depe analogs (I8). The vibrational and UV/Vis
spectroscopic properties of I-V as well as their electronic structures
are the subject of the present review.

X-ray structures of Mo and W dinitrogen, hydrazido(2-), and hydra-
zidium complexes with dppe and depe co-ligands exist. Figure 1 gives
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Fic. 1. Structurally characterized examples of Mo and W dinitrogen and
hydrazido (2-) complexes and model systems. ®Uchida, T;; Uchida, Y.; Hidai, M.;
Kodama T Acta Cryst. 1975, B3I, 1197. ®Hidai, M.; Kodama, T; Sato, M.;
Harakawa, M.; Uchida, Y. Inorg. Chem. 1976, 15, 2694. ©Galindo, A.; Hills, A.;
Hughes, D. L.; Richards, R. L. J Chem. Soc. Dalton Trans. 1990, 283.

a selection of structurally characterized complexes and model systems
derived from these structures; important bond lengths are collected in
Table I. In order to treat the Mo/W—Ny and —NoH, complexes (x=1, 2, 3)
by DFT, they were simplified by approximating the phosphine ligands
by PHj3; groups. Input parameters for the corresponding model com-
plexes I-1V for complexes I-IVa,b can be found in Refs. (12) and (I5).

Il. Vibrational Spectroscopy and QCA-NCA
A. DINITROGEN COMPLEXES
Raman and IR spectra of the [W(Ny)o(dppe)s] complex I are given in
Figs. 2 and 3, respectively. Vibrational analysis is based on the model

system [M(Ny)oP,] (I', symmetry D,;,, M=Mo, W) shown in Scheme 2
along with the definition of the coordinate system and the internal
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TABLE I

Mo/W-N,, -NNH, -NNH,, AND -NNH3; COMPLEXES AND CORRESPONDING
MODELS: BOND LENGTHS FROM X-RAY AND DFT GEOMETRY OPTIMIZATIONS

Model M-P MN N-N M-X N-H Ref.
[Mo(Ny)o(PHs),] i Opt 2510 2014 1164 — — 12
[Mo(Ns)s(dppe)s] Xray 245 2014 1118 — — d
[MoF(NNH)(PHS),] iI Opt 254 1.826 1.276 207 1.083 12
[MoF(NNH,)(PH,),]* III  Opt 2594 1786 1.331 1.99° 101 12
[MoF(NNH,)(dppe)s] * Xray 254 1763 1.332 1.99° 109 °
[WCI(NNH,)(dppe)s] Xray ~25 173 137 2428 — 7
[WE(NNH,)(depe)s] Xray ~25 1771 1.355 2.027° g
[MoF(NNH,)(PH.), >+t IV Opt 264 179 144 193 104 15
[WCL(NNH;)(PMe,), ]2+ Xray 2519 1785 1.396 2463° — *

“Mo=F.

W-Cl.

‘W-F

9Uchida, T;; Uchida, Y.; Hidai, M.; Kodama, T. Acta Cryst. 1975, B31,1197.

°Hidai, M.; Kodama, T.; Sato, M.; Harakawa, M.; Uchida, Y. Inorg. Chem. 1976, 15, 2694.

Heath, G. A.; Mason, R.; Thomas, K. M. J. Am. Chem. Soc. 1974, 96, 259.

#Barclay, J. E.; Hills, A.; Hughes, D. L.; Leigh, G. J.; Macdonald, C. J.; Abu-Bakar, M.; Mohd.-Ali, H.
oJ. Chem. Soc. Dalton Trans. 1990, 2503.

"Galindo, A.; Hills, A.; Hughes, D.L.; Richards, R. L. J. Chem. Soc. Dalton Trans. 1990, 283.
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SCHEME 2.

coordinates. I’ is derived from the corresponding, geometry optimized
model I of the DFT calculation by removal of the H-atoms of the PH;
groups. The eight normal modes of the central N-N-M-N-N unit of I’
are the symmetric and antisymmetric M-N and N-N stretching vibra-
tions vgas(WN) and vg,s(NN), respectively, and the four linear bends
0s/as(MNN) of the M-N-N moieties, two in each orthogonal direction
x and y (Scheme 2). The four symmetric modes are Raman and the
antisymmetric ones IR active. The vibrational properties of the analo-
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gous Mo-dppe complex [Mo(Ny)o(dppe)s] and of the respective Mo and
W depe counterparts have been described and analyzed as well (12 18).

Figure 2 shows the Raman spectra of *N-I and N-I. The features
at 2007 and 1954 cm ™' that shift by about 70 cm ™' down to 1940 and
1884 cm™, respectively, have been assigned to the N-N stretching
vibrations. The symmetric, Raman active mode vy (NN) belongs to the
intense peak at 2007 cm ™' whereas the Raman-forbidden vibration
Vas(NN) is assigned to the peak at 1954 cm ™. The double-peak feature
at 419 and 414 cm™ ' which shifts by 12 em ™" on N substitution is
assigned to the W-N stretching vibration vs(WN) which therefore
appears split in the spectra of I. In agreement with Raman data of
related systems, (13b) the linear bends d,(WNN) are not visible in the
spectra of I. The splitting of v,(WN) as well as the high intensity of the
Raman-forbidden v,((NN) mode are ascribed to correlation effects in
the solid state. Other intense peaks in the Raman spectra of I that
remain unshifted in the spectrum of the N isotopomer are found at
5217, 999, 1027, and 1586 cm . Comparison with Raman data of [M(Ny),
(depe)s], M=Mo and W (1218), suggests that these vibrations are
associated with the phenyl groups of the dppe ligand. In the low-
energy region, a very intense peak is observed at 180 cm ™' which is
assigned to the symmetric W—P stretch.

Infrared spectra of “N-TI and N-I are given in Fig. 3. Besides the
N-N stretching vibrations vs(NN) (IR-forbidden) at 2009 cm™' and
Vas(NN) (allowed) at about 1948 cm ™" which shift on ®N substitution
to 1942 and 1883 cm ™, respectively, two other isotope sensitive peaks
are found. The peak at 555 cm ™' is assigned to the antisymmetric linear
bend 8,(WNN) which shifts to 538 cm ™' in the N compound, and the
antisymmetric metal-N stretching vibration v,((WN) is identified with
the medium intense peak at 435 cm™! that disappears in the spectrum
of ’N-1.

Based on the experimental frequencies and isotope shifts, a
Quantum-Chemistry Assisted Normal Coordinate Analysis (QCA-NCA)
has been performed. Details of the QCA-NCA procedure of I, including
the f'matrix and the definition of the symmetry coordinates, have been
described previously (I2a). The NCA is based on model I’ (vide supra).
Assignments of the experimentally observed vibrations and frequencies
obtained with the QCA-NCA procedure are presented in Table II. The
symbolic F-matrix for model I’ is shown in Scheme 3. Table III collects
the force constants of the central N-N-M-N-N unit of I' resulting
from QCA-NCA. As evident from Table II, good agreement between
measured and calculated frequencies is achieved, demonstrating the
success of this method.
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TABLE II

1

Experimental QCA-NCA
Nz 15N2 N2 15N2
Vs(NN) 2007(R)/2009(IR) 1940(R)/1942(IR) 2007 1940
Vas(NN) 1954(R)/1948(IR) 1884(R)/1883(IR) 1948 1883
3.s(WNN) 555(IR) 538(IR) 556 538
Vas(WN) 435(IR) 435 424
1 (WN) 419/414(R) 407/402(R) 420 406
3(WNN) 462 447
v(WP) 236/204(IR) 236/204(IR) ~ 295 ~ 295
vs(WP) 182(R) 183(R)
vs(MN) V(NN) 3. 5(MNN) 5S(MNN) v o(MN) v o(NN)  §,."(MNN) 5, (MNN)
Ag Ag BZg BSg Blu Blu B2u BSu
Y+N; Ng+Ngt 0 0 0 0 0 0
Ng+ Nt Z+ NN; 0 0 0 0 0 0
0 0 Q—e 0 0 0 0 0
0 0 0 Q—e 0 0 0 0
0 0 0 0 Y—N¢ Ng—Ngt 0 0
0 0 0 0 Ng—Nit Z—NN; 0 0
0 0 0 0 0 0 Q+e 0
0 0 0 0 0 0 0 Q+e
SCHEME 3.
TABLE III

FORCE CONSTANTS FOR [W(N>)>(dppe),] (I; UNITS ARE mdyn/A FOR STRETCHING
AND mdyn.A FOR BENDING MODES; THE DESIGNATIONS REFER TO SCHEME III)

Force constant Type

Y M-N 2.66
7 N-N 16.43
N¢ M-N: s/as 0.28
NN; N-N: s/as 0.28
N, M-N/N-N 0.96
Ngt M-N/N-N: s/as —-0.13
Q M-N-N 0.70
e M-N-N: s/as 0.10
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The vibrational spectroscopic properties of Mo/W-Ny depe com-
plexes are very similar to those of their dppe counterparts. Based on
the lower N-N stretching frequency (vs(NN)=1968 cm™") and higher
metal-N stretching frequency (vs(WN) =434 cm ") of the W(Ny)(depe)s
complex as compared to W(Ny)s(dppe)s (I, vi(NN)=2007 cm™,
Vs (WN) = 419/414 cm ™%, cf. Table IT), metal-N, back bonding is stronger
in the depe than in the dppe system, activating the bound N, ligand to a
higher degree. Moreover, tungsten mediates stronger back donation
than molybdenum since vy(NN) and vs(Mo—N) in Mo(N,)s(depe)s are
at 1999 and 414 cm ™%, respectively (I8).

B. W-NyH, COMPLEXES; x=1,2,3

Protonation of the dinitrogen complex I gives the NNH, complex
[WF(NNH,)(depe)s]BF, (IIT). As Raman spectra of III were found to
be almost featureless, vibrational information on this system has exclu-
sively been obtained from infrared spectroscopy. Figure 4 shows the
MIR and FIR spectra of III and its N and *H isotopomers N-IIT
and “H-ITI, respectively. Seven peaks can be recognized to shift upon
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isotopic substitution. The two N-H stretching vibrations are clearly
identified at 3335 (v,s(NH)) and 3258 cm™' (v(NH)); both exhibit a
strong shift upon deuteration down to 2500 and 2839 cm ', respectively.
A third, much broader peak at 3175 cm ™' also appears to shift upon
deuteration. It may be due to hydrogen bridges of the two N-H groups
with the BF,; counterions. The symmetric NNH bending vibration is
assigned to the peak at 1601 cm ™. Based on the ab initio calculation, it
should shift to below 1200 cm™". This mode is tentatively associated
with the shoulder at 1181 cm ™! appearing in the deuterated compound.

In the region between 1500 and 500 cm ™ two isotope sensitive fea-
tures are found. Bands at 1387 and 581 cm ™' are assigned to the N-N
and W-N stretching vibrations, respectively. The 1387 cm ™' band shifts
to 1343 and 1362 cm ! on ®N and *H substitution, respectively. In case
of W(WN), the isotope shifted bands are clearly identified at 566 (*°N)
and 560 cm™" (*H). The low-energy region of the spectra contains two
more bands that shift upon isotopic substitution. The feature at
510 cm ! is assigned to the linear bend 8,(WNN) which mixes with a
more intense vibration at 516 cm ™. At 439 cm ™' a band of very low
intensity appears which shifts to 412 cm™ upon deuteration and is
absent in the N compound; this peak is assigned to the §,(WNN)
mode. Finally, w(WF) is assigned to the peak at 470 cm ' which
shifts to 469 and 467 cm ™' on N and *H substitution, respectively.
Based on the experimental frequencies and isotope shifts, a QCA-NCA
has been performed in analogy to that of the dinitrogen system I.
Table IV collects the observed frequencies of III and those calculated
by QCA-NCA.

TABLE IV

OBSERVED AND CALCULATED FREQUENCIES OF [WF(NNH,)(dppe),]BF, (ITT) IN cm ™

Experimental QCA-NCA

NNH, I N®NH, NND, NNH, 'N®NH, NND,

Vas(NH) 3335 3326 2500 3341 3332 2471
vs(NH) 3258 3253 2389 3259 3252 2383
Ss(NNH) 1601 1598 (1181) 1602 1598 1168
V(NN) 1387 1343 1362 1387 1342 1364
3.s(NNH) 1245 1233 997
V(WN) 581 566 560 582 567 558
&(WNN) (516)/510 499 511 498 484
W(WF) 470 469 467 470 470 470

5*(WNN) 439 412 441 430 407
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Fic. 5. IR spectra of [WNNH)(dppe)](“N-II), [W(PN*NH)(dppe)s] (°N-II),
and [W(NND)(dppe)s] (*H-II).

Treatment of the NNH, complex III with a base allows to isolate the
diazenido(—) complex [WF(NNH)(dppe)s] (IT) which corresponds to an
intermediate in the formation of III upon treatment of I with acids. As
in the case of III, Raman spectra of II were found almost feature-
less, whence vibrational information on II is exclusively based on IR
spectroscopy. Figure 5 gives the infrared spectra of IT and its N and
’H substituted isotopomers. In the MIR region two isotope sensitive
peaks are observed at 1457 and 1222 cm ™' which shift to 1406 and
1208 cm ! on '°N substitution; these features are assigned to v(NN)
and d(NNH), respectively. In the deuterated compound, v(NN) is found
at 1419 ecm ™' and the NND bend is identified with the new feature at
984 cm™'. Unfortunately, the N-H stretching vibration could not be
assigned from the spectra. The same applies to the the W-N stretch
which possibly is masked by a strong absorption at 530 cm ™. In the
FIR region, only one isotope sensitive feature is observed at 514 cm™*
that shows an isotope shift to 502 cm ™" on N substitution. This peak
is 1dentified with the (WNN) bend. As in the case of III the assign-
ment of V(WF) is difficult because this mode exhibits little isotope
shift. One possible candidate is the peak at 459 cm™' which is of
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TABLEV

OBSERVED AND CALCULATED FREQUENCIES oF [WF(NNH)(dppe),] (II) IN cm ™'

Experimental QCA-NCA

NNH BNYNH NND NNH NNH NND

W(NH) 3294 3287 2408
W(NN) 1457 1406 1419 1452 1411 1419
S(NNH) 1222 1208 984 1223 1207 984
W(WN) (~530) 530 515 521
S(WNN) 514 502 515 501 483
WWF) 459 459 459 459 459 459

similar intensity and close in energy to the corresponding feature of
III. Table V collects the calculated (QCA-NCA) and observed fre-
quencies of II. As already observed by Chatt (19), there exists an equi-
librium for the mono-protonated dinitrogen complexes between
nitrogen and metal protonated species

[MX(NNH)(P,)] <= [MHX(Ny)(P4)]

which depends on the nature of X as well as of the metal and the (P,)
ligation. For [WHF(Ny)(dppe)s], (NN) was found at 1846 cm ' and
V(WH) at 1811 cm ™, whereas for the corresponding bromo complex the
N-N stretch was observed at 1874 cm ™! (W((W-H) could not be identified
in this case) (I12a). Infrared spectroscopy can be employed to determine
this equilibrium; in case of the bromo complex it is found on the side
of the metal hydrido species whereas for the fluoro complex it is on the
side of the diazenido(-) species.

The NNH;3; compounds IV, finally, are generated from the respective
dinitrogen complexes using strong acids in a large excess. As Mo and
W-NNH; complexes with dppe ligands are not available, the depe com-
plexes [MF(NNH3)(depe)s](BF4)s, M=Mo (IVa) and W (IVb), have been
employed for this investigation. As in the case of II and III, Raman
spectra of these compounds were found almost featureless. Figure 6
gives the IR spectra of natural abundance-N I'Va and IVb; sections of
the spectra showing isotopic shifts are given in Fig. 7. Table VI collects
calculated and observed frequencies of IVa and IVb. Spectral compar-
ison between ’N-IVa and “N-IVa shows three bands of ’N-IVa which
are absent in *N-IVa. The shoulder at 1347 cm ™' is assigned to the N-N
stretch v(NN) which is of low intensity as in [WF(NNH,)(dppe)] + (III).
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Fic. 6. IR spectra of MoF(NNH;)(depe)s](BF,), (*N-IVa), and [WF(NNH,)
(depe)s](BF,), (“N-IVb).

The Mo—N stretch is assigned to the shoulder at 591 cm ™', in accor-
dance with the W complex showing the metal-N stretch at 570 cm™*
(see below). Another feature of low intensity appearing at 434 cm ™' in
the FIR spectrum of ®N-IVa is assigned to the linear Mo-N-N bend
d(MoNN). In the region of N-H stretching vibrations bands are found
at 3315, 3265, and 3171 em ™! which upon isotopic substitution shift to
3305, 3258, 3167 cm !, respectively. Importantly, the appearance of three
N-H vibrations in the IR spectrum proves the formation of a hydrazi-
dium complex as corresponding NNH, systems only show two sharp
bands in this spectral region (vide supra, Fig. 4). In the IR spectra of
the tungsten systems [WF(NNHj3)(depe)o](BF,): (IVb) no peak belong-
ing to V(NN) can be identified (Figs. 7, 8). The three N-H stretching
vibrations are now located at 3345, 3275, and 3178 cm ™! and shift in
the N experiment to 3334, 3271, and 3173 cm™', respectively. The
W-N stretch is found at 570 cm ™' and upon '°N substitution shifts to
557 cm . The feature at 436 cm ™" which in the N experiment shifts
into a broader band at 415 cm ' is assigned to the linear bend
O(WNN). Generally, the metal-N and N-N vibrations are more pro-
nounced in the W-NNHj; spectrum whereas the N-H stretches are
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Fic. 7. Relevant sections of IR spectra of [MoF(NNH;)(depe)s](BF,),
(“N-IVa), MoF("’N'°NHs)(depe)s(BF,)2)] (°N-IVa), [WF(NNH;)(depe)s](BFy),
(MN-IVb), and [WF(°N®NHj;)(depe)o](BF,)s (°N-IVb), indicating isotope shifts.

much sharper in the Mo-NNH; complex; both systems therefore pro-
vide complementary information.

Table VII collects the relevant force constants resulting from QCA-
NCA of the NNH, NNH,, and NNH; complexes II, III, and IV; a gra-
phical representation of f(NN) and f(MN) for the tungsten systems is
given in Fig. 8. The figure shows that upon protonation of [W(Ny),
(dppe)y] to the NNH complex [WF(NNH)(dppe),] the N-N force con-
stant decreases from about 16 mdyn/A to a value of 8.27 mdyn/A and the
M-N force constant increases from a value of about 2.5 to 4.5 mdyn/A.
This trend continues in the following protonation steps; i.e., for
[WF(NNH,)(dppe)s] © the N—-N force constant is further reduced to a
value of 7.2 mdyn/A and the metal-N force constant further increases
to 6.3 mdyn/A. In the NNH; complexes [MF(NNH;)(depe)s]* ™, M=Mo
or W, finally, the N-N force constant is found at 6.03 mdyn/A, close to
the value of an N-N single bond, while the metal-N force constants



COMPARISON OF THE OBSERVED AND CALCULATED FREQUENCIES OF [MF(NNH3)(de
[MF('*N'>NHj;)(depe),](BF4),; M=Mo (IVa) AND W (IVb), IN cm™

TABLE VI

rlJe)z](BF4)2 AND

[MoF(NNH;)(depe)s](BF ),

[WF(NNH;)(depe)s](BF ),

Experimental QCA-NCA Experimental QCA-NCA
NNH; IPNNH, NNH; IPNNH, NNH; IPNNH, NNH; IPNNH,
vs(NH) 3315 3305 3316 3304 3345 3334 3344 3331
vs(NH) 3265 3258 3264 3257 3275 3271 3278 3271
vas(NH) 3171 3167 3170 3168 3178 3173 3176 3174
v(NN) n.o 1347 1386 1341 n.o. n.o. 1341 1305
v(MoN) n.o 591 593 587 570 557 569 557
v(MoF) n.o n.o 630 621 n.o. n.o. 590 588
3(MoNN) n.o. 434 445 434 436 n.o. 436 424
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Fia. 8. Evolution of M-N and N-N force constants for the tungsten
complexes I, IT, ITI, and I'Vb upon successive protonation.

TABLE VII

FORCE CONSTANTS OF THE W-N,, -NNH, -NNH, AND -NNH3 CoMmPLEXES I-IVb
AND THE Mo-NNH3; ComPLEX I'Va (UNITS ARE mdyn/A FOR STRETCHING AND
mdyn - A FOR BENDING MODES)

Compound f(NN) f(MN) f(MNN) Ref.

[W(Ny)s(dppe)s] I 1643 2.66 0.70 12a
[WENNH)(dppe)s] I 827 450 0.53 12a
[WF(NNH,)(dppe)s](BF,) I 720 631  039/069 12a
[WF(NNH,)(depe)s](BF,), IVb 603 7.1 0.65 15
[MoF(NNHS,)(depe)s](BF,)s IVa 603 801 0.63 15

(8.01 and 7.31 mdyn/A, respectively) reach values typical for a metal-N
triple bond (20). In contrast to the N-N and metal-N force constants,
the MNN bending force constants remain approximately constant upon
successive protonation (around 07 mdyn-A), with exception of the
in-plane bending force constants in the NNH, systems which exhibit
values of about 0.4 mdyn - A.

The experimentally determined evolution of N-N force constants
upon stepwise protonation thus indicates a successive decrease in
N-N bond order initiating bond cleavage, whereas the evolution of
metal-N force constants reflects an increase of metal-ligand covalency,
indicative of a successive strengthening of the metal-N bond. Besides
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providing an energetic driving force for the reduction of the N-N triple
bond, this also acts to prevent loss of partly reduced NNH, substrate,
x=1-3, in the course of the transformation of Ny to ammonia. In the
following section, the evolution from an N-N triple bond to an N-N
single bond is considered from an electronic structure point of view,
and the UV/Vis spectroscopic properties of the corresponding Mo and
W complexes are described.

Ill. Electronic Structure and Electronic Absorption Spectroscopy

The metal-ligand bonding properties of the Ny and NyH, species of
the end-on terminal reduction pathway are determined by their respec-
tive MO schemes. The highest occupied orbitals of dinitrogen are a
o-bonding orbital p, and a doubly degenerate set of m-bonding orbitals
n/m, (Fig. 9). The LUMO of Ny corresponds to a set of m-antibonding
orbitals n*,/n*,. Bonding of three protons and four-electron transfer to
N, generate the NNH; species (hydrazidium). The vertical (m,) and
horizontal (m,) © orbitals of Ny are thereby transformed into two NH

N, NNHj5
i Px
_ 3.56eV
i Py
T -1.02eV
Po
— - = < 144 eV
Ps -1145eV
NH,
624 eV
NH,
—
T -13.12eV

Fic. 9. Evolution of the molecular orbitals of Ny upon conversion to NNHj.
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bonding orbitals on NP whereas the two degenerate n* orbitals of dini-
trogen have evolved into two orbitals p, and p, mostly having p donor
character at the coordinating nitrogen atom N* Loss of n-bonding
interaction between the p orbitals of the coordinating and the termi-
nal nitrogen of N, is already beginning in the NNH and NNH, inter-
mediates. In the NNHj3 species, N-N bonding is exclusively mediated
by the orbital ps; the N-N triple bond of Ny is therefore reduced to
a single ¢ bond.

A direct probe of the bonding between Ny and its intermediates and
metal centers is provided by UV/Vis absorption spectroscopy, coupled
to DFT calculations. In the bis(dinitrogen) complex I, the doubly degen-
erate HOMO’s of the dinitrogen ligands form three combinations with
the metal: a bonding, a non-bonding, and an antibonding one (Fig. 10,
left). The bonding combination primarily has metal character while the
non-bonding and antibonding combinations primarily are of ligand
character. Based on the occupation of the metal-ligand bonding orbi-
tals d., and d,, and the non-bonding orbital d,, in I, the metal has a dé
electronic configuration corresponding to W(0). This description is in

— 24000 22000 20000 18000 16000
™ d 25 1,50 1,50

X— Xz L 310 nm
*
n y—"yz
2,0 g
g
5
2
]
(0]
O 15
c
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o
(2]
C
1 1
1,0 F A1g—> T1g
498 nm
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0,5
0’0|I||||I||||I||||I|||I

35000 30000 25000 20000 15000
wavenumbers (cm™)
Fia. 10. Section of the MO scheme of the dinitrogen complex I and optical

absorption spectrum of I with assignments. Insert: low-temperature spectrum
of a KBr pellet showing vibrational structure of the LF transitions.
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full agreement with the optical absorption spectrum showing the LF
transitions of a d° low-spin system; i.e., 'A; — 'T; and 'A; — T, split by
the tetragonal symmetry of the complex. 'A; —'T; is found at 455/
498 nm and 'A; —'T, at 360/390 nm, respectively (Fig. 10, right).
These LF transitions are masked by a metal (— phosphine CT band at
380 nm in the corresponding dppe complex (see below). The charge-
transfer (CT) transition from the bonding combinations between the
N, n* and the metal d,, and d,, orbitals into the non-bonding com-
bination of Ny n* orbitals is found at 310 nm.

The final stage of N, protonation in [M(diphosphine),] systems is
reached in the hydrazidium complex (in dinitrogen complexes contain-
ing monotertiary phosphine ligands, the reaction continues through to
ammonia) (5). A section of the MO scheme of the NNH3; model system
IV is given in Fig. 11, left. The HOMO of IV is the non-bonding orbital
d,y. At lower energy are the bonding combinations of d,, and d,, with
the NNHj p-donor orbitals p, and p,, corresponding to two M-N =
bonds. These MO’s are denoted as p,—d,. and p,—d,. and primarily
have ligand character. Metal-ligand ¢ bonding is mediated by ps—d...
The LUMO is part of a two-fold degenerate set of the antibonding

A A
A A \
* dyz_ “
>
* R
TROT &
= |T e 0
® g
dxy g
dyy I
TC*X—dXZ
d

X-Mo=N-NH,  X-Mo=N-NH,

Fic. 11. Sections of the MO schemes of the hydrazidium complex IV (left)
and the NNH, complex III (right) along with isodensity surface plots of the
corresponding MO’s.
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TABLE VIII

NPA CHARGES OF [Mo(N,),(PH3),] (I), [MoF(NNH)(PH,),] (II),
[MoF(NNH,)(PH;)4]* (III), AND [MoF(NNH;)(PH;)4] 2+ (IV)

M N* NP Hy F
[MoF(NNH)(PHs),] —0.24 —017 —0.56 +0.34 —0.64
[MoF(NNH.,)(PH,),] * +0.04 —0.21 —0.68 +043 —0.55
[MoF(NNH,)(PH,),] 2+ +0.19 —0.36 —0.60 +048 —044

combinations d,.—p, and d,.,—p, which predominantly are of metal
character (55%). To even higher energy the antibonding combinations
of d_» with ps+ are found (not shown in Fig. 11). Based on this electronic
structure, the NNH; ligand has a single N-N o bond and is coordi-
nated to the metal center by a metal-N triple bond. The metal now has
a d? electronic configuration with two electrons being in the non-
bonding d,, orbital and therefore is assigned a formal 41V oxidation
number. Consequently, four electrons from the W(0) center have been
transferred to the Ny ligand, thus forming (along with three protons)
a coordinated NNHj species. As evident from NPA (Natural bond
Population Analysis; Table VIII), the electronic charge on the complex
bound NNHj is reduced from (formally) —1 to +048; i.e., this ligand
donates about 1.5 charge units to the metal(IV) center.

The MO scheme of NNH, complex III is given in Fig. 11, right. Due
to the planar geometry of the NNH, ligand, the n and n* orbitals each
split into an in-plane (“horizontal”’, h) and an out-of-plane component
(“vertical’, v). The n*;, orbital now has the properties of a lone pair (like
P./Py in the case of NNHj;) and is responsible for the p donor capability
of NNH,. The metal-ligand bonding combination n*,—d,. is split into
two orbitals due to interaction with the phosphine ligands. The corre-
sponding antibonding combination d,,—n*, which is metal-dominated
is the LUMO of model IIL The out-of-plane orbital 7*,, on the other
hand, still has N, n* character and is involved in a m-backbonding
interaction with the metal d,. orbital. However, due to the elongation
of the N-N bond with respect to Ny, it is lowered in energy and has a
higher contribution to the bonding combination d,.,—n*, than present
in the dinitrogen complex I, thus forming a highly covalent out-of-
plane © bond. Via its p-donor capacity, NNH, loses charge to the metal
but, on the other hand, receives electron density from the metal
by strong back-donation into n*,. These two contributions effectively
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cancel, leaving the ligand with a slightly negative charge (—0.03 from
NPA, Table VIII). Therefore, NNH, is coordinated as covalently bound
isodiazene in III, and the usual “hydrazido(2-)” formulation for these
systems overestimates the negative charge on this ligand. The NNH
compound IT has an intermediate position between the Ny complex
and the NNH, species ITI. With respect to the parent Ny complex, the
in-plane back bonding interaction of the Ny ligand is replaced by one
strong and covalent m-bond and out-of-plane back donation from the
metal into n*, is enhanced. On the basis of NPA the NNH species has
a charge of —04; the calculated N-N force constant is 9.48. From the
experimentally determined force constant (8.27, Table VIII), however,
the negative charge on this species must be higher, i.e., more toward
—1, corresponding to the usual “diazenido(-)” formulation. Conse-
quently, the major part of charge transfer during the first two protona-
tion steps occurs at the NNH stage, and the second proton transfer
more or less corresponds to a Breonsted acid—base reaction at the
NNH™ ligand.

Optical absorption spectra of protonated derivatives of Mo and W
bis(dinitrogen) complexes are preferably taken from depe systems (15).
Solid-state UV/Vis spectra of the Mo—-NNHj3 complex I'Va are shown in
Fig. 12, top left. Four bands at 536, 430, 352, and 251 nm can be identi-
fied. In the spectrum of the tungsten analog VIb only three absorption
bands at 446, 310, and 237 nm are found. Table IX collects the observed
band positions as well as those obtained from TDDFT on model IV.
The (metal-ligand)r — =* optical transition is calculated by TDDFT
to 240 nm which shows good agreement with an absorption band at
251 nm (IVa) and 237 nm (IVb), respectively. The two d-electrons of the
metal are located in the non-bonding (n) d,, orbital; the n—n* optical
transition is calculated by TDDFT at 561 nm which compares well with
an absorption band at 536 nm (IVa). Higher-energy LF bands in the
optical absorption spectra of IVa and IVb are assigned to d,,—>d,_,e
(430 nm) for I'Va (446 nm for IVb) and d,, — d.. (352 nm for IVa, 310 nm
for IVD), respectively. This sequence of LF transitions is in agreement
with that found for analogous Mo(IV) oxo compounds with phosphine
coligands (21). The high intensity of the transition to d.. is attributed to
d.+/p. mixing in the approximate C,, symmetry of the complex, in agree-
ment with similar observations on [FeHCl(depe)s] ™ (13a).

For comparison, optical absorption spectra of the Mo- and WCI
(NNHy)(depe)s complexes Va and Vb, respectively, have been recorded
and interpreted by TDDFT as well (Fig. 12, bottom and Table X) (15).
Both LF and n— nn* transition regions of these spectra are markedly
different to those of analogous NNHj systems. In particular, the 1 — m*
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Fic. 12. Solid-state UV/Vis absorption spectra of [MoF(NNHs)(depe),](BF,)s
(IVa), [WF(NNH;s)(depe)o](BFy), (IVb), [MoCI(NNH,)(depe)s](BF,), (Va), and
[WCI(NNHy)(depe)s](BEy)s (Vb). (A) KBr pellet at room temperature, (B) neat
complex pressed between sapphire windows at 10 K, (C) concentrated KBr
pellet at 10 K.
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TABLE IX

EXPERIMENTAL AND CALCULATED TRANSITION ENERGIES FOR
[MF(NNH;)(depe),](BF,),, M =Mo, W

Experimental (nm) Calculated* (nm) Assignments

M=W (IVb) M=Mo (IVa)

— 536 561 dyy = dyo ¥, [ dyy = dye ¥
446 430 417 dxy — dx27y2

310 352 341 dyy — doe

237 251 240 w*,dy. — d,._m*, /

TE*.’C7de i de*Tc*x

*Calculated for model I1I.

TABLE X

EXPERIMENTAL AND CALCULATED TRANSITION ENERGIES FOR
[MCI(NNH,)(depe),]CL, M = Mo, W

Experimental (nm) Calculated* (nm) Assignments

M=W (Vb) M=DMo (Va)

489 530 507 Ay — dye %, [ Ao — dyo_ye
408 398 370 dyy = % _de
318 320 300 dyo_m*, —> ¥, _dye /
286 296 274 T dys — dyo

237 Tt*h_dyz—) dyZ_TE*h

*Calculated for model II.

transitions are shifted to lower energy and split into two bands at
296/320 nm (Va) and 286/318 nm (Vb). In agreement with the TDDFT
prediction, this is attributed to the splitting of these transitions into
one transition within and one transition perpendicular to the NNH,
plane. The lower energy of the 1 — n* transitions in the Mo-NNH,
complex Va as compared to the Mo-NNH; complex I'Va is also repro-
duced by TDDF'T, reflecting the lower degree of metal-ligand covalency
in the NNH, compared to the NNH3 system (there is one in-plane
n— m* transition at 237 nm which, however, derives from interaction
of w*;, with the phosphine ligands). The LF region of the NNH,
complexes exhibit bands at 398 and 530 nm (Va; 408 and 498 nm in
Vb) which are assigned to the transitions d,,—n*,—d,. and d,,—

d,,—m*;, respectively (Table X). These features are masked in the
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Fic. 13. Solution spectra of I, II, and III in thf at room temperature.

corresponding dppe complex by a metal - phosphine CT band
(Fig. 13) which in the dinitrogen system I appears at 380 nm (12a).
This feature is probably due to an electronic transition from metal d
to phosphine d orbitals. In the protonated species IT and III, the broad
dppe absorption band is shifted to 325 nm.

IV. Conclusions

The investigations presented in the preceding sections have led to
a spectroscopic and electronic-structural characterization of molybde-
num and tungsten Ny and NoH, complexes (x =1-3) with diphosphine
ligands. Consideration of the N-N and metal-N force constants of
the N, complexes and their protonated intermediates provides insight
into the ligand activating properties of the various metal—(diphos),
combinations and allows to monitor the state of the NyH, ligand
upon successive protonation. As evident from NN and metal-N fre-
quencies and force constants, back donation is stronger in tungsten
than molybdenum complexes and for a given metal stronger in depe
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than dppe complexes. The stronger activation of N, by depe as com-
pared to dppe is caused by a stronger ¢ donor and/or weaker m-acceptor
capability of the former as compared to the latter ligand. This obviously
also affects the stability of hydrazidium complexes accounting for
the fact that these systems so far only have been isolated with depe
co-ligands.

After protonation of one of the Ny ligands of the bis(dinitrogen)
complex, the NNH complex is formed. The in-plane back bonding inter-
action of the N, ligand is replaced by one strong and covalent m-bond
and out-of-plane back donation from the metal into n*, is increased.
In the NNH, complex the out-of-plane interaction is enhanced once
more, but the in-plane (p donor) interaction is reduced. In total, how-
ever, an increase of metal-ligand bond strength and a decrease of NN
bond strength is observed (fwn: 4.50 — 6.31, fyn: 8.27 — 7.20, Table VII).
The N-N force constant of the coordinated NNH, now corresponds to a
double bond, i.e., one © bond of dinitrogen has been removed and two
electrons have been transferred to the N, moiety. This description is
in agreement with the NPA analysis which indicates an almost
neutral charge state on the NNH, ligand, more in agreement with an
isodiazene formulation than the usual “hydrazido(2-)” description of
this ligand. Although the whole NNH, ligand is almost neutral,
its terminal N-atom carries a negative partial charge, and a third pro-
tonation can occur. In the resulting hydrazidium complex, a metal-N
triple bond and an N-N single bond are present. This is supported by
the MO scheme and vibrational analysis which indicate a metal-N
force constant of 7-8 and an N-N force constant of 6.03 (all values in
mdyn/A).

As indicated at the beginning, formation of hydrazidium complexes
requires strongly electron-donating equatorial phosphine ligands with
terminal alkyl groups. Whereas up to now only W-NNHj; complexes
have been isolated and characterized, we found that an analogous
molybdenum complex exhibits a comparable stability in the solid
state. Generally, crystallization of these species is favored by strong
H-bonds stabilizing the NNHj; groups. Thermal stability of the Mo
and W hydrazidium complexes IVa and IVb in solution, on the other
hand, 1s limited by the phosphine ligands becoming labile at this stage
of Ny reduction. In order to increase thermodynamic stability of the
Mo/W complex at the NNHj stage of protonation bidentate phos-
phine co-ligands are therefore required. Thermal stability of the
NNH; complexes is further limited by their strong Brensted acidity;
i.e., these complexes only exist in solution in the presence of a large
excess of acid.



52 F. TUCZEK

Provided the equatorial phosphine ligands stay bound to the metal
center under these conditions, the NNHj3 species is stable with respect
to further reduction to NHj (75). Mo— and W-hydrazidium complexes
therefore mark the ultimate stage of Ny reduction and protonation at
d® metal centers in the absence of external reductants. Two-electron
transfer to the six-coordinate NNH3 complexes to mediate N-N split-
ting, on the other hand, eventually leads to splitting of the metal-N
bond and loss of the NNHj; ligand as the LUMO of the NNH3 complex
is contained in the doubly degenerate set of d,. and d,, metal-N
n-antibonding orbitals. In practice, two-electron reduction is perfor-
med at the NNH, stage, leading to elimination of the trans ligand
(22). Subsequent protonation of the resulting five-coordinate, two-
electron reduced NNHj, species then leads to N-N cleavage and genera-
tion of the imido complex (23). This process continuing the end-on
terminal reduction pathway of dinitrogen is currently investigated by
our group using the same methodology as applied to the Mo/W-N,
and -N,yH, systems (24).
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|. Introduction

Biological N, fixation (1), i.e., the reduction of Ny to NHj3 catalyzed
by FeMo, FeV, or FeFe nitrogenases, is one of the fundamental synthetic
processes of nature (2-4). In spite of intense efforts over the last
decades, its molecular mechanism is poorly understood, in particular
because the pivotal chemical question has remained unanswered:
how do nitrogenases achieve to activate and convert the inert
N, molecule to ammonia under ambient conditions and mild redox
potentials.

A giant step forward to solving the nitrogen fixation problem was
the X-ray structural characterization of FeMo nitrogenase and its
active sites, the FeMo-cofactor (4). In 2002, a new high-resolution X-ray
structure analysis by Rees and collaborators revealed a previously
unrecognized central nitrogen atom of FeMoco (5). This new result
demonstrated that all theoretical studies conducted until the end
of 2002, which did not consider this central atom, were based on an
incomplete structural model. Conclusions drawn from these studies
are most likely of little value for understanding the mechanism of
nitrogenase. Moreover, the turn-over state of the enzyme and all key
steps of the reduction process remain unclear. Thus, all chemical
mechanisms which were suggested for the nitrogenase-catalyzed Ny
reduction so far remain largely speculative [cf. (6-12) and especially
Ref. (13) for reviews].

All abiological Ny-reducing systems proposed so far either need
drastic reaction conditions (e.g., the Haber—Bosch process) or abiologi-
cally strong reductants such as, for example, alkaline metals (14,15).
In addition, most strong-reductant-type Ns-reducing systems, which
include a few metal dinitrogen complexes, do not operate catalytically
(16,17). The first catalytic dinitrogen reducing complex, which works
under ambient conditions, was presented very recently by Yandulov
and Schrock (18,19), who used a molybdenum triamidoamine complex.
This complex might be understood as a functional but not as a struc-
tural model for nitrogenase activity.

All mechanistic proposals for biological N, fixation are left
with the problem to explain how nitrogenases enable the catalytic
Ny reduction at mild biological reduction potentials (6,8). These reduc-
tion potentials probably represent the biggest challenge in the
search for synthetic competitive catalysts that exhibit nitrogenase-
like activity.

The X-ray structure of the nitrogenase active site is obviously a
good starting point for investigations on mechanistic aspects of the
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formidable problem. X-ray structure analyses and methods from mole-
cular biology (sequencing, cloning, mutagenesis) revealed that func-
tional properties of nitrogenases are very similar though they occur in
phylogenetically different bacteria. The Mo-based nitrogenase consists
of two protein complexes, the Fe and the MoFe protein. While the
Fe protein is the highly specific electron donor for the MoFe protein,
nitrogen reduction takes place at the FeMo-cofactors (FeMoco) within
the MoFe protein. The MoFe protein complex is a tetrameric protein
cluster containing two groups of metal clusters, i.e., the FeMoco
and the so-called P cluster, which most likely plays a role in electron
transfer to FeMoco.

Il. The Active Site of Nitrogenase: FeMo-Cofactor

The X-ray structure of the resting state of FeMoco exhibits a central
iron prism with three p-S atoms on top of the three vertical edges of the
prism. On top of the two triangular faces of the Feg prism we find
another Fe and a Mo atom so that two tetrahedral structures arise.
The triangular faces of these tetrahedra are each capped with three
additional sulfur atoms (Fig. 1).

The FeMoco can be extracted intact (20) from the acid-denatured
MoFe protein, which has the important consequence that modeling of
its function may start with studies on the structure of the isolated
cluster. The protein environment (and also solvent molecules) may be
neglected in the first modeling step though they are essential for the
reduction mechanism. This simplification appears to be mandatory
since the electronic structure of the isolated cluster is extremely
complicated.

A. PRESENT STATUS OF THEORETICAL STUDIES

To arrive at significant insight for the biological reduction process,
all theoretical studies should be taken into account since none
of them is free of model-inherent approximations. We emphasize
that none of the recent studies, which utilized DFT methods, discus-
sed the theoretical complications with standard density functionals
arising from different spin states, which are discussed in the
Appendix. The authors thus have assumed that the dependence of the
results on the chosen density functional is of little importance in
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Fia. 1. New structure of the FeMo-cofactor found by Rees and collaborators
in 2002 (5). (Top: structure of the cluster; Bottom: FeMoco and surrounding
ligands and amino acids in the protein pocket.)

the case of FeMoco although no substantiation is provided for such
an assumption.

Pioneering studies with semi-empirical methods were carried out
shortly after the discovery of the FeMoco structure via X-ray diffraction
experiments (21,22). These extended-Hiickel calculations have been
carried out for structurally fixed models of FeMoco (2524) and of
FeMoco, FeVco, and FeFeco (25), in which the three amino acid ligands
have been replaced by hydride ligands. The main results of these
studies are deduced based on the assumption that the character of
the frontier orbitals, i.e., their composition in terms of atomic orbitals,
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determines the binding of dinitrogen. It was found that the iron atoms
in the central prismatic structure of FeMoco are good candidates for
the binding site, while the Mo atom is not involved and has therefore
probably only a structure-determining function. However, the Mo atom
as the potential Ny coordination site has also been considered in the
framework of extended-Hiickel theory (26).

Stavrev and Zerner (27,28) studied a more complicated FeMoco
model, in which the three amino acid ligands from the protein environ-
ment were not replaced by hydride ligands but their essential parts
have explicitly been taken into account. In one of their studies (27), Ny
was allowed to move freely in the framework of the semi-empirical
INDO method. The preferred position of Ny on FeMoco was inside
the Feg prism of FeMoco. However, the FeMoco was kept fixed in the
calculations and the authors admit that this can only be regarded
as the very first binding step before the reduction process starts.
In subsequent work (29) on the same model, Stavrev and Zerner suggest
a mechanism to proceed via hydrazido intermediates on the surface
of four Fe centers of FeMoco. Zhong and Liu (30) used the CNDO
method to study an extended model for FeMoco in great detail. Some
of their mechanistic suggestions also involve opening of FeMoco and
binding of Ny to two iron centers.

In view of the many approximations in these semi-empirical calcula-
tions their results can only be regarded as first hints for more elaborate
methods. Such are DFT calculations on FeMoco-type clusters and
model complexes. As it is discussed, for instance, in Ref. (31), Ny usually
binds very weakly to transition metal complexes. It is thus not certain
whether end-on coordination to one or two iron centers can lead to
sufficiently strong coordination of dinitrogen.

The possibility of N, coordination to up to four (six) iron atoms
has been proposed by Dance on the basis of restricted frozen-core
Kohn-Sham calculations on a FeMoco model (3233). It was found that
a binding mode intermediate between p*n' and p*n? coordination to
be most stable. However, these propositions are not necessarily the
final answer since open-shell states are most likely to become impor-
tant and exact exchange was not present in the density functional
chosen to cure the singlet preference of the pure density functional
(cf. discussion in the Appendix).

For largely simplified models, Machado and Davidson used ab initio
methods (MP2 and CI) and found that a dimeric Fe(IIT) site with low
coordination number could be useful for N, binding, while they did
not find stable four-iron Ny clusters (34). Siegbahn et al. obtained the
important result from B3LYP calculations on polynuclear Fe-sulfur
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complexes that a hydrogen atom attached to a bridging sulfur atom
can dramatically change the affinity of the cluster for Ny (35). From
the work of Frenking and co-workers (36), we can conclude that the
coordination energy of Ny can be increased up to 96 kdJ/mol in strong
ligand fields at the expense of increased binding energies for NHs.
Modifications of the chelate ligand to stronger ligand fields, proto-
nation of sulfur atoms, and/or reduced coordination numbers are thus
a promising way for solving the weak coordination problem for Ny.

Exhaustive periodic DFT studies have been undertaken by Rod,
Norskov, and collaborators (31,37,38), who investigated FeMoco models
from the point of view of heterogeneous catalysis. Two of their most
important results are that FeMoco does not dissociate Ny (N-N bond
breaking occurs in the final reduction step) and the reduction takes
place at the Fe atoms. It is interesting to note that end-on binding to
a single Fe center was found rather than bonding to a Fe, face of
the cluster.

Much work has been devoted by Noodleman and collaborators to
attribute oxidation states extracted from broken-symmetry calcula-
tions to the FeMoco resting states, which is frequently denoted
MY with S=3/2, in order to meet results from Mossbauer, ENDOR,
and EPR experiments. However, theses calculations suffer from the
general problems like the notion of “oxidation states” and of “broken
symmetry” and the determination of the molecular structure from the
broken-symmetry and high-spin electronic structure calculations.
Not only the artificial broken-symmetry state but also the high-spin
wavefunction for FeMoco give a somewhat uneasy feeling, since the
high-spin state for FeMoco possesses values as large as S=31/2
for Mo* " 4Fe? " 3Fe®™ and S=29/2 for Mo* " 6Fe®"1Fe® ™. These high-
spin and the artificial construction of such “ensembles” of oxidation
states do not favor the broken-symmetry approach. It should not
be forgotten that also the experimental reconstruction of single-
center spin states is mainly based on phenomenological observations
for complexes, which are divided into oxidation state classes as a
matter of convenience. Within their broken-symmetry model, the
authors have proceeded and proposed binding modes for protons to
FeMoco (39).

The studies discussed so far deal — for good reasons — with the
isolated FeMoco. However, qualitative molecular modeling has also
been used to identify possible proton transfer routes from the surface
of the nitrogenase protein to the FeMoco (40) and mechanistic
aspects of biological nitrogen fixation are discussed in the light of
such data (10-12).
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In autumn 2002, Rees and collaborators (5) reported the new X-ray
structure for the FeMo-cofactor, which differed from the 1992 structure
in that it possesses an interstitial atom (see Fig. 1), which is most
likely a nitrogen atom (41). All quantum chemical calculations
reported until the end of 2002 were thus based on the wrong geometri-
cal structure of the active site with considerable implications for
the electronic structure and, thus, for the chemical behavior. Not
surprisingly, new (standard) DFT calculations for the new structure
were published by Dance (42), by Hinnemann and Nerskov (43), by
Lovell et al. (44) and by Blochl and collaborators (45) shortly after the
publication of the work of Rees et al.

Substantial uncertainties remain with all these calculations in view
of the inherent problems of DFT to describe complicated electronic
structures with dense-lying states as they occur in the FeMoco and
in view of the overwhelming number of structural and electronic
degrees of freedom of the FeMoco during reduction of N, Such
objections lead straight to the study of smaller well-defined model
systems for which many more experimental details are known.
We believe that such a bottom-up strategy towards an understanding
of biological nitrogen fixation is inevitable when using present-day
quantum chemical methods. For this reason the focus of this review
is on Sellmann-type model complexes, which feature single iron or
ruthenium metal centers surrounded by sulfur atoms in the first
ligand sphere.

Ill. Biomimetic Sellmann-Type Metal Complexes

The preceding introduction dealt with a few basic aspects of the
highly complicated mechanism of biological nitrogen fixation.
In view of the complicated electronic structure of the FeMoco, it is
highly desirable to base a theoretical approach on simplified
models, whose complexity can be extended step by step. Such a route
to the understanding of the biological nitrogen fixation problem
allows us to consider the many different complicated questions of
the mechanism of nitrogenase subsequently and under well-defined
conditions.

Although the biological mechanism is still unsolved, the chemically
essential parts can already be identified. From the structural view-
point, the active site, i.e., the FeMoco in the MoFe protein, is highly
complex and so chemically very different complex types can be
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designed and utilized to model certain aspects of the biological
nitrogen reduction process. All these different types of model com-
plexes are important in order to arrive at a better understanding of
the whole system (46). For instance, the occurrence of one molyb-
denum atom in the active center led to the development of molybdenum
model complexes [cf. the extensive experimental work, also supplemen-
ted by theoretical investigations, on iron—sulfur-based Mo clusters of
high nuclearity by Coucouvanis and collaborators (47-54); see also
Refs. (65-59) and the recent discussion by Lee and Holm (60)]. In view
of the iron and vanadium nitrogenases it appears to be evident that
Mo-based model complexes are not sufficient to understand the whole
active center.

Here, we review theoretical studies on mononuclear and dinuclear
iron and ruthenium complexes with sulfur ligands synthesized by
Sellmann and collaborators [see Refs. (9,61,62) for reviews of the experi-
mental facts]; details on the quantum chemical methods, which were
used in the original papers are given in the Appendix. The basic hypo-
theses discussed in connection with the Sellmann-type complexes are
that (1) iron atoms of the FeMoco are involved in binding the N,H,
species, (11) the reduction occurs in two-proton—two-electron reduction
steps as suggested by experiments (see the references given above), and
(ii1) the FeMoco opens in order to allow for pseudo-octahedral coor-
dination of Ny to two iron atoms (Coucouvanis and collaborators
recently also argued in favor of a comparable opening mechanism
with particular emphasis on the breaking of the Fe-Fe contact upon
two-electron reduction (63)). However, we should note that a potential
opening mechanism and in particular its justification by coordina-
tionaly unsaturated Fe centers is more involved (in view of the recently
found interstitial nitrogen atom) than was initially thought. But we
should also stress that opening of FeMoco was observed in recent
DFT calculations (45) on the new FeMoco structure, which incorpo-
rated the central N ligand.

The ambient conditions of biological nitrogen fixation can poten-
tially be met by systems which operate according to Sellmann’s
“open-side” model for the cofactor function of FeMo, FeV, or FeFe nitro-
genases (9,64,65). The “open-side” model assumes that the FeMoco
exhibits different structures in the resting state and in the turn-over
state. It proposes that one Fe—S—Fe bridge is cleaved in the turn-over
state and vicinal water molecules and donor atoms of the two amino
acids Glnol91 and Hisal95, which are essential for the activity of
nitrogenase, are added to give two unique five-coordinate Fe(II) centers
with Broensted-basic sulfur donors.
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Fia. 2. The first, most important protonation reduction step.

These Fe centers shall bind N, which is converted by three consecu-
tive 2H " /2e™ transfer steps into NyHs, NoH, and finally to two NHa.
Figure 2 schematically shows the first 2H* /2e™ reduction step, which
is the most difficult step for thermodynamic and kinetic reasons.
The “open-side” model and the scheme of Fig. 2 take a large number of
biological, biochemical, and chemical results into account: (i) all nitro-
genase substrates are reduced by multiples of 2H " /2e™ transfer steps
(66); (11) NoHo, which is extremely unstable in the free state, is highly
stabilized by coordination to iron-sulfur complex fragments (67-71);
(ii1) primary protonation of Broensted-basic sulfur donors anodically
shifts the redox potentials of iron-sulfur-ligand complexes in such
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a way that they become reducible at potentials of about —500 mV (72);
(1v) only iron oxidation states accessible in the aqueous phase are
mvolved; (v) NyHs; complexes modeling the nitrogenase catalyzed
“Ny-dependent HD formation from Dy/H™ exchange” support diazene
as the key intermediate of Ny fixation (62,65,73-75).

IV. The First 2-Electron—2-Proton Transfer

The scheme of Fig. 2 stresses a close coupling of proton and electron
transfer steps. This has also been pointed out by Collman et al. for the
redox reactions of dinuclear porphyrinato ruthenium complexes that
bind N,, NyH,, NoH,, and NH; (76). The scheme further emphasizes
the importance of hydrogen bridges for the Ny — NyH, conversion.
N-H - --S hydrogen bridges in species B favor the primary protonation
of the neutral [u-Ng{FeS,},] species A, and bifurcated N-H---(S),
bridges in D the stabilization of NyH, resulting after the 2e™ transfer
[see also Refs. (77) and (78,79) for a potential role of S-H - - - S hydrogen
bridges in Sellmann-type complexes]. On the basis of experimental
data, it has been estimated that the bifurcated N-H---(S), bridges
may contribute up to 70 kJ/mol to the total stabilization energy of
coordinated NyH, (64,67,68). While the steps A— B— C of Fig. 2
remain hypothetical as yet, the reversible step C— D has been estab-
lished experimentally for a number of iron and analogous ruthenium
complexes exhibiting [p-NoHo{M(S)s}s] core structures with sulfur
thiolate donors (67-71,80). Fe complexes with the structural features
of species A or B are unknown. Thus, a complete characterization of
all four species A to D by theoretical methods was carried out (8I).

A cornerstone in such investigations is the elucidation of the
hydrogen bond energies in species B to D. For example, it can
be hypothesized that strong hydrogen bonds destabilize B and
simultaneously stabilize C or D, respectively. The whole process
A — D might further be driven by the structural change when the
linear [p-Ny{M}s] entity in A or B transforms into the bent
[u-NoHy{M},] entity in C or D.

In view of the protonation and reduction process it is instructive
to compare results for Fe(Il) compounds with the corresponding
data for the positively charged Fe(IIl) analogues. Iron and ruthenium
complexes with two metal centers should be investigated. While
the iron complexes model particular features of the FeMo-cofactor in
nitrogenase, the ruthenium analogues are analyzed because of their



SELLMANN-TYPE METAL-SULFUR MODEL COMPLEXES 65

synthetic importance: usually they are more stable than their iron
analogues and represent useful compounds for testing synthetic strate-
gies to be later transfered onto their less stable Fe(IT) homologues.

A. FIrst STEP: HYDROGEN BONDS IN MONONUCLEAR Fe(IT) COMPLEXES

We investigated (82) two iron-sulfur complexes with diazene (di-
imide) as the sixth ligand, [Fe(NyS4)(NoHs)] =1 (NoHs) and [Fe(S,)PRs
(NoHyp)] =2 (NoHy) (Fig. 3).

Among these diazene complexes, the dinuclear analogue of 1(NoH,),
[W-NoHo{Fe(NyS,)}s], is the first example in which diazene binds to
low-spin Fe(II) centers carrying only biological compatible donor
atoms (see also Section IV.C).

We chose two model compounds which differ considerably in
their coordination spheres (82) and, therefore, are supposed to react in
qualitatively different ways. The ligand sphere of 1(NyHs) consists of
one chelate ligand with four in-plane sulfur atoms. Thus, two different
sulfur functionalities are involved in the coordination of the Fe(II)

@ s/” Te\ s/@

N2Hp

[Fe(NuSs)(NoHy)]
1(N2H2)

g

[Fe (S4)PR3 (NQHQ)]
2(NoHs)

Fic. 3. Two diazene model compounds, 1(N,H;) and 2(NyH,), which
are expected to emulate a key intermediate in the biological nitrogen fixation
problem.
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center: two thiolate sulfurs and two thioether sulfurs. By contrast,
in compound 2(NyH,) the four sulfur atoms are in an orthogonal
configuration, where one sulfur atom is on top of the plane spanned
by the three other sulfur atoms, and the fifth ligand is a phosphine. But
again, two sulfur atoms are connected via a bridge so that two thiolate
sulfur atoms and two thioether sulfur atoms can be identified in the
ligand sphere of the Fe(IT) center. The phosphine ligands which yield
stable trans-diazene compounds in the experiment are, e.g., PPrs and
PBus. Assuming that these ligands can be replaced by PMes without
crucially changing the electronic structure of the complex, we adopted
a simplified model for the sake of computational efficiency. For detailed
structural data of these two complexes we refer to the original
work (82).

In case of compound 1(NyHs) we find the coordinated trans-diazene
almost parallel to the axis containing the thiolate sulfurs, whereas the
cis-diazene is aligned almost parallel to the axis connecting the
thioether sulfurs, where the lone-pair repulsion between diazene-N
and thioether-S is expected to be slightly weaker than the repulsion of
diazene-N and thiolate-S lone pairs. We find similar alignment of the
diazenes in compound 2(NyHs), although in 2(NyHs) the cis-diazene is
rotated out of the alignment due to a repulsive interaction with
the PMes moiety. Two close sulfur—hydrogen distances give structural
evidence for the existence of hydrogen bonds: For trans-1(NyHy)
these are about 265 pm and 245 pm, and for trans-2(NyHs) they are
about 253 pm and 260 pm.

For the cis-1(NyH,) structure we do not find hydrogen bonds on the
basis of a distance criterion: The shortest sulfur—-hydrogen distance is
larger than 278 pm. We therefore do not expect to find quantitative
evidence for hydrogen bonding in cis-1(NsHs). By contrast, cis-2(NsHs)
contains a 258-268 pm hydrogen—sulfur distance (depending strongly
on the quantum chemical method used) suggesting the existence of
a hydrogen bond.

Table I shows hydrogen bond energies E’E’I%N as estimated from the
shared-electron number (SEN) method (82) (see Appendix). We only
attributed (82) a bond energy to those hydrogen—sulfur distances,
for which the shared-electron number is larger than 0.005. We found
that both trans-diazene compounds, trans-1(NoH,) and trans-2(NgH,),
contain two hydrogen bonds. The energy of the long hydrogen bond
is about 89 kdJ/mol for trans-1(IN;Hy) and about 12 kd/mol for
trans-2(NyH,). Note that the dependence of these hydrogen bond ener-
gies on the density functional and on the basis set is surprisingly
small. The dependence on the functional is slightly larger for the short
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TABLE I

HYDROGEN BOND ENERGIES ESEN FROM REF. (82) IN kJ/mol FOR GLOBAL MINIMA

OF MODEL CoMPOUNDS 1(N,H,) AND 2(N,H,) ESTIMATED FROM
SHARED-ELECTRON NUMBERS (SEE APPENDIX)

Method BP86/RI/TZVP B3LYP/TZVP
Complex OHs E'EIEN OHS EEIEN
trans-1(NoHs) 0.0391 15 0.0385 20
0.0200 7.6 0.0175 9.0
trans-2(NoH,) 0.0203 77 0.0166 8.5
0.0303 12 0.0204 11
cis-2(NoH») 0.0118 4.5 0.0092 47

hydrogen bond in trans-1(NyHj), for which we obtained 15-20 ked/mol.
For the short hydrogen bond in case of trans-2(NsH,) we got 8-10
kd/mol. However, the distances between hydrogen and sulfur atoms
are approximately the same for both hydrogen bridges in complex
trans-2(N,Hy) and, therefore, we find almost equal bond energies,
whose small difference cannot be resolved by the SEN method.

For cis-1(NyH,) we did not find a hydrogen bond. By contrast, cis-
2(NyH,) exhibits a weak one, whose energy is about 5 kd/mol, as we
would have expected in view of its relatively short H---S distance
when compared with cis-1(NoH,).

Since in 1(NyHy) and 2(NyH,) the hydrogen bridges are essentially
intramolecular, a supermolecular calculation of the hydrogen bond
energy Fys is not possible. We therefore determined an additional
descriptor for the strength of the hydrogen bond by considering a
rotation of trans-diazene, which breaks the hydrogen bridges present
in the minimum structure. The corresponding energy curve is given
in Fig. 4 for the rotation of trans-diazene in compound 1(NyH,).
Because of the different sulfur functionalities (thiolate and thioether),
we find two minima where the trans-diazene is aligned along the
thiolate axis and two maxima where it is found along the thioether
axis. Since the interaction of the diazene with the sulfur atoms is
attractive throughout, we take the difference of the maxima and
minima of the rotation curve as a lower bound for the energy of the
two hydrogen bridges present at the minimum structure.

We did not find shared-electron numbers larger than 0.005 in the
90° rotamer (82), where it is parallel to the thioether sulfurs, so we
concluded that the residual attraction is below 5 kd/mol. Indeed,
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Fia. 4. Curve of rotation of trans-diazene coordinated in complex 1(NyHo)
using the BP86/RI (left) and B3LYP (right) methods (TZVP basis set). The zero
point of rotational energy is fixed arbitrarily. Note that the hydrogen atoms
are not aligned with the S—Fe—S axes since they always point into the direction
of the sulfurs’ lone pairs.

we found (82) a value for Eyg of 26 kd/mol in the case of the B3LYP
functional, and 20 kJ/mol for the BP86/RI functional, in very
good agreement with the corresponding ESEN values of 29 kJ/mol and
23 kd/mol, respectively.
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For a discussion of the complicated rotational energy curve of trans-
diazene in complex 2(NoH,), the reader is referred to the original
publication (82).

B. DIFFERENT STABILIZATION EFFECTS IN COORDINATED cis- AND
trans-diazene

We find that cis-diazene is more strongly bound in both model
complexes than trans-diazene. This is apparent in view of the
Fe-N bond distances: For 1(N,;Hy) we find a about 4 pm shorter
Fe-N distance for the cis-isomer when compared with the trans-form,
while this distance is 2-3 pm shorter in cis-2(NsHs) than in trans-
2(N,Hy).

Focusing on the B3LYP/TZVP results, we found that the NyH,
isomerization energy is increased by 10 kd/mol in complex 1(NyHj)
and does not change appreciably in the case of complex 2(NyH,) as
compared to the uncoordinated diazene isomers (82).

The 10 kJ/mol difference in complex 1(N;H5) is due to two effects:
First, trans-diazene forms hydrogen bonds, which tend to increase the
isomerization energy by E%%N =30 kd/mol. Second, cis-diazene does not
form hydrogen bonds, but is bound more strongly to the [Fe(NySy)]
fragment. To yield consistent energetics for the coordination process
of the diazene isomers, we can attribute 20 kJ/mol to this additional
stabilization of cis-diazene.

Figure 5 depicts the different stabilization effects when the diazene
isomers bind to the complex fragment 1 (a similar scheme for 2(N,Hs)
can be found in Ref. (82)). The 20 kJ/mol increase in coordination
energy of cis- as compared to trans-diazene is also consistent with an
essentially unchanged isomerization energy for 2(NyHs), where we take
into account a contribution of EIS{%N = 20 kdJ/mol for the hydrogen bonds
in the trans-diazene complex, which is therefore stabilized by the same
amount of energy like the cis-diazene yielding in total an unchanged
1somerization energy.

To conclude from the results, which are in detail given in Ref. (82),
we have determined values based on shared-electron numbers for the
two hydrogen bridges in trans-1(N,H,) and trans-2(N,H,). Depending
on the functional, we obtained for trans-1(NyHy) 8-9 kd/mol for
the long and 1520 kdJ/mol for the short hydrogen bond (thus, about
25-30 kd/mol for both bridges). For trans-2(NoHs) we got 8-9 kd/mol
for the short and 11-12 kd/mol for the long hydrogen bond (i.e., about
20 kJ/mol for both bridges). By an independent supermolecular method,
namely a rotation curve of trans-diazene in 1(NyH,), we obtained a
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Kol coordination to complex 1

additional stabilization
of cis—diazene through
~30 stronger coordination

~20  additional stabilization

trans™\ of trans—diazene through
hydrogen bonds

40

“
trans-1

coordinated
diazenes

free diazenes

Fic. 5. Relative energetics of the coordination process of cis- and trans-
diazene to complex fragment 1(NyH,) starting with the uncoordinated isomers
(left). We shift the center of energy due to coordination by the pure trans-
diazene—Fe binding energy in step one. The next step shows the additional
stabilization of cis-diazene by about 20 kJ/mol followed by the increase in stabi-
lization energy of the trans-isomer due to hydrogen bond interaction yielding,
on the right hand side, the final situation in complexes 1(NyHo).

lower bond energy of 20-26 kJd/mol, in very good agreement with the
SEN result.

For the two model compounds we found that both trans-complexes
possess two relatively strong hydrogen—sulfur bonds. They are of
different strength in 1(N,H,), but of similar strength in 2(NyH,).
The hydrogen bond strength can be modulated through the hydrogen—
sulfur distance, which itself is determined through the ligand sphere,
provided that the hydrogen atom points in the direction of a sulfur’s
lone pair. In particular, for H-S distances which are larger than
270 pm we did not find significant hydrogen bonding in complexes
1(N2H2) and 2(N2H2)

C. HYDROGEN BONDING IN DINUCLEAR COMPLEXES
Coming back to the strength of hydrogen bonding in the more com-

plicated dinuclear complexes, we note that our dinuclear Sellmann-
type metal diazene complexes were chosen closely following the lines
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n., H

5 [R=H] 6 [R=H]

Fic. 6. Lewis structures of dinuclear diazene compounds with M=Fe(II),
Fe(I1I), Ru(II).

of synthetic work on these compounds (64,67-71,83). Their Lewis struc-
tures are shown in Fig. 6.

It should be mentioned that such diazene complexes can form
different diastereomers; we studied (8I) the representatives depicted
in Fig. 6. All dinuclear complexes contain a trans-diazene bridging two
enantiomeric mononuclear fragments arranged to give C; symmetry
for the dinuclear compound. The optimized structures of all complexes
are shown and compared with experiment (where applicable) in Fig. 7.
Since the metal centers are well separated by the comparatively large
[Ng]-bridge, we can expect that a possible spin coupling between the
two metal centers is quenched to a large extent.
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5 6
189.5 pm (Fe)
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Fic. 7. Optimized structures of complexes 3-6 [C; point group symmetry,
M=Fe,Ru]. Structural data are given for two Fe(Il) complexes for which
experimental data are available for comparison, i.e., for Fe(I[)—3 (67,68),
Fe(II)—5 (with PPr; [1st exp. value] and PEt; [2nd exp. value] phosphines) (70)
and for Ru(Il)—6 (with Me instead of H at the chelate-ammine group) (112).

In our study of the dinuclear systems (81), we found in most cases
that bond angles calculated with BP86/RI and B3LYP are almost
identical and differ by less than 2° from one another. Apart from
the op.ng and onnu angles in Fe(II)—3, all angles are in very good
agreement with the angles found experimentally. As far as bond lengths
are concerned, the BP86/RI/TZVP distances are closer to experiment
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than those obtained with the B3LYP functional. The BP86/RI bond
distances differ by about 2-3 pm from the experimental values, while
the B3LYP lengths are always up to 7 pm larger than the experimental
ones. The differences of the calculated and measured S-H and N-H
distances deviate from these general results, which is due to the fact
that they are neither by experiment nor in a quantum chemical way
easy to determine since the potential energy well of the hydrogen
bond is rather shallow.

The trans-diazene moiety is always oriented parallel to the
thiolate sulfur atoms of the chelate ligands. Complexes 3 and 4 as
well as 5 and 6 are similar with respect to the arrangement of
benzene rings. The arrangement of two benzene rings within one
mononuclear half of these complexes determines the sterical
direction of the sulfur lone pairs (as discussed above for the mononu-
clear analogues) and is consequently a means for controlling hydrogen
bonding.

Because of the rigid chelate ligands, the structures of complexes
3 to 6 in their dicationic form are very similar to their uncharged
form. Therefore, reducing the Fe(IIl) to Fe(II) complexes does not lead
to large changes in the overall structures. However, large changes
can be found for the H-.--S distances, which is important for the
corresponding change in hydrogen bond energies.

The total hydrogen bond energies E%EN range from 22 to 53 kd/mol
(BBLYP/TZVP). The Fe(Il) complexes exhibit the largest total hydrogen
bond energies.

Since every hydrogen atom of trans-diazene can belong to a short
and a long hydrogen bridge simultaneously, in such a way that a
bifurcated structure develops, the question arises whether the total
energy of this bifurcated structure can be calculated by adding
the energies of a short and a long hydrogen bond. To answer this
question we compare the BSLYP/TZVP data for the dinuclear Fe(II)
complex 3 with data obtained for its mononuclear analogue 1 (see
Section IV.A), which is 29 kdJ/mol for one short plus one long hydrogen
bond. We find that for 3 the total hydrogen bond energy (46 kJ/mol) is
12 kJ/mol smaller than the doubled value found for the mononuclear
analogue (2 x 29 kJ/mol) indicating that the strength of the individual
hydrogen bonds is considerably decreased in the bifurcated hydrogen
bridges. Bifurcated hydrogen bonds are only found in dinuclear
complexes 3 and 4 with Fe(Il) centers. All other complexes contain
only two non-bifurcated hydrogen—sulfur bonds. For 3 with Fe(II)
a total hydrogen bond energy of 70 kdJ/mol has been estimated on
empirical grounds (67,68). The result is in fair agreement with the
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SEN value EEIEN of 46 kdJ/mol for the total hydrogen bond energy
in Fe(I)—3.

The complexes with Fe(II) centers exhibit stronger hydrogen bonds
than their Fe(IIl) analogues. This is an important observation with
respect to the mechanism proposed in Fig. 2. The protonation of the
thiolate donors in A of Fig. 2 yields the dicationic species B. A conse-
cutive intramolecular proton and electron transfer onto molecular
nitrogen bridging the two metal centers yields intermediate C. The
reduction of structure C to D would then stabilize the created diazene
through an increase in hydrogen bond strength.

While the hydrogen bonds could stabilize dinuclear Fe(I) complexes
by more than 20%, this effect is strongly reduced in Ru(I) compounds,
where the binding energy of diazene to Ru(Il) itself is compara-
tively large.

Fine tuning of the hydrogen bond energy can be achieved by
changing the hydrogen—sulfur distances. The H---S distances vary
when different chelate ligands (penta- vs. tetra-dentate) coordinate
the metals, when iron is replaced by ruthenium or when the formal
oxidation state and/or the spin states of the metal centers change.
In the light of such large contributions of hydrogen bonding to
the stabilization of NyH, species the role of hydrogen bonding can
hardly be overestimated during a reduction from molecular nitrogen
to ammonia.

V. Reaction Energetics of the Reduction at
Mononuclear Fe(ll) Centers

For the investigation of the reaction energetics of Sellmann-type
complexes we chose the mononuclear complexes 2(L) depicted in Fig. 3
(84), which were experimentally investigated with various metal centers
such as Fe, Ni, Mo (85-87), and mainly with Ru (78,79,87-89). While
ammonia and hydrazine complexes are comparatively easy to obtain,
the most unstable complexes to be considered are the diazene and
particularly the dinitrogen complexes. For this reason, the 2(Ny) com-
plex 1s not known and the diazene complex is a dinuclear species
[2]osNoHo (70-71). We investigated mononuclear complexes in order to
analyze the binding modes and energetics of the nitrogen species to
a single iron center (84). This can be understood as the first step
towards an understanding of the binding energetics in the correspond-
ing dinuclear complexes.
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A. MULTIPLICITIES OF THE GROUNDS STATES

For reasonable reaction energetics of any kind of mechanism
involving first-row transition metal atoms it is mandatory to find
the correct multiplicity of the ground state. Neither the standard
pure density functional BP86/RI nor the standard hybrid density
functional B3LYP are able to reliably predict the ground state
multiplicity of the dinuclear Sellmann-type iron—sulfur complexes so
that accurate coordination energies could not be calculated (81). These
problems can be overcome by using the B3LYP* functional (90). This
reparametrized B3LYP functional was especially developed for the
accurate description of Sellmann-type Fe(II) complexes, but it turned
out to be an improvement of general applicability (see notes in the
Appendix).

B. END-ON VERSUS SIDE-ON BINDING OF Ny

The first step in any nitrogen reduction process is the binding
and activation of dinitrogen by metal centers. Apart from the two idea-
lized coordination modes, end-on and side-on binding, others in
between have also been observed (92). If “strong activation” occurs,
side-on binding becomes important. But even in the case of the
so-called “weak activation” of dinitrogen, where the N-N bond distance
is very similar to the bond length in the free diatomic molecule,
side-on binding also needs to be considered as a possible coordination
mode (91,92).

For the monometallic complex 2(N,;) we found (84) that the
dinitrogen molecule binds end-on, while Ny dissociates from the
complex fragment when forced to bind side-on. The N-N bond distance
of 112.8 pm and the harmonic vibrational wavenumber 2134 cm ™
indicate only very weak activation by the metal complex fragment
(BP86/RI/TZVP; compared with 1104 pm and 2361 cm ' for free Ny).
For the Sellmann-type complexes 1(N,) we found a large energetical
stabilization of end-on over side-on binding; the stabilization energy
(0 K without zero-point vibrational energy (ZPE) correction) was
estimated to be more than 100 kdJ/mol (BP86) though the B3LYP
functional shows dissociation of the side-on structure (independent
of the basis set chosen). We have concluded that the side-on
binding mode is not likely to occur in the corresponding dinuclear
Sellmann-type complexes because the end-on coordination mode is
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energetically much more favorable for the mononuclear complexes
investigated (84).

C. DIAZENE ISOMERS

We analyzed (84) how different isomers of NyoH, are stabilized by the
five-coordinate metal fragment 2. For mononuclear molybdenum
and tungsten complexes, an important role has been attributed to
asymmetric reduction products of which the NNH, species is an exam-
ple (16,93,94). This view is based on earlier suggestions (95), where
the generation of a single NH; molecule has been considered as an
important intermediate step in the reduction process. A nitrido
complex remains and releases the second NHs; upon protonation and
reduction. These nitrido complexes are well known for molybdenum
as the coordinating metal (96,97).

The three diazene isomers are all stabilized significantly upon
coordination to Fe by the direct coordination energy as well as by
hydrogen bonding. They should all be taken into account as possible
stable intermediates in the FeMoco mechanism. Different open
FeMoco structures could favor different isomers; while trans-diazene
needs a larger Fe-Fe distance than cis-diazene, cis-diazene, and espe-
cially NNH, will become important if FeMoco opens only little.

Isomerization mechanisms of isolated trans- to cis-diazene were
studied and transition states for two possible interconversion routes
were found to be more than 200 kJ/mol unstable than trans-diazene
(98). The relative stability of trans- to cis-diazene was calculated to be
21 to 29 kd/mol using different quantum chemical methods and basis
sets [see Ref. (98) and references cited therein]. The NNH, isomer is
about 87 kJ/mol (almost independent of the density functional) higher
in energy than trans-diazene.

The energy difference of coordinated cis-diazene and trans-diazene
is almost the same as for the free molecules. This has already
been discussed above as a cancellation of stronger coordination
of cis-diazene versus lone-pair-lone-pair repulsion. The picture
changes for NNH, upon coordination to metal fragment 2. 2(NNH,)
is 434 kdJ/mol (B3LYP*) higher in energy than trans-2(NyH,) and
thus by more than 40 kJ/mol more stabilized than trans-diazene upon
coordination.

While cis-diazene and NNH, need not be considered for symmetry
reasons in dinuclear Sellmann-type complexes, they both can become
important intermediates for open structures of FeMoco.
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D. LiGAND BINDING ENERGIES

The ligand binding energies, which were given for all ligands in
Ref. (84), and which refer to the following reaction,

[Fe] + L—>[Fe]L

allowed us to draw conclusions on the role of the single iron
center during ligand reduction (84). Our discussion was based on
ADy = AEcp psryps + AZPE values with counter-poise corrected elec-
tronic energies form B3LYP* calculations and ZPEs from BP86/RI
vibrational analyses. The corresponding AH values turned out to
hardly differ from these data but contain additional assumptions
for the inclusion of temperature effects (84). Furthermore, the accuracy
of AG values from standard quantum chemical calculations is
rather low for reactions, which involve different numbers of reactant
and product molecules because they suffer from the rough estimation
of vibrational, translational, and rotational entropies; for all
reactions studied here, one would have to add a value of about
450 kd/mol to the AH values stemming from the entropic contribution
as estimated in the standard quantum chemical procedure [see the
discussion in Ref. (84)].

Ny is stabilized by only 11.9 kJ/mol upon coordination to the metal
fragment. This electronic stabilization effect is quenched by the zero-
point vibrational level differences of 10.8 kJ/mol and becomes unfavor-
able in view of the reverse entropic effect. trans-Diazene experiences
the largest stabilization by —60.3 kJ/mol, while the c-donating ligands
are weakly bound.

Complex 2 thus fulfills two important criteria of a nitrogenase
model complex: (i) the unstable diazene ligand is significantly stabili-
zed electronically by —73.1 kdJ/mol (which reduces to —60.3 kd/mol
upon inclusion of the ZPE) and (i1) the ammonia ligand may easily
dissociate in order to recover the “catalyst”. However, even if the first
two-proton—two-electron reduction step is assumed to be very fast, the
binding of Ny is too weak. Thus, strategies need to be developed to
increase the absolute value of the Ny coordination energy by variation
of the chelate ligand.

The total electronic coordination energy of trans-diazene is —73.1
kd/mol including the estimated total hydrogen bond energy of
(=)20 kd/mol for the mononuclear complex trans-2(NoH,) (see above).
Thus, the stabilization of the unstable diazene ligand by hydrogen
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bonds is 27% of the total coordination energy in the case of trans-
2(NoH,).

E. ANALYSIS OF THE CATALYTIC POTENTIAL

Following these exploratory investigations, we were then able to
analyze the hypothetical catalytic cycle of the mononuclear Sellmann-
type complex 2 (84). We should emphasize that all energies discussed
here are ADy= AEcp paryp- + AZPE energies for reasons explicated in
the previous section. Moreover, we compare energies of minimum
structures on the potential energy hypersurface. The discussion
thus reflects the thermodynamic situation rather than the kinetic
details of each reaction step, which would require an analysis of
barrier heights.

Since we were aiming at an energy scheme that shows whether the
monometallic model compound is able to function as a catalyst we
compared the energetics of the uncoordinated ligands with the same
reactions at the iron center of the metal fragment 2. For the metal-
free reaction it is straightforward to define the following three
reduction steps where one hydrogen molecule is added at a time to
model the two-proton-two-electron reductions:

Ny + Hy —>N3H, Reaction A
NyHy, + Hy —NyH, Reaction A.II
N2H4 + H2 —)NH3 + NH3 Reaction A.III

The energetics of these three reactions have been studied very
recently in great detail by Sekusak and Frenking (99). The overall
reduction energy ADgix = ;ADy; is 795 kJ/mol at 0 K
(i € {A.I— A.III}). It is instructive to give all energies with respect to
a common energy reference level. This is done in Fig. 8, where the
energy of one dinitrogen and three hydrogen molecules is taken as the
reference point of energy. Figure 8 shows that the first reduction step
is thermodynamically the most difficult one, while it is likely that
the following reductions to hydrazine and ammonia can be more
easily achieved once diazene is produced.

In the case of the metal fragment we have to consider two addi-
tional reactions, namely the coordination of Ny and the abstraction
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Fic. 8. Energetics of dinitrogen reduction with the mononuclear catalyst
2 (solid lines). The energy Dy of Ny bound to 2 and three unbound H,
molecules has been chosen as the zero-energy reference point ADy=
AEcp psryp + AZPE. Note that the non-reacting Hy molecules (e.g., two Hy
molecules at the Ny+ Hy step) are not mentioned explicitly. The energetics
of dinitrogen reduction without the catalyst are depicted for comparison
(dotted lines). Here, the Dy energy of N, and three Hy; has been chosen as the
energy reference point.

of NHs, which are denoted as B.0 and B.X in the following sequence
of reactions:

[Fe] —[Fe]N; Reaction B.0
[Fe] —>[Fe]NyH, Reaction B.I
[Fe]N;Hs + H, —[Fe]NoH, Reaction B.II
[Fe] —>[Fe]NH;3 + NHj Reaction B.III
[Fe] —>[Fe] + NH; Reaction B.X
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Apart from the weak coordination of Ny, which we have discussed
already in the preceding section, we find a remarkable energy
reduction of the most important first endothermic reduction step
from 192.4 kJ/mol to 134.3 kJ/mol. If Ny can be bound and transformed
to NsyHs, which is considerably stabilized by the mononuclear
complex 2, the reduction process is straightforward. The production
of hydrazine and ammonia is exothermic by —54.9 kJ/mol and
—175.5 kd/mol, respectively. Note that the reduction step B.II is less
favored by 38 kd/mol if the iron center is present, which has its
origin in the better stabilization of diazene when compared with
hydrazine, while reactions A.IIl and B.III are equal in energy.
This energetical equivalence of these third reduction steps, which
involves the formation of two N-H bonds and breaking of the
H-H and N-N bonds, indicates that the Fe center, whose primary
role is the fixation of the hydrazine reactant, does not affect the
thermodynamics of the N-N bond breaking. Frenking and co-workers
found similar energetics for the same reduction process mediated
by [(CO),Fe] metal fragments (36). For our discussion here, it 1is
important to note that reaction energies are similar while the
ligands are bound much more strongly. The overall energy change
ADy ot =) ; ADy ; is =774 kd/mol (i € {B.0, B.I —1III, B.X}}, which is,
of course, equal to the metal-free reduction process (the small differ-
ence of 2.1 kJ/mol comes mainly from errors in the numerical vibra-
tional analyses).

We gave the reaction energetics of the complex reaction from the
viewpoint of a single energy as the center of reference. In order to
obtain the corresponding plot to the metal-free reaction we chose
the energy of the five-coordinate metal fragment with bound
dinitrogen and three hydrogen molecules as the reference energy
level, see Fig. 8.

Figure 8 shows that the (thermodynamic) “barriers” of the stable
intermediates are quenched to a certain degree, while at the same
time the ammonia coordination is not too strong. An optimum
catalyst would quench all transition state barriers, which are not
taken into account here, and all energies of high-energy intermediates
to give a flat potential energy surface. At the same time, the product
(ammonia) must not be bound too strongly in order to be able to recover
the catalyst. Note that complex fragment 2 also possesses features
which are important for low transition-state barriers, namely, the
possibility to protonate sulfur atoms, which brings protons close to
the N, species.
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F. COORDINATING Ny TO MONONUCLEAR Fe(IT) COMPLEXES: THE ROLE
OF SPIN BARRIERS

We have seen in Section V.D. that Ny is only weakly coordinated
by complex 2. A closer look reveals that dinitrogen is strongly bound
(by up to 100 kJ/mol) to singlet states of Sellmann-type metal fragments
(100). The ground state of the metal fragment is, however, often
high-spin and the energy gain upon spin flip is of the order of the Ny
binding energy; a detailed investigation is currently under way (100).

Binding Ny to high-spin Fe(II)-S metal fragments thus involves
a kinetic activation barrier, which must be overcome in order to bind
Ny This is illustrated in Fig. 9, which shows preliminary BSLYP*/TZVP

E
L=F G—o0 $=0, singlet
&—= S=2, quintet
change of spin state
ca. 39 kd/mol
Y B ‘ s LA
1 1.5 2 2.5 3 35 4
r(Fe-N) /A
low-spin Np complex high-spin fragment

Fia. 9. Coordination of Ny to a Fe(II)-S model system with a fluorine ligand
in trans-position requires overcoming a spin barrier.
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results for a model system with fluorine as the sixth ligand in the
trans-position (various other ligands in the trans-position were also
investigated). Note that the high-spin potential energy surface is
repulsive and does not bind Ny. A barrier height of about 39 kd/mol
for this model complex might tempt one to estimate a rate constant,
which facilitates dissociation though it must also be taken into account
that switching from one potential energy surface to another one with
different spin will depend on the strength of spin—orbit coupling.

Coordination of Ny to a complex with similar electronic features
as the one in Fig. 9 is kinetically not favored because of the spin
barrier. However, a single Ny, complex would be metastable since it
would be protected by the same barrier.

VI. Photoisomerization of Coordinated Diazene

The dinuclear diazene-coordinating complex [{Fe'S’;(PR;)}5(NyHo)]
5 (70) in Fig. 6 with ‘S~ =1,2-bis(2-mercaptophenylthio)ethane(2—)
and R=Pr is an example from the very small number of diazene
complexes with biologically compatible ligands containing sulfur
atoms in the first ligand sphere of the iron center (cf. Section IV.C).
The electronic and vibrational properties of this complex have
been studied experimentally by resonance Raman methods. A splitting
of lines, which occurred only in the resonance Raman spectrum
but not in the infrared spectrum, has been observed which was
attributed to a suggested photoisomerization process depicted in
Fig. 10 (101, 102).

The potential photoisomerization process can be of significant
importance to the nitrogen fixation problem as a possible rearrange-
ment mechanism for the conversion of 5(A) to 5(B) might involve
abstraction of the “H” atoms. These “H” atoms can be accepted by
the sulfur atoms in the ligand sphere acting as Lewis bases, in such
a way that a linear “Ny” species could be generated within the
complex. This “symmetric” transition state, which would represent an
intermediate for the reduction of dinitrogen to diazene by a dinuclear
complex like 5, could switch back to the reactant as well as to the
product 5(B). An alternative pathway by rotation of the metal frag-
ments coordinating to the diazene moiety would require that large
rotational barriers need to be overcome. These barriers are generated
by strong hydrogen bonds, which must be broken in order to allow
free rotation of the metal fragments. However, the photoisomerization
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5(A) 5(B)

Fia. 10. Lewis structures of two possible isomers, 5(A) and 5(B), which are
involved in a postulated photoisomerization reaction of [{Fe'S,’(PRs)}2(NoHy)]
(‘8,27 =1,2-bis (2-mercaptophenylthio)ethane(2—); R = Pr).

occurs in the solid state at low temperatures, which does not favor
extended spatial rearrangement of the dinuclear complex.

We demonstrated how the photoisomerization hypothesis can be
supported by accurate quantum chemical calculations (103). The
experimental infrared and resonance Raman study of complex 5 led
to the first determination of normal modes and force constants
of diazene coordinated to a metal fragment. Isotope substitution
yielding "»N- and H-isotopomers permitted the assignment of diazene
normal modes in the experimental spectrum. Moreover, the spectra
of these three isotopomers indicated that a laser-induced photoisome-
rization occurred in the Raman sample. However, a detailed assign-
ment of the split bands was not possible in the experiment.

In order to investigate the photoisomerization hypothesis we
started with the two possible candidates, whose Lewis structures are
given in Fig. 10. Structure optimization yielded the structures depicted
in Fig. 11.

The accuracy of the harmonic BP86/RI/TZVP force field (104)
permitted that all bands, which split upon photoisomerization, could
be assigned to the two possible isomers 5(A) and 5(B). The accuracy of
the harmonic wavenumbers is, in general, better than 6 cm ™! for these
bands (with the exception of 12 ecm™' for the mode at 1270 cm™).
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5(A) 5(B)

Fic. 11. BP86/RI/TZVP optimized structures of the two isomers 5(A) and
5(B) with R=Me. S---N-H, N-N, and Fe-N bond distances.

The calculated modes at 1282, 1296, and 1306 cm ' represent motions
of the diazene moiety. The assignment of these vibrations in (10I) as
overtones of the modes at about 650 cm ™, which was confirmed by the
experimental spectra of the isotopomers, was well reproduced by the
calculations (103), in which we used the harmonic oscillator model
as a zeroth-order approximation for the estimation of the overtone
wavenumbers.

The peaks at 663 cm ™" and 1455 cm ™! belong to isomer 5(A), while
the peaks at 637 cm™' and 1509 cm™' belong to isomer 5(B). The
N-N stretch vibration splits only by a very small amount so that two
peaks cannot be resolved by the experimental spectrum and only
a single band appears at 1365 cm ™.

The calculated isotope shifts were in very good agreement with the
experimental ones (I03). Only for modes at wavenumbers 1455 cm ™'
and 1509 cm ™! we found (103) larger deviations form the experimental
assignment. If, however, we assume that the assignment in (102)
for these two modes is exchanged, we get —318 cm ™' and —331 cm™*
for the experimental spectrum, which compare well with the calculated
wavenumbers of —330 cm ™' and —346 cm ™. The calculated D isotope
shift 89(D) for peaks above 3100 cm ™' could not be identified unambi-
guously as the corresponding bands are largely shifted and the
N-H stretching modes couple with C-H vibrations in the chelate and
phosphine ligands.
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The different vibrational properties of the coordinated diazene
moiety in both isomeric complexes may be explained in terms
of different hydrogen bond strengths in 5(A) and 5(B). Again,
the SEN method can be used for the estimation of the hydrogen
bond energies in both isomers (103). The effect of hydrogen bonding is
most prominent for those modes where N-H motions are involved.
The modes at 663 cm™' and 637 cm™! also involve the motion of the
N-N unit so that the change in electronic energy is not only governed
by the change in hydrogen bonding. The other modes at 1455 cm ™' and
1509 cm™ ! involve mainly the motion of the hydrogen atoms of the
diazene moiety. Consequently, the hydrogen bonds corresponding to
the larger wavenumber 1509 cm ™' are the strongest with a SEN energy
of 19.3 kdJ/mol each for the short H---S contacts.

We thus found additional evidence for the potential photoisomeriza-
tion process, which converts 5(A) to 5(B), since the line splitting
observed in experiments can be well understood in terms of the
calculated vibrational spectra of the two isomers. The mechanism of
the photoisomerization reaction remains, however, unsolved and
needs to be investigated in further quantum chemical studies as
it could shed light on the reduction of dinitrogen to diazene.
The mechanism will be of importance to the protonation of inert
molecular nitrogen in the biological nitrogen fixation process if
the H abstraction from the diazene moiety generating a linear “Ny”
subunit is in favor of a large structural rearrangement of the whole
complex by rotation.

A. SECONDARY EFFECTS THROUGH CHELATE LIGAND MODIFICATION

In order to investigate the effect of substituents in the second
ligand sphere, we optimized (105) the structures of the two isomers
of complex [{Fe'S,(PMes)}o(NoHy)] (7) in Fig. 12 with ‘S,’=1,2-
bis(2-mercaptophenylthio)phenylene(2—), which has also been synthe-
sized (with PPrs; as the phosphine ligands (106, 107). In 7 the two
ethylene bridges of 5 are replaced by two phenylene bridges (indicated
by two ovals in 7(A)).

In contrast with complex 5, the two isomers 7(A) and 7(B) have
been isolated and their structure could be characterized by X-ray
analyses (106,107). A comparison of the experimental structures
and our BP86/RI/TZVP optimized structures, which are in very
good agreement, was given in Ref. (105). Since vibrational spectra are
not yet available for complex 7, a photoisomerization process as
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7(A) 7(B)

Fic. 12. BP86/RI/TZVP optimized structures of two isomers 7(A) and 7(B)
with R=Me, which may be involved in a similar photoisomerization
reaction like complex 5. The two ovals indicate the structural differences of
7 when compared with 5.

observed in the resonance Raman spectrum of 5 has not yet been
detected. We carried out calculations of the Raman and infrared
vibrational spectra of 7 (105).

While the ethylene bridge is in a staggered conformation, the rigid
benzene ring forces the two sulfur atoms bound to this ring into the
plane of the benzene carbon atoms.

As one would expect, the introduction of the two phenylene
bridges has almost no (primary) effect on the bond lengths of the
diazene ligand: the N-H bond lengths are 103.8 pm in 5(A), 104.3 in
5(B), 104.0 pm in 7(A), and 104.2 pm in 7(B); the Fe-N bond lengths
are 189.1 pm in 5(A), 190.2 in 5(B), 189.5 pm in 7(A), and 190.5 pm in
7(B); the N-N bond lengths are 1289 pm in 5(A) and in 5(B) and
128.8 pm in 7(A) and in 7(B).

However, there are pronounced secondary effects due to the induced
structural changes of the chelate ligand: one of the original equatorial
benzene rings in 5, which is almost in plane with the {FeS;P}
fragment in 5 is subject to a deformation upon introduction of the
rigid phenylene bridges towards the diazene moiety in 7. This increases
the differences in length and energy of the S.--H hydrogen bonds
for isomer (A): 2675 pm and 6.0 kJ/mol for the longer hydrogen
bond in 5(A), 2499 pm and 8.3 kd/mol for the shorter hydrogen
bond in 5(A), while we have 2699 pm and 57 kdJ/mol for 7(A)
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TABLE IT

COMPARISON OF CALCULATED SPECTRA FOR COMPLEXES 5 AND 7

sym Vexp Complex 5 (103) I Complex 7 (105) Lo
isomer Veale isomer Veale

Qg 637 5(B) 639 504 7(B) 626 165.5
g 663 5(A) 666 143.0 7(A) 664 16.3
Qg 1365 5(B) 1352 14344 7(B) 1358 1799.0
Qg 1365 5(A) 1363 13087 7(A) 1363 1530.5
Qg 1455 5(A) 1449 22.6 7(A) 1455 30.4
Qg 1509 5(B) 1512 100.0 7(B) 1501 142.0
Qg 5(B) 3111 54.0 7(B) 3126 84.3
Qg 5(B) 3112 22.5 7(B) 3127 37.8
Qg 5(A) 3191 <01 7(A) 3167 8.3

Experimental Wavenumbers by, are given for comparison for 5 with R=Pr (102). Note that the

two bands at 1363 cm ™' and 1352 ¢cm™! are not resolved by experiment which yielded only a single

band at 1365 cm ™. All wavenumbers are given in cm ™.

(longer bond) and 246.0 pm with 10.9 kJ/mol in 7(A) (shorter bond).
At the same time the differences in the hydrogen bonds for isomer
B are decreased: 276.8 pm and 24 kJ/mol in 5(B) (longer bond),
240.5 pm and 19.3 kJ/mol in 5(B) (shorter bond); 272.2 pm and
3.2 kd/mol in 7(B) (longer bond), 244.9 pm and 174 kdJ/mol in 7(B)
(shorter bond).

Raman vibrational frequencies and intensities for both complexes
5 and 7 are compared in Table II. The relative Raman scattering
intensities were calculated from the differential cross sections. For
their evaluation we used the wavelength of 613.33 nm (105).
Polarizabilities were calculated in the limit of a static perturbation.

It has been mentioned above that the frequencies of the N-H
bending mode at about 1500 cm ™' are influenced by the S--- H contacts
for complex 5. Although the change in the hydrogen bond energies
is only a few kd/mol for complex 7 in comparison to 5, we were
able to verify this correlation between the hydrogen bond energies
and the vibrational frequencies for this pair of isomers: The wave-
numbers for the corresponding modes are 1501 cm™' for 7(B),
which exhibits the stronger S---H hydrogen bond (174 kdJ/mol), and
1455 cm™" for 7(A). This bond energy for 7(B) is slightly smaller
than that of 5(B), and consequently, the wavenumber is smaller by
11 cm™'. Considering the complexes 5(A) and 7(A) we find that
the strongest hydrogen bond of 10.9 kJ/mol also corresponds to the
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larger wavenumber of 1455 cm ™' for 7(A), although the difference is
only 6 cm ™! in this case.

This example shows that small modifications in the second ligand
sphere can be applied for a fine-tuning of the bonding between the
substrate (here modeled by the diazene moiety) and the complex via
hydrogen bridges.

VII. Study of the First Dinuclear N, Complex with Biologically
Compatible Ligand Sphere

A cornerstone for our model complex studies was the synthesis
(108) of a u-Ny dinuclear species {[Ru(P'Prs)(N2MeySs)]sNg} 8, which
is a complex of type 6 and which represents the first dinuclear
dinitrogen complex with sulfur ligands (see Fig. 13 for the (S,S) stereo-
isomer), from the mononuclear Ru[‘(N;MesS,)’ N, complex (109,110).
As has been discussed earlier, binding of inert Ny to Fe(II) is hard to
achieve. Moreover, it is also well known that vacant metal coordination
sites in sulfur complexes are easily blocked after formation of M-S-M
sulfur bridges (2,14,92,111). With the dinuclear Ny complex at hand,
Sellmann et al. have examined the potential reduction process (112)
as discussed in principle in Section V for a different Sellmann-type
Fe complex. Though all N,H, intermediates of this process were
synthesized (112), the first reduction step to diazene has not yet
been accomplished.

Most important is that complex 8 is formed under ambient
conditions (standard pressure and temperature). The N-N distance
in 8 is about 3 pm larger than in free dinitrogen. We discuss a
possible activation mechanism, which would yield diazene, in the
following section.

In order to determine the relative energy of various stereoisomers,
in particular of the (S,S) and (R,S) species, we calculated the
rotational energy curve of a rotation of one of the chelate ligands
about the Ru—N-N-Ru axis shown in Fig. 14. The rotation produces
two stable conformers with the two phosphines in orthogonal
positions. These conformers are separated by barriers of more than
30 kd/mol, which result from a steric hindrance of the phosphines
and the methyl groups of the amine-nitrogen atoms in the chelate
ligand. The steric hindrance is small if two phosphine-methyl-group
repulsions occur when compared with the phosphine-phosphine and
methyl-methyl repulsions in the maximum-rotation-energy structure.
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115.5 pm
112.0 pm

229.3 pm
222.5 pm

BP86/RI/SV(P)
exp.

F1c. 13. BP86/RI/SV(P)-optimized structure of the (S,S)-stereoisomer of
{[Ru(P'Pr3)(N2Me2S2)]No} 8 compared with corresponding X-ray structure (108).

Particularly for this maximum-energy structure we find a finer rota-
tional structure around the maximum, which can induce local maxima
and minima owing to the hindered rotation of the phosphines
methyl groups.

A. OUTLOOK: A PosSIBLE PHOTO-CHEMICAL REDUCTION M ECHANISM

The (R,S) stereoisomer of a model complex of 8 possesses C; symme-
try and allows us to classify the molecular orbitals in terms of the
irreducible representations a, and a,. It turned out that HOMO and
LUMO belong to different irreducible representations. Exchange of
occupation of these orbitals thus leads to different electronic configura-
tions. While only one of the two electronic configurations corresponds
to the ground state and then has a valid description in the framework
of DFT, both electronic configurations can be subjected to a geometry
optimization in C; symmetry and yield two different structures; the
results of the optimizations are depicted in Fig. 15. We took the
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(8,5)-[u-N,{Ru(PMe;)(N,Me,S,)},]

E / kdJ/mol

Fic. 14. Curve of rotation about the Ru—N-N-Ru axis of C;-symmetric (S,S)-8,
which produces two stable conformers in which the two phosphines are in
orthogonal positions (the phosphine has been modeled by PMes;, the upper
PMes is marked by an open circle and the position of the lower PMes by a
closed circle). The curve was calculated with BP86/RI/SV(P) under
partially relaxation of the structure at each point (139) (some structural
parameters were kept frozen in order to map the rotation coordinate on a
dihedral angle).
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Fic. 15. Two optimized Crsymmetric structures of (R,S)-{[Ru(PMes;)
(NgH5S)IN,}, which may be interconverted by electronic excitation (or by
reduction).

“double-excited” configuration as a rough model for double excitation,
which gave us a first hint on a drastically changed equilibrium geome-
try upon excitation leading to a diazenoid geometric arrangement of
the Ny moiety. We should note that the diazene-like configuration is
observed in “doubly excited” RKS as well as in “singly excited” UKS
calculations, which indicates that already a single excitation to the
LUMO can induce the diazene-like structure. All results presented in
the following are based on RKS calculations.

As it becomes clear from Fig. 15, a diazene-like conformation can
be induced through energy transfer of about 300 kdJ/mol. It should
thus be possible to induce this conformational change photochemically.
The diazene-like conformation corresponds to a double-bonded N,
moiety with two lone pairs, which can play an important role as
hydrogen atom acceptors in the reduction process. This appears to
be most important for a kinetic activation of the first endothermic
reduction step.

It is noteworthy that the energy-induced conformational change
of Ny in a diazene-like position is also observed for the diprotonated
complex. This implies that 8 may be first protonated, then trans-
formed through energy transfer (e.g., through irradiation of
visible light) into a diazene-like conformation and finally reduced to



92 M. REIHER and B.A. HESS

give diazene, which is exothermic by about 150 kdJ/mol per formed
N-H bond.

To summarize, the photochemical mechanism is, of course, not a
feasible mechanism for dinitrogen reduction in the case of nitroge-
nase, though the general structural motif, i.e., the transformation to a
diazene-like conformation, has most likely also to be achieved by
nitrogenase (a “mechanical” movement of, say, two metal centers to
which the Ny moiety is bound could accomplish this). This formation
of a pre-diazene conformation appears to be a very important step
even if the reduction would not occur in 2H ™ /2e™ steps but only in
1H*/1e” steps. We should note that the formation of ammonia from
dinitrogen at room temperature has very recently been detected by a
mesoporous titanium oxide molecular sieve (113), though a detailed
mechanism could not be established. However, the dinitrogen Ru com-
plex described above offers the possibility to study in detail proton
transfer reactions on dinitrogen. The electronic-chemical coupling
mechanism, which is proposed here, parallels recent conceptual devel-
opments on mechano-chemical coupling in cytochrome cs (114).

An extensive quantum chemical investigation into the proposed
photochemical activation process is currently under way. First results
show that this activation pathway also shows up in a consistent
quantum mechanical treatment of electronic excitations in the frame-
work of time-dependent DFT (115), which allowed us to optimize the
structure in the first excited singlet state.

VIII. Conclusion

In this work, we have reviewed theoretical studies on Sellmann-type
Fe(Il)- and Ru(Il)-sulfur complexes for the modeling of functional
aspects of the enzyme nitrogenase. While the mechanism of N,
reduction by nitrogenase has not yet been resolved, we followed the
work by Dieter Sellmann and his group and adopted reasonable
assumptions, which are likely to be generally valid for biomimetic
model complexes, in order to study specific features of nitrogen reduc-
tion processes under well-defined conditions. Such features are the
role of hydrogen bonds or states of different spin multiplicity. We
have demonstrated that the reliable calculation of such chemical
concepts is not straightforward but requires new ideas and approaches.

We believe that these studies are important for the design of
non-molybdenum based catalytic complexes for nitrogen reduction.
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Establishing a catalytic Ny reduction cycle is a formidable experimen-
tal task, but the theoretical aspects are by no means less complicated.
Therefore, the extensive work on Fe-sulfur complexes by Sellmann
provided well-defined systems and a large body of experimental
reference data, which are of great value for theoretical investigations.
From the theoretical point of view, the active site of nitrogenase
appears to be electronically much too complicated to be treated with
current standard quantum chemical methods (the failure for the
energetical order of different spin states is only one example). But
relying on the well-defined experimental systems guarantees a close
connection of quantum-chemical results and experiment.

A Fe-S-based catalytic transition metal complex has not yet been
found, but the present status of quantum chemical calculations
encourages further work into this direction. Finally, the complexity
of this task assures that results are obtained, which can be
generalized for transition-metal-mediated catalysis in general. These
results are of methodological and chemical nature since they provide
improved quantum chemical methods and approaches for the
calculation of structural motifs, which do also occur in many other
catalytic systems.

IX. Appendix: Quantum Chemical Methodology

For all DFT calculations reported in this review the highly
efficient density functional programs provided by the TURBOMOLE
51 and 54 suites (116) were used. We employed the Becke-Perdew
functional dubbed BP86 (117,118) and the hybrid functional B3LYP
(119,120) as implemented in TURBOMOLE. We always used for the
BP86 functional the resolution-of-the-identity (RI) technique (121,122),
which speeds up the calculations considerably. Note that the imple-
mentation of the BSLYP function in TURBOMOLE differs in the choice
of the particular form of the EYWN functional from the one employed
in the GAUSSIAN program (123): GAUSSIAN98 uses the VWN(III)
correlation functional (7124) for BSLYP while the VWN(V) correlation
functional is employed in TURBOMOLE 5.1 and 54.

It turned out that using these well-established standard func-
tionals for the reaction energies we obtained highly unreliable ener-
getics for complexes of the type under study (the spin state energies were
wide off the experimental results and consequently the ground state
reaction energies came out wrong) (8I). A systematic study showed
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that these iron complexes represent critical cases where high-spin—
low-spin energy splittings are small and can differ largely when calcu-
lated with pure and hybrid density functionals (90). In order to avoid
these uncertainties we use in addition to BP86 and B3LYP our repar-
ametrized B3LYP* which was tailored particularly for these Sellmann-
type complexes (90) but which has shown to be of general
applicability (125). For the discussion of reaction energetics we rely on
the B3LYP* data.

Results for first-row transition metal compounds were obtained
from all-electron restricted and unrestricted Kohn-Sham calculations.
Only for atoms of fifth or higher periods of the periodic table of the
elements we have applied those effective core potentials (ECPs) of the
Stuttgart group, which are the standard ECPs in TURBOMOLE
for the core electrons. These ECPs account very well for the scalar
relativistic effect in heavy-element atoms (126,127).

Closed-shell systems tempt one to use the fast converging restricted
Kohn-Sham method to obtain all-singlet energetics for a catalytic
process. However, states of different multiplicities need to be
considered particularly for weak ligand fields. Consequently, we
probed, whether spin polarization of the singlet states occurs by com-
parison of the unrestricted Kohn-Sham calculations on the open-shell
singlets with the corresponding results from -closed-shell singlet
restricted Kohn-Sham calculations. Moreover, the singlet structures
were checked for singlet and triplet stability (128,129) by a stability
test implemented in TURBOMOLE.

Three different basis sets were employed: the first one, dubbed
SV(P), is Ahlrichs’ split-valence basis set (130) with polarization
functions on heavy atoms, but not on hydrogen. Moreover, the TZVP
basis set featuring a valence triple-zeta basis set with polarization
functions on all atoms was used (I31). This TZVP basis set is our
recommended basis set, which yields accurate structural parameters
and (spin, conformational, and reaction) energies in combination with
the counter poise correction technique (132133). For comparison, a
larger basis set with additional polarization functions, denoted
TZVPP, was used as implemented in TURBOMOLE. For most
atoms this is a valence-triple-zeta basis with additional polarization
functions taken from the cc-pVTZ basis by Dunning and Woon
(134-136). The TZVPP calculations took considerably more computer
time than the TZVP calculations. For a sufficiently large number of
test calculations the TZVP and TZVPP reaction energies differed
by only about 5 kdJ/mol without correcting for the basis-set superposi-
tion error (BSSE). If a counter poise correction is added, our test
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calculations on coordination energies have shown that results obtained
with the TZVP and TZVPP basis sets differ by less than 1 kJ/mol.
We were thus led to the conclusion that the TZVP basis set in combina-
tion with the counter poise correction is sufficiently accurate for our
purposes. For the SV(P) basis set the combination with the counter
poise correction is mandatory in order to get results which might be
competitive with TZVP results.

The shared-electron number (SEN) method was used for the
evaluation of hydrogen bond energies. This method was developed for
the evaluation of hydrogen bonds in compounds which cannot be
decomposed into two parts such that the decomposition energy can
be solely attributed to the broken hydrogen bond. Details of the
SEN method are described in Ref. (82).

For the vibrational analyses in a harmonic force field we calculated
the second derivatives of the total electronic energy computed as
numerical first derivatives (137) of analytic energy gradients obtained
from TURBOMOLE. We do not employ empirical scaling factors
for the comparison of calculated harmonic frequencies and experimen-
tal fundamentals, since it is known that scaling factors for the
BP86 functional are very close to unity (104). The good agreement
between harmonic frequencies from BP86 calculations and experimen-
tally observed fundamentals is clearly caused by an error cancellation
effect; see the analysis given in Ref. (104).

Raman intensities were calculated by differentiation of the mole-
cular polarizability with respect to nuclear coordinates. It is often
sufficient or desirable to calculate only Raman intensities for selected
modes instead of for all 3N — 6 vibrational modes of a large molecule,
which can be achieved if the normal modes of the molecule are already
known. Therefore, a frequency analysis was performed using numeri-
cal differentiation of analytical gradients with respect to Cartesian
nuclear coordinates in the first step. This yields vibrational frequencies
and normal modes. Then, we used displacements along selected mass-
weighted normal coordinates @, for which (static and/or dynamic)
polarizabilities are calculated. With a step size sq,,

3N

2 ;17T [unit of length
stSR/IARk|=3R|:Z(QZf’fm) /ml-:| [[[um o eng]l/]2], 1)

= unit of mass

for the generation of the displacement structures. The numerical
derivatives of the components of the polarizability tensor are then
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obtained as

<_/ ) . dojj . Olij(Req + SRARZOrm) _ Olij(Req + SRARzorm) o
k

Olij - an - 2SQK|AQ20rm| )
if a three-point central differences formula is used; «;; (Req + sp ARzorm)
are the components of the polarizability tensor of the displaced
structures.

Theoretically determined Raman intensities are given in terms of
Raman scattering factors S, for mode &,

Sy, = 45a}f + Ty, 3)

where a), and y;, contain the derivatives (&gj)k [ef. (137-138)],
r_ 1 — —/ — 4
a, = g (axx)k+<ayy k+ (azz)k ’ ( )

GRS ORI [CO RN ®
R ECANEL [CORICORIER]

For comparison with experimental data it is more suitable to
state relative intensities in terms of differential cross sections, since
these are proportional to the relative intensities obtained in the
experiment. The Q-branch differential cross section for a scattering
angle of 90° and an incident light beam which is plane polarized
perpendicular to the scattering plane is

(6)

dj_ﬁ(ﬁ_ gt d5af + Ty 1
de e " Y snier, 45 1 — exp[—hciy/kpT]’
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|. Introduction

The hydrogenase enzymes (I) catalyse the heterolytic cleavage of
dihydrogen into protons and electrons,

Hy, <= 2H" + 2e” 1)

For the forward reaction ke, of 10° s (2) indicates a rate-limiting
free energy barrier of around 13 kcal/mol. In one physiological role (3),
H, crosses the bacterial membrane and undergoes the oxidation reac-
tion of Eq. (1). The resulting pH gradient across the membrane drives
ATP formation via ATPase, which allows the use of H, as an energy
source. A typical fate for the electrons, formed in Eq. (1), is in
acetylCoA synthesis. Hydrogenases also recapture the reducing power
lost in nitrogen fixation by the unavoidable formation of Hy as a
by-product in N, reduction by nitrogenase. Alternatively, hydro-
genases can drive the reverse reaction and dispose excess electrons in
the form of Hy. Four main classes of hydrogenases have been identified.
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The [NiFe] hydrogenases, contain both metals and are the most
numerous, followed by the [NiFeSe] enzymes which also contain one
selenocysteine residue as a ligand for Ni. There are also Fe-only
(4) and metal-free hydrogenases (5). Depending on the source, [NiFe]
hydrogenases contain different numbers of metal clusters, but there
is always one Ni-Containing cluster and at least one Fe-S cluster.
The former is the site of Hy binding and the latter is being involved
in electron transfer. Many hydrogenases also contain additional Fe-S
clusters or a more complex subunit structure; some are soluble and
others are membrane-bound (6).

The first crystal structure of a [NiFe] hydrogenase was obtained for
the oxidized form of D. gigas at a resolution of 2.54 A (7). Subsequently,
X-ray structures from three other organisms have also been obtained,
for the oxidized form of D. fructosovorans (8,9), for the oxidized and
reduced forms of D. vulgaris (Miyazaki) (10) and for the reduced form
of Dm. baculatum (1I), where the last one is the first [NiFeSe] hydro-
genase structure. This structure, see Fig. 1, is the one used as a starting
point for the present structural optimizations. The most surprising
feature of the Ni—Fe dimer is the ligand structure around iron with
three diatomic ligands. The identity of these ligands as two CN and
one CO ligand, which is unique for a biochemical system, was demon-
strated by infrared spectroscopy for C. vinosum and D. gigas (12). For
D. vulgaris one of these ligands was instead suggested to be an SO,
based on an analysis of the high resolution X-ray structure (10). There
are also four cysteine derived ligands, where two are bridging between
the metals and two are terminal nickel ligands. In the [NiFeSe] enzyme,
selenium is substituted for sulfur in one of these terminal ligands.
Also shown in the figure is the most nearby Fe-S cluster, to which
the electrons are transferred from the Ni—Fe dimer, and two possible
proton transfer pathways. One of these pathways leads from the
bridging Cys495 ligand straight out to the surface via hydrogen bonds
over His77, His430, and Tyr442. This pathway is reminiscent of the
one in Ni-CO dehydrogenase (I13,14). The other proton transfer path-
way starts at CysSe492 and goes over Glu23 and several conserved
water molecules, of which two are shown in the figure, out to a Mg-
complex (not shown) near the surface (2).

Extensive EPR spectroscopic studies indicate the accessibility of
a number of several different enzyme states. Under aerobic conditions,
an inactive form is isolated which can show two types of EPR signal,
known as Ni—A (unready form) and Ni-B (ready form), as well as con-
taining an EPR-silent form. The ready form can be rapidly activated by
H, in the presence of certain electron carriers, to give the active form
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Aspd90

Thr19S
®,

His430

Fic. 1. The X-ray structure for the reduced form of the NiFe dimer in hydro-
genase from Desulfomicrobium baculatum.

that shows the Ni-C EPR signal; reduction of this form yields two
further EPR-silent forms. The Ni—A form is only activated by H, over
several hours. The Ni—C form is sensitive to visible light and below 100 K
a change in the EPR signal to Ni-C’ is seen on irradiation. CO is a
competitive inhibitor with Hy and photolysis of the CO-inhibited form
also gives the Ni—C’ signal. The X-ray structure in Fig. 1 has been
identified as a mixture of the Ni—SI (silent), Ni-C, and Ni-R (reduced)
states. The Ni-Fe distance is quite short with 2.5 A and may suggest
a bridging hydride ligand. The Ni-Fe distance for the X-ray structure
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of D. gigas obtained under aerobic conditions, mainly containing the
Ni-A state, is longer with 2.9 A and is believed to have an oxygen
derived bridging ligand. In contrast, for the oxidized form of D. vulgaris
(Miyazaki), mainly containing the Ni-B state, a distance of only 2.55 A
was found and the bridging ligand was suggested to be sulfur derived.
Another interesting feature of the X-ray structure in Fig. 1 is that one
of the Ni-S distances is unusually long, the one to Cys495 of 2.6 A.
A possible reason for this will be suggested below.

Several theoretical studies have been made in attempts to clarify the
mechanism of [NiFe] hydrogenase (15-19). The main focus has been on
the activation of dihydrogen but other questions concerning the
mechanism have also been addressed. Even though substantial progress
has been made, several important questions have not yet been resolved
(20). Uncertainties in the modeling of the Ni—Fe active site concerns, for
example, the total charge state and the influence of residues outside the
first coordination shell. For these reasons, the oxidation state of the
active species that cleaves dihydrogen is not yet clear. The structures
from which electrons and protons are transferred from the Ni—Fe com-
plex are not clear either. In order to address these questions, another
hybrid density functional theory (DFT) study has been undertaken.
The model adopted is more advanced than the ones previously used to
investigate the dihydrogen cleavage mechanism. Important, possibly
charged, residues in the second coordination shell have been included
and their positions have been partly fixed from the X-ray structures
in order to avoid artificial, large rearrangements. Transition states
have been fully optimized. Two different proton transfer pathways
have been investigated, the ones shown in Fig. 1.

Il. Computational Details

The calculations were performed in three steps. For each structure
considered, a geometry optimization was performed using the hybrid
density functional BSLYP method (2I). For open shell systems unrest-
ricted DFT was used. In this first step, a standard valence double zeta
basis set (the lacup basis set) was used. Since models including also
second shell amino acid residues were used, a full geometry optimiza-
tion is not possible. The second shell residues would then move in
unrealistic ways. For this reason, one atom of each amino acid residue
was frozen from the X-ray structure. This procedure has been found to
work very well in previous studies (22,23). It might be thought that this
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procedure could lock the structure too much, but this is not the experi-
ence so far. On the contrary, in the present study it was actually found
that two atoms, rather than one, had to be frozen in one residue, the
arginine, in order to avoid artificial structures. When relative energies
are calculated it is obviously necessary to use structures where identi-
cal schemes for freezing the atoms have been used. The same basis set
was used also for the calculations of the Hessians. These Hessians were
used to determine the structures of the transition states and to obtain
zero-point vibrational effects. The entropy effects calculated could not
be used since some coordinates were fixed during the optimizations.

In the second step, the BSLYP energy was evaluated at the optimized
geometries using a larger basis set, the lacvdp** basis set, which is of
triple zeta quality and uses a single set of polarization functions on all
atoms.

In the third step, the surrounding protein was treated with a self-
consistent reaction field method, using a Poisson—Boltzmann solver.
The dielectric constant of the homogeneous dielectric medium was set
equal to 4.0 in line with previous modelling of enzymes (24). The probe
radius was initially set to 140 A corresponding to the water molecule.
However, a few cases of unrealistic effects were encountered and the
radius was therefore increased to 2.50 A. No geometry optimizations
including the dielectric continuum were made since the calculated
dielectric effects were found to be quite small. The calculations can
thus in short-hand notation be written as B3LYP/lacv3p** energies
including zero-point and solvent contributions based on B3LYP/lacvp
geometries. All the calculations were carried out using the Jaguar
program (25). Recent experience using the present models and methods
can be found in recent reviews (23,26,27).

Il. Results and Discussion

The mechanism for dihydrogen activation, including proton and elec-
tron transfers, was studied for [NiFe] hydrogenase with several differ-
ent models. The results for two of these models will be described below.
Both these models obviously contain the first shell ligands. Standard
charges of the ligands lead to a charge of the core of the Ni-Fe complex
of —2 for the NiFe(ILII) oxidation state. Apart from the first shell
ligands, those ligands in the active site region that might be charged
are also included. This means that Arg425, which hydrogen-binds to one
of the cyanides, is included as a positively charged formamidine group.
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Since previous studies, using smaller models of enzyme active sites
(23,26,27), have found that including a charged residue without its
charge-balancing counter ion can lead to artifacts, Asp490 is also
included in the model as a formate anion. A large number of calcula-
tions were initially performed without the aspartate and the results
were indeed found to be unstable in several cases. For example, in one
case for the NiFe(IILII) state a proton became transferred from the
arginine to the cyanide leading to large distortions of the geometry.
This did not happen for the model including Asp490. An obvious resi-
due to also include in the model is Glu23 which is hydrogen bonded to
CysSe492, and which is also a likely member of a proton transfer path-
way (2). Since there is a hydrogen bond between Glu23 and CysSe492,
one of these residues should be protonated. The calculations show that
Glu23 is the one that is most likely protonated and is therefore modeled
as a neutral formic acid. Apart from Arg425, Thr448 also hydrogen
bonds to the cyanide ligands of iron. However, since Thr448 is neutral
the effect of this ligand is expected to be small. This was tested in
a number of calculations which confirmed this expectation and
Thr448 was therefore left out of the model. Another possibly charged
residue 1s His77 which is also included in the model. The charge
state of this residue is very uncertain and will in fact define the
two leading models discussed here. In a recent study by Stadler et al.
(17), the charge state of this histidine was carefully investigated using
calculated magnetic resonance parameters and it was concluded that
for the Ni-A state this histidine (His72 in D. gigas) should be
uncharged. A neutral His77 was therefore chosen initially also in the
present study. However, as the results were summarized, it became of
interest to investigate also the protonated form of His77. The results
for both these models, which differ at significant places, will be
described in two different subsections below. The unprotonated His77
model is shown in Fig. 2. In the third subsection the effect of the
selenium substitution will be discussed.

A. THE MoDEL WITH AN UNCHARGED His77

The first question investigated is the oxidation state of the reactant
for dihydrogen cleavage. Several different models were used and the
conclusion from the most realistic models is that it is the NiFe(ILII)
state that activates dihydrogen. This is different from the conclusions
drawn from some previous studies using smaller models (15,16) where
the NiFe(IILII) state was suggested as the active state. The origin of
this difference 1s the choice of charge state of the NiFe-core. In the
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Fic. 2. Molecular hydrogen complex (structure 2) in [NiFe] hydrogenase.
The oxidation states are Ni(IT) and Fe(II). Distances are given in A. Atoms
marked with * were kept frozen from the X-ray structure during the optimization.

present study the charge of the core is —2 (see above), while in the
previous studies it was neutral. This difference has a surprisingly
large effect on the potential curve for dihydrogen cleavage. With the
neutral model the H, cleavage is strongly endergonic for the
NiFe(II,II) oxidation state but becomes quite exergonic with a charge
of —2. This shift of the appearance of the potential surface also leads to
a realistic barrier for the NiFe(IL,II) bond cleavage with a charge of —2.
In contrast, the Hy cleavage for the NiFe(III,II) state becomes unrea-
sonably exergonic with the charge of —2. It should be added that the
NiFe(IL,IT) state as the active state has been suggested experimentally
(1) and was for that reason chosen in two other previous theoretical
studies of the hydrogenase mechanism (17,18).
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The next question investigated is where Hy binds on the NiFe-dimer.
The result of the optimization for the closed shell singlet NiFe(IL,II)
state is shown in Fig. 2. As seen in the figure, dihydrogen prefers to
bind on iron. This is the same result as obtained in previous studies
(15,16) but different from what has been suggested from experiments on
the enzyme. Xenon binding experiments have located a likely path for
dihydrogen transport to the active site which ends at nickel (817),
which was therefore suggested as the site for dihydrogen binding.
Also, X-ray crystal structures show that a CO-inhibitor binds at nickel,
not at iron (10). The nickel binding site was therefore carefully investi-
gated using the model in Fig. 2 but no local minimum was found. The
main reason for this is undoubtedly the higher repulsion from the
larger number of d-electrons on nickel than on iron. For iron there is
an empty d-orbital pointing towards dihydrogen, but this is not possible
for nickel. From the experience of organometallic dihydrogen model
complexes, the iron site is the expected site for dihydrogen binding.
This site for binding and activation would also give a natural expla-
nation for the unusual choice of iron ligands. These ligands force a
low-spin coupling on iron which is ideal for activating dihydrogen.

In order to shed further light on the question of dihydrogen binding,
CO binding was also investigated. The calculations indeed gave the
most stable state for CO bound on nickel in agreement with experi-
ments (10). Two states were investigated, the closed shell singlet and
the open shell triplet states. The triplet state was actually found to be
most stable with a binding energy of 13.9 kcal/mol (without entropy
contributions, see Section II). The singlet binding energy is
5.5 kecal/mol. Since B3LYP is known to sometimes artificially favor
high-spin states (28), the calculations were redone with only 15% exact
exchange (instead of 20%) but the triplet remained the lowest state by
4 kcal/mol. An interesting feature of the optimized structure is that
NiCO is bent, which was also observed in the experimental structure.
The Ni—C-O bond angle is 155° for the singlet and 165° for the triplet.
The experimental angle is 160°. The reason for the bending is the close
steric interaction with Arg425. The presence of this residue is also the
reason CO prefers to bind at an external nickel site rather than on
iron or in between nickel and iron. The steric interaction to Arg425 is
much smaller for Hy than for CO and therefore allows dihydrogen to
preferably bind to iron. However, it should be added that the first
interacting site (of van der Waals type) for dihydrogen cannot be
predicted from the present type of calculations. What is indicated by
the present results is that the activation of dihydrogen should start
at the Fe site.
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Even though H, prefers to bind to iron, see Fig. 2, it is only a local
minimum. In fact, the binding is calculated to be endothermic by
6.3 kcal/mol. A surprising effect of + 3.3 kcal/mol comes from zero-
point vibrational effects. Entropy effects, which are not included, are
expected to increase this energy difference further. However, other
enzyme effects like van der Waals interactions, are expected to lower
the energy difference (29). A repulsive binding energy between H, and
the NiFe-complex might at first sight appear as unreasonable for a
system particularly designed to activate H,, but the final energetics
for the entire catalytic cycle of hydrogenase, see further below, does in
fact make an endergonic binding of Hy quite logical. On the other hand,
it is still significant that there is a local minimum for binding H, on
iron. This minimum implies a favorable electronic interaction between
H, and the metals which will allow an effective cleavage of Hy with a
low barrier.

With dihydrogen positioned as in Fig. 2 there are essentially only
two possible mechanisms for cleaving H, heterolytically. Both these
mechanisms leave the resulting hydride bound in between iron and
nickel. In the first mechanism the proton goes to the bridging Cys495
while in the other one the proton goes to the terminal CysSe492. In
previous studies the bridge cleavage has been favored in actual transi-
tion state optimizations, but the terminal cleavage has also been sug-
gested from structural considerations (16). For the present model, with
an uncharged His77, the bridging mechanism is found slightly favored.
The fully optimized TS structure is shown in Fig. 3. The barrier counted
from the dihydrogen minimum in Fig. 2 is only 4.6 kcal/mol, but with
the additional energy of 6.3 kcal/mol to reach the molecular minimum,
the total barrier becomes 10.9 kcal/mol. In the process of cleaving
H,, the Ni-SCys495 distance increases significantly since the Ni—S
bond is replaced by a Ni-H bond. The Ni-Fe bond distance remains
essentially the same from the molecular minimum to the TS, but then
shortens due to the formation of the bridging hydride. The hydrogens
remain close both to iron and nickel during the reaction.

The fully optimized transition state for the alternative terminal
pathway is shown in Fig. 4. Notable structural effects are that the
hydrogen bond from Glu23 shifts from Cys492 to Cys70, and that the
hydrogens in this mechanism stay very close to nickel. The Ni-Fe dis-
tance shortens significantly by 0.32 A from the molecular minimum to
the TS. The barrier for this pathway is only slightly higher than for the
bridging pathway by 1.1 kcal/mol. Replacing sulfur by selenium on
Cys492 actually increases this energy difference slightly, see further
below. The preference for the bridging pathway is thus very small and
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Fic. 3. Fully optimized transition state (structure 2-3 TS) for H-H bond
cleavage in [NiFe] hydrogenase. The oxidation states are Ni(II) and Fe(II).
Distances are given in A.

cannot be safely predicted by the present methods and models.
However, it can be argued that the structural changes for the two
pathways are so similar that the calculated relative effect should be
taken with some significance. It can be noted that the bridging reac-
tion pathway is the same as the one obtained in some previous studies
(15) but that the oxidation states are different.

The products of the heterolytic H-H bond cleavage show some minor
differences for the two pathways. The Ni-Fe distance is 2.76 A for the
bridging pathway, while it is as short as 2.66 A for the terminal path-
way. The reason is that Cys492 remains bridging for the terminal path-
way. The reaction energies are still quite similar. The product of the
bridging pathway is 12.8 kcal/mol below the molecular minimum,
and 114 kcal/mol below this minimum for the terminal pathway.
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Fic. 4. Alternative transition state for H-H bond cleavage in [NiFe] hydro-
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The consequence of these rather large exergonicities will be discussed
further below.

Since the barrier is slightly lower for the bridging pathway, it is here
assumed that the reaction takes this pathway (when His77 is unproto-
nated). The next step is then to get rid of one proton and one electron.
The electron transfer should occur at a point where the electron trans-
fer energy has a minimum and where the initial NiFe(II,II) and final
NiFe(IILII) states have very similar geometries. A point wise search led
to an approximate transition state for the electron transfer, shown in
Fig. 5. The electron transfer is strongly coupled to proton transfer from
Cys495 to His77 as seen from the proton distances to sulfur of 1.61 A
and to nitrogen of 1.40 A. This structure is obviously not a minimum
for any of the potential surfaces involved. On the reactant NiFe(ILII)
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Fic. 5. Approximate transition state (structure 4) for the first electron
transfer in [NiFe] hydrogenase. The oxidation states are Ni(II-III) and
Fe(IT). Distances in A and spins larger than 0.1 are marked.

surface an energy of 8.0 kcal/mol is required to reach this point and on
the product NiFe(IIL,II) state the energy decreases by 8.9 kcal/mol
when the system reaches its next minimum with the proton on His77.
The first of these energies will be part of the barrier for the electron
transfer, which will also have contributions from reorganisation effects
on the accepting Fe—S cluster, see Fig. 1. The calculated electron affi-
nity of the reactant at the transition state structure is 73.3 kcal/mol
and proton affinity of His77 is 299.2 kcal/mol for the product. Another
energy of relevance for the energetics of the catalytic cycle of hydroge-
nase is the energy difference between the reactant and the product,
considering that all together one entire hydrogen atom has left the
system. The binding energy of this hydrogen atom is 564 kcal/mol.
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This is a reasonable energy, fairly close to half of the binding energy of
H, (103.5 kcal/mol) as expected for a hydrogenase enzyme. Further
implications of these energies will be discussed at the end of this sec-
tion where an energy diagram is constructed.

With the proton on His77 the question is how this proton should
reach the surface. As already mentioned in the introduction, there is
indeed a straight proton transfer pathway from His77 to the surface
going via His430 and Tyr442. This pathway is very similar to the one
identified in nickel-containing CO dehydrogenase (14). Whether this
proton transfer pathway is actually used will be discussed further
below.

The product of the previous electron and proton transfer step is thus
a NiFe(ITLIT) state with a bridging hydride. The assignment of the
oxidation states is unproblematic in this case since the spin-population
on iron 1s 0.00 and the one on nickel 0.95. The Ni(I) oxidation state can
be ruled out on electrostatic grounds since nickel is surrounded by five
negative groups. The distance between nickel and iron is quite short
with 2.63 A. The reason for this is the presence of the bridging hydride.
The question whether a bridging hydride is needed or not to obtain
such a short distance, has been debated (20). During the course of this
study a few complexes with short Ni-Fe distances without a bridging
hydride have in fact been encountered, but these systems turned out
to be poor models for any state of the hydrogenase catalytic cycle. An
interesting case of this type appeared for one of the models where
Asp490 was left out, which led to a substantial shortening of the
Ni—Fe bond to 2.60 A for the NiFe(IIL,II) state. At the same time a very
strong hydrogen bond between Arg425 and one of the cyanides could
be noted. To investigate this effect further Arg425 was simply replaced
by a proton on the cyanide, which led to a short Ni-Fe bond of 2.61 A
even for the closed shell singlet state (corresponding to NiFe(ILII)).
It should be noted that no constraints from the X-ray structure were
present for that model. The reason for the shortening of the bond is
thus of purely electronic origin. A likely interpretation of this effect is
that the added proton removes part of an electron from iron to form
the CN-H bond, and induced some Fe(Ill) character. An additional
bonding possibility thus appeared for iron and the bond formed was
to nickel leading to the short bond. For the more realistic models
described here no such effect was found, and the only short Ni-Fe
bonds were therefore found with a bridging hydride.

An interesting aspect of the bridging hydride structure concerns
the direction of the Jahn-Teller axis on nickel. With the hydride, there
are five ligands around nickel and one of these are therefore forced to
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be axial. Since the other four ligands should be in one plane, there is
essentially only one possible axial ligand and this is Cys495, which thus
forms a longer Ni-S distance than the other ones, 2.55 A compared
to 2.30-2.35 A. The hydrogen bond to His77 stabilizes this structure
further. It is interesting to note that the Ni—S distances of the X-ray
structure of the reduced enzyme (1) actually shows exactly the same
distortion of the cysteine ligands, see Fig. 1. This has led to the sugges-
tion of a possible involvement of the nickel triplet state (30,31). From
the present calculations it is instead suggested that the distortion is
due to the presence of a bridging hydride, which is too small to be seen
in the X-ray structure. With the presence of the hydride the structure is
quite normal with a plane with four ligands with short distances, and
with one axial ligand with a longer distance.

The next step of the catalytic cycle is the only one where a redox
reaction is involved (apart from the obvious electron transfers). The
bridging hydride should move to one of the cysteines. There are a few
possibilities. One of them is to move the hydride to Cys495 with the
idea to use the same proton transfer pathway over His77 as for the
previous step. However, the barrier was found to be prohibitively high
with 25.1 kcal/mol. In this case the transfer to Cys492 is much easier
with a barrier of only 6.5 kcal/mol. The optimized transition state is
shown in Fig. 6. The reason for this difference is that with a transfer to
Cys492, the coordination around nickel can stay essentially the same
along the entire transfer, since both the hydride and Cys492 are in the
stable coordination plane. In contrast, for the transfer to Cys495, the
hydride is forced out of this plane to the less weakly coordinated
position for the axial Cys495.

The product of the hydride transfer is thus in a NiFe(I,II) oxidation
state and with a proton on Cys492. In order to use the same proton
transfer pathway as in the step following dihydrogen cleavage, the pro-
ton needs to move from Cys492 to Cys495. Several pathways were
investigated, a direct one and one over Cys70, for example, but they
all had prohibitively high barriers. Instead, a proton transfer pathway
suggested by experiments may be used (2). This pathway goes over
Glu23, then over a few conserved water molecules (Watl and Wat2 are
shown in Fig. 1), and finally to a Mg-complex near the surface. Moving
the proton along this pathway, and proceeding as in the previous
search for an electron transfer transition state, the approximate transi-
tion state shown in Fig. 7 was found. This transition state differs
from the immediate product of the hydride transfer in that both
Cys492 and Glu23 have swung around, with their protons pointing
out toward the proton channel. The positions of the protons do not
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Fic. 6. Fully optimized transition state (structure 6-7) for hydride transfer
to Cys492 in [NiFe] hydrogenase. The oxidation states are Ni(I-IIT) and Fe(II).
Distances in A and spins larger than 0.1 are marked.

indicate a significant proton-coupling of the electron transfer as in
the transition state in Fig. 5, where the proton is in between two
groups, Cys495 and His77. The calculated electron affinity of the struc-
ture in Fig. 7 is 75.4 kcal/mol and the proton affinity (after the electron
has left) is 299.5 kcal/mol. Together, the transfer of an electron and a
proton leads to a transfer of a hydrogen atom with a binding energy of
59.9 kcal/mol. All these values are very close to those of the previous
electron and proton transfers in Fig. 5 of 73.3 kcal/mol, 299.2 kcal/mol,
and 564 kcal/mol, respectively. This kind of similarity is necessary if
energy should not be wasted in the process. A much smaller electron
affinity in one case would lead to an exergonic, wasteful electron
transfer in one of the electron transfers since the electron acceptor is
the same in both cases.

The above electron and proton transfers complete one cycle of the
hydrogenase enzyme. The entire mechanism as suggested above is
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Fic. 7. Approximate transition state (structure 8) for the second electron
transfer in [NiFe] hydrogenase. The oxidation states are Ni(I-II) and Fe(II).
Distances are given in A.

shown in Fig. 8 When the energetics for this scheme was constructed
a few possible problems could be noted. First, the calculated electron
transfer energies (electron affinities) of 73.3 and 75.4 kcal/mol can be
translated to redox potentials. If this is done using the standard calo-
mel electrode of 419 V (32-34), redox potentials of —1.0 Vand —0.9 V,
respectively, are obtained. The redox potentials of the 4Fe—4S clusters
of [NiFe] hydrogenase should be around —0.3 V (2). The difference in
these redox potentials of 0.7 Vappears quite large. A few comments can
be made in this context. First, redox potentials are known to be rather
difficult to calculate and depend, for example, on the size of the model.
A second comment is that the redox potentials of the [NiFe] and 4Fe—4S
clusters need not be exactly the same. Another problem with the above
results concerns the calculated energetics for the reverse process
of dihydrogen formation, considering that some enzymes catalyze
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that process. Since the barrier for dihydrogen cleavage is 10.9 kcal/mol
and this process is exergonic by 6.5 kcal/mol (starting from a system
with dihydrogen at a long distance from the complex), the reverse
process will have a barrier of 174 kcal/mol, which appears some-
what high since this would correspond to a rate of about 1.0 s
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The experimental barrier for the forward reaction is only around
13 kcal/mol (2). While this discrepancy is not alarming (it is in fact
rather normal for the present method) it might still indicate a problem
in the model. A third possible problem of the reaction scheme in Fig. 8
is that two different proton transfer pathways are being used rather
than one. This is not necessarily a problem either but it is rather
unusual. For these reasons an alternative model was also investigated,
and this is described below.

B. THE MODEL WITH A CHARGED His77

The alternative model discussed here uses a protonated His77. There
were three reasons for this choice. First, it is expected that increasing
the charge of the complex would increase the calculated redox poten-
tials to become closer to those measured for the 4Fe—4S cluster. Second,
a proton on His77 is likely to block the proton transfer pathway over the
Cys495 residue after the dihydrogen bond cleavage, which might then
lead to the same proton transfer pathway for both steps in the catal-
ytic cycle. Finally, a proton on His77 might decrease the exergonicity
of the dihydrogen bond cleavage step, since it blocks the most favor-
able pathway, and may then make the reverse reaction more feasible.
The recent theoretical investigation by Stadler et al. (17), where it was
found that His77 is most likely unprotonated in the Ni—-A state, might
argue against using a model where it is protonated. However, the
dihydrogen bond cleavage does not occur for the Ni—A state and a dif-
ferent protonation for another state is certainly still possible.

The general appearance of the binding of molecular dihydrogen is
the same for the protonated His77 model as for the unprotonated one.
The binding is preferred on iron and the binding is endothermic by
44 kcal/mol as compared to 6.3 kcal/mol in the unprotonated case.
The barrier for dihydrogen cleavage following the bridging mecha-
nism to Cys495 is now 12.0 kcal/mol compared to the previous 10.9
kecal/mol. As expected, the proton on His77 has made this pathway less
likely. The terminal pathway going over Cys492 actually has a somewhat
lower barrier than before, 7.8 kcal/mol compared to 12.0 kcal/mol
previously. This means that if His77 is protonated the favored pathway
is now the non-bridging one, leaving the proton on Cys492 rather than
on Cys495.

The next step of electron and proton transfer occurs for a structure
similar to the one in Fig. 7. The calculated electron affinity for this
structure is 914 kcal/mol and the proton affinity of the product
is 2844 kcal/mol. The electron affinity can be translated to a redox
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potential of —0.23 V, which is much closer than before to the experi-
mental one of —0.3 V for the 4Fe-4S cluster. The calculated proton
affinity goes, as expected, in the opposite direction and is now substan-
tially smaller than the previous value of 299.2 kcal/mol. The effects of
protonating His77 on the electron and proton affinities, are both about
15 kcal/mol, but in opposite directions.

The next step is the hydride transfer which occurs in the same way as
before. The calculated barrier is only 3.0 kcal/mol. After the minor
proton motion as described in Section III.A, there is again an electron
and proton release. The calculated electron affinity is now 90.7 kcal/mol
corresponding to a redox potential of —0.26 V. The proton affinity of the
product is 289.9 kcal/mol. The entire catalytic cycle for the case with
the protonated His77 is shown in Fig. 9.

From the calculated values described above, energy diagrams can
be constructed for the catalytic cycles using the two different models.
These diagrams are shown in Fig. 10. In order to make the diagrams for
the two models comparable they were both calibrated to lead to
an exergonicity for the entire cycle of 1.0 kcal/mol. This value was
selected as a reasonable value which drives catalysis forward but still
does not waste too much energy. This calibration leads to endergonic
proton and electron releases, where the differences between the differ-
ent steps and models are taken directly from the calculated values.
An alternative procedure would have been to actually use the calcu-
lated (and experimental for 4Fe-4S) redox potentials and the calcula-
ted proton affinities (pK, values). However, considering the inherent
difficulty to accurately predict these values by calculations, it was
considered more informative to construct energy diagrams based on
a reasonable calibration. This will undoubtedly lead to more accurate
energy diagrams.

With the relatively large difference of 15 kcal/mol for the calculated
redox potentials and pK, values for the two models, the most interest-
ing aspect of the energy diagrams in Fig. 10 is that they are remarkably
similar, in particular considering the inherent uncertainty of the
B3LYP energies of 3-5 kcal/mol. The largest difference appears for the
barrier for hydride transfer which is 4.4 kcal/mol lower when His77 is
protonated (counted from the resting state 3). With these small differ-
ences it is not clear which model corresponds best to experiments.
Since both barriers are lower for the case with a protonated His77,
and the redox potentials are more reasonable, it can be argued that
this is the best model. This model also uses only one proton transfer
pathway, which i1s a more attractive solution. However, this argument is
not very strong.
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Fic. 9. Suggested catalytic cycle for [NiFe] hydrogenase with a charged His77.

An important point to note in the energy diagrams is that the
resting state for H-H bond cleavage is not structure 1 but 3 of the
previous cycle. This means that the rate-limiting step of H-H bond
cleavage has a barrier of 174 kcal/mol for the unprotonated His77 case
and 17.5 kcal/mol in the protonated case. These barriers are somewhat
higher than the barrier of 13 kcal/mol indicated by experiments but still
within the normal uncertainty of 3-5 kcal/mol. From the experience
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Fic. 10. Energetics for the suggested catalytic cycle for [NiFe] hydrogenase.
The numbers for the structures are those from Fig. 9. The full line corres-
ponds to a charged His77, while the dashed line is for an uncharged His77.

obtained so far (23,26,27), barriers using BSLYP for the present types of
processes appear to always be somewhat high.

C. THE EFFECT OF THE SELENIUM SUBSTITUTION

In the final part of the present study the effect of substituting sulfur
by selenium for Cys492 was investigated. As mentioned in the introduc-
tion, the [NiFeSe] enzymes represent one of the major classes of hydro-
genases found in nature. Six different processes were investigated and
the results are collected in Table 1.

The most interesting aspect of the selenium substitution is how it
affects the heterolytic H-H bond cleavage. For the H-H cleavage over
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TABLE I

ENERGETIC EFFECTS (kcal/mol) OF SUBSTITUTING SULFUR BY SELENIUM IN Cys492

Process Sulfur Selenium
H-H cleavage® 5.3 5.6
H-H cleavage® 6.8 8.9
Hydride transfer 8.1 6.6
2nd e -transfer 75.4 74.1
2nd H *-transfer 299.5 2954
H™* e -transfer 59.9 55.6

The model with an unprotonated His77 was used. Zero-point effects are not included.
“Cleavage over the Ni—Fe bridge. Proton goes to Cys495.
®Non-bridging cleavage. Proton goes to Cys492.

the Ni-Fe bridge with the proton going to Cys495, the effect of the
substitution is rather small. This is expected since Cys492 is not
directly involved. The difference in the barrier heights of 0.3 kcal/mol
is within the convergence threshold of the calculations. The effect is
larger for the alternative cleavage where the proton ends up at
Cys492. Still, the difference is only 1.5 kcal/mol. The fact that the
barrier is lower for the sulfur case is not unexpected since selenium is
more acidic than sulfur. It appears clear that selenium is not being
substituted to make the heterolytic H-H bond cleavage more efficient.
For the hydride transfer the effect of the selenium substitution
goes in the opposite direction compared to the H-H bond cleavage,
with a 1.5 kcal/mol lower barrier for the selenium case. This effect
can be explained by a larger mobility and acidity of selenium. The
mobility is indicated by the bond distance to nickel which is 2.30 A
for the hydride in the sulfur case and 240 A for the selenium case.
At the transition states the Ni—S and Ni—Se distances increase to
244 A and 261 A, respectively. It is also interesting to note that the
Se-H distance of 1.71 A at the transition state is shorter than the S-H
distance of 1.83 A. Since selenium is more acidic this indicates a
dominating hydride character of the hydrogen at the transition state.
For the first proton and electron transfers, the substitution is not
expected to have any significant effects and these processes were
therefore not studied. For the second electron transfer there is a small
effect of 1.3 kcal/mol, with the lower redox potential in the selenium
case. The effect on the second proton transfer is larger with 4.1 kcal/
mol, which is the most significant effect that can be noted in the
table. It is thus much easier to remove the proton from selenium
than from sulfur, which is expected since selenium is more acidic.
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IV. Conclusions

The entire catalytic cycle of [NiFe] hydrogenase has been studied
using hybrid DFT with larger models than used previously. Several
different models were used, the two leading ones with a charged and
uncharged His77. Normalized to give the same exothermicity, these
models give quite similar shapes of the energy curves. There are two
main transition states to be passed, for H-H cleavage and for hydride
transfer. The model with the charged His77 gives somewhat lower bar-
riers for these steps. The charged model also gives more reasonable
redox potentials. An interesting difference between the two models is
that the uncharged model has to make use of two different proton
channels, while the charged model uses only one, the one suggested by
experiments. Both models agree that it is the NiFe(II,II) state that
activates the H-H bond in agreement with experiments, but in dis-
agreement with previous B3LYP results using smaller models. The
reason for this is that inclusion of charged second shell residues stabi-
lizes the —2 charge of the NiFe(IL,II)-core substantially. The origin of
the peculiar X-ray structure for the reduced enzyme with a short Ni—Fe
bond and one long Ni-S bond was analyzed. The origin of the short
Ni—Fe bond is suggested to be the presence of a bridging hydride, in
agreement with most previous suggestions, but in disagreement with
some. The presence of the hydride is also suggested to be the reason
for the long Ni—S bond, since the hydride takes a position in the
stable equatorial plane, where all ligands have short distances. This
pushes one of the sulfur ligands out along the the less stable axial
coordination.

The effects of substituting sulfur by selenium in Cys492 was also
investigated. The largest effect was found for the proton affinity (pK.,-
value) which is 4.1 kcal/mol lower for selenium, in line with its expected
higher acidity. The barrier for hydride transfer is somewhat lower
for selenium, while the H-H cleavage barrier is actually higher.
The selenium substitution is therefore suggested to simplify hydride
and proton transfers, but not to make H-H bond cleavage easier.
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|. Introduction

The coordination of a dihydrogen molecule (H,) to a transition metal
complex in W(CO)3(P'Pr3)o(Hs) (Fig. 1), was discovered about 20 years
ago (1,2) and was the first well-established o-complex. In this complex
the Hy ligand is nearly intact with a stretched H-H bond (H-H dis-
tance is 0.89 vs. 075 A in free Hy) while dihydrides have H-H >1.6 A.

H J/ H
LM — | LM
H AN
H
nz-Hz complex dihydride complex

1) 2
Since then nearly 600 metal-H, complexes, representing every transi-
tion metal from vanadium to platinum, have been isolated or observed
127
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Fic. 1. ORTEP drawing of the structure of W(CO)3(P'Prs)s(Hy), showing
intact H-H bond elongated to 0.82(1) A. Lower phosphine is disordered.
The actual H-H distance is longer (0.89 A from solid-state NMR) because
rapid rotation of the Hy results in foreshortening of the neutron distance.

spectroscopically, and over 1000 papers have been published relating
to this field (3-8). Extensive computational analyses of the structure,
bonding, and reactions of coordinated dihydrogen have been carried
out because of the innate “simplicity” of the H, ligand (9-12). However,
this is quite deceptive because M-H, systems have proven to exhibit
astonishingly complex structure, bonding, and dynamics, including
quantum mechanical behavior. The Hy complexes are the most pro-
minent members of a rapidly growing class of compounds referred to
as o complexes which contain a 3-center interaction of the bonding
electron pair in H-H or other X-Y bonds with M (7, 8). These com-
plexes complement classical Werner-type compounds (4) where a
ligand donates electron density through its non-bonding electron pair(s)
and m-complexes (5).

H H \é
/
M
U@ BT 7> 1 G|
H H C
/%
o-complex Werner complex m-complex

3 (O] (©)
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(‘ O o* W 5 B ~ B
2 I n H
MC i) o
H M M
% H N4+ H T
O H—C'—| H
W H
M-H, boranes,
o complex Hs*, CHg* bridging hydride
N/
si— [N N
M- / M—— / M-— /
H H H
M-silane agostic M-alkane
o complex complex oc complex

Fia. 2. Examples of non-classical 3-center, 2-electron (3c—2e) bonding.

The side-on (%) bonding in M-n?-H, and other c-complexes has
been termed non-classical, on analogy to the 3-center, 2-electron bond-
ing in non-classical carbocations and boranes (Fig. 2). One of the first
questions raised when Hy, complexes were discovered is whether they
would be important in catalytic reactions. As will be shown below the
answer is an emphatic yes, as exemplified by the elegant asymmetric
catalytic hydrogenation systems of Nobel-laureate Ryoji Noyori. Also,
the mechanism of catalytic silane alcoholysis directly involves two dif-
ferent ¢ complexes: M(n?-Si—-H) and M(n?-H,). In both of these systems,
the crucial step is heterolytic cleavage of the H-H and/or Si-H bond,
the primary subject of this review.

Positively-charged fragments such as [ML,] ", CH{, and H" are all
strong electrophiles (“superelectrophiles” in the extreme sense (13))
towards the Lewis basic H,, but transition metals can uniquely stabi-
lize Hy and other o-bond coordination by back donation from d-orbitals
that main group analogues cannot do. This bonding is then remark-
ably analogous (I14) to the Dewar—Chatt-Duncanson model (15) for

n-complexes (6).
* \ 5 G*
N D o
< 4
S5 RSG

M-n bond M-c bond
6) @)
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Thus, H, is a good n-acceptor ligand like CO and ethylene. In prin-
ciple any X-Y o bond can coordinate to a metal center providing that
steric and electronic factors are favorable, e.g., substituents at X
and Y do not block the metal’s access. A large number and variety of ¢
bonds have been found to interact intermolecularly (8) or intramol-
ecularly (9, 10) with metal centers.

o complex agostic (8, v, ...) a-agostic
X r\ X
—_ X Y

M—/ M—/ | y

Y Y M
H-H, B-H C-H, Si-H, C-H, Si-H,
C-H, Si—H, B-H, N-H S-H, P-H,
Ge-H, Sn-H C-C, Si-C C-P,C-B, C-N

(8) 9) (10)

A coordinated o bond X-Y can be cleaved as exemplified in Eq. (1)
for X = Hand Y = H, a process termed oxidative addition (OA).

M H ax M
- M=| > M i M
H Ng Ny (1)

I-I

074A 081.0A 10-16A >1.6A

A large variety of dihydrogen complexes have been isolated and
found to display a near continuum of H-H distances ranging from
0.82 A to nearly 1.6 A, at which point the complex is best viewed as a
“compressed dihydride” (6b). The OA process can thus be arrested at
various points along the reaction coordinate merely by varying the
M-L sets, thus changing the electronics at M. When M — H, back
bonding becomes too strong, e.g., if more electron-donating co-ligands
are put on M, the ¢ bond breaks to form a dihydride because of over-
population of its antibonding orbital. Depending on electronic and
steric factors, Eq. (1) can (and often does) rapidly proceed to comple-
tion without any sign of the intermediate structures. Oxidative addi-
tion and the reverse reaction, reductive elimination, are fundamentally
important to catalytic processes such as hydrogenation.

Importantly, H, can bind in stable fashion to very electron-deficient
metal centers, which are weak back bonders, nearly as well as to more
electron-rich M that promote OA. Calculations show that for highly
electrophilic M the reduction in back donation is almost completely
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heterolytic o complex oxidative
cleavage " addition
o
] i _H
[M-H] + H" =— M=—1 — M{
H
electrophilic M nucleophilic M
strong ¢

weak ¢ | stable o | complex | oxidative
complex | complex elongated addition
H-H

-~—— ¢ donation
backdonation —————

X-H distance ———
SCHEME 1.

offset by increased electron donation from Hs to the electron-poor M.
Thus there are two completely different pathways for cleavage of H-H
and X-H bonds: homolytic cleavage (OA) and heterolytic cleavage on
electrophilic metal centers (Scheme 1).

In the latter case, which will be the primary focus of this chapter,
the n%-H, ligand becomes acidic, i.e., polarized towards H° —H°*
where the highly mobile H"is ready to transfer. Both pathways have
been identified in catalytic hydrogenation and may also be available for
other o bond activations such as C-H cleavage. Heterolytic splitting of
X-H bonds via proton transfer to a basic site on a cis ligand or to an
external base is a crucial step in both industrial and biological
processes. For Si—-H bonds coordinated to electrophilic cationic metal
centers, the X—H bond becomes polarized in the opposite sense: Si(§ 1)
H(@7), i.e., silicon becomes positively charged because it is more
electropositive than H.

+

, RaSi-H SiR,|*
LoMI" — |[LM—T | —» LM—H + SiR;*
H | @)
5= X=0H, Ci v X~

R,SiX

In Eq. (2), very reactive silylium ions are effectively eliminated or,
more likely as will be discussed in Section III, the bound silicon is
attacked by nucleophiles such as adventitious water or chloride from
solvents such as dichloromethane. Similarly, a coordinated B-H bond
in a BH5-PMe; ligand in [Mn(CO)(PR3)(BH;-PMe3)] ™ has recently
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been found to cleave to give H~ (MnH(CO)4(PR3)) and “[BH,- PMes] ©”
(16) (Section IV).

The interrelationships between activation of Hy and other o-bonded
molecules such as alkanes and silanes are highly significant because
catalytic conversion of methane and other alkanes is strongly being
pursued (I7-19). An important question thus is whether C-H bonds
in alkanes, particularly CH,, can bind to “superelectrophilic’ metal
centers to form a o alkane complex that can be split heterolytically
where proton transfer to a cis ligand (or anion) takes place followed
by functionalization of the resultant methyl complex (Eq. (3)).

I X I y o

CH, | hesr -HX I
LM—S8 —» | M—| ~——p | M—CH; —>» CH,Y
n n CH3 v n 3 3 (3)
&= 9

S = weak ligand or vacancy

This challenging question will be addressed in Section IV.

II. Heterolytic Cleavage and Acidity of Coordinated H,
A. BACKGROUND

One of the oldest, most significant, and widespread reactions of Hy
on metal centers is heterolytic cleavage, which involves essentially
breaking the H-H bond into H' and H™ fragments (4,20). The hydride
then ligates to the metal and the proton migrates to either an external
Lewis base or an ancillary ligand or anion. Initially heterogeneous
catalytic hydrogenation reactions predominated, and only two docu-
mented examples of homogeneous catalytic activation of H, by metal
complexes were reported prior to 1953 when Halpern began his
seminal studies (21). The first dates back to 1938 when Calvin reported
that copper(I) salts such as Cu(l) acetate catalyzed reduction by Hy of
substrates such as copper(Il) and quinone under mild homogeneous
conditions (22). Surprisingly this discovery was not well recognized or
even followed up for 15 years, partially because metal-hydride bonds
were not well-characterized or even generally accepted until about
1955 (dihydrogen complexes were not discovered for another 28 years
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after this). Although heterolytic splitting of H, can occur via several
mechanisms that may or may not involve dihydrogen complexes as
intermediates, emphasis will be placed on the latter here.

There are two ways this can take place on H, complexes generated
either by addition of Hy gas to unsaturated precursors (as shown in
Scheme 2) or, alternately, by protonation of a M-H bond (4,5,8).

H3- M— H - HA M—H

intramolecular

8 +A 3
LIPA L e T L
e e — —
M—0O M—| M—H e
H o=
intramolecular
Tea e
[ e B [ Wb e IAr I
M—| 7 M- - = M—
Ho- H

intermolecular

{1 = coordinatively unsaturated site (e.g., 16e) or weak solvent ligand

SCHEME 2.

The n?-H, ligand becomes acidic, i.e., polarized towards HO——H5+
where the highly mobile H *is ready to transfer. Intramolecular hetero-
lytic cleavage involves proton transfer to a cis ligand L (e.g., H or Cl) or
to the counteranion of a cationic complex (for salts such as copper
acetate used by Calvin, the acetate anion is protonated to form acetic
acid). Intermolecular heterolytic cleavage involves protonation of an
external base B to give a metal hydride (H™ fragment) and the conju-
gate acid of the base, HB ™. This is essentially the reverse of the proto-
nation reaction commonly used to synthesize Hs complexes (all the
reactions in Scheme 2 can be reversible), and the [HB] ' formed can
relay the proton to internal or external sites. Such base-assisted hetero-
lytic cleavage of H, as well as the acidity of Hy complexes and hydro-
gen transfer reactions in general have been studied theoretically (9-12).
Intramolecular splitting is closely related to o-bond metathesis
processes that generally occur on less electrophilic centers (8).
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Although the heterolytic process here is formally a concerted “ionic”
splitting of Hy as often illustrated by a four-center intermediate with
partial charges, the mechanism does not have to involve such charge
localization. In other words, the two electrons originally present in the
H-H bond do not necessarily both go into the newly-formed M—H bond
while a bare proton transfers onto L or, at the opposite extreme, an
external base. The term o-bond metathesis is thus actually a better
description and may comprise more transition states than the simple
four-center intermediate shown above, e.g., initial transient coordina-
tion of Hy to the metal cis to L and dissociation of transiently bound
H-L as the final step. Examples of this type of activation will be given
in this Section.

Importantly, H, gas can be turned into a strong acid on binding to
electrophilic cationic complexes. Free H, is an extremely weak acid
with a pK, near 35 in THF (23), and heterolytic splitting of n*-H, in
relatively electron-rich neutral complexes is usually achieved only by
strong bases. For example, we have shown Eq. (4) that copper alkoxides
deprotonate W(CO)3(PR3)o(Hy) and FeHo(Hg)(PRj3)s to give heterobi-
metallic species with bridging hydrides (24).

H
R,
Pr.. | WP CuOBU)P) /H\ t
. /F|e\H ———> Pe—Feoup Cu(P) + BuOH (4)
2
H

However, when Hj is bound to a highly electrophilic cationic metal
center, the acidity of Hy gas can be increased spectacularly, up to 40 orders
of magnitude. The pK, of Hy can become as low as —6 and thus the
acidity of n°-Hs, becomes as strong as that in sulfuric or triflic acid. As
discussed in reviews by Morris (45) and Jia (25) and further work by
Morris (26,27), such pK, values are usually determined by NMR mea-
surement of the concentrations of M—H, complexes in equilibrium with
an external base such as a phosphine or amine. Electron deficient
cationic and dicationic Hy complexes with strong short H-H bonds
(<09 A) and weakly bound H, such as [Cp*Re(Hy)(CO)NO)] " and
[Re(Ho)(CO)4(PR3)]t are among the most acidic complexes (Table I).
These acidic complexes typically have relatively high values of Jup
for their n*-HD isotopomers, although pK, values do not correlate
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TABLE I

REPORTED pK, VALUES (PSEUDO AQUEOUS SCALE) AND CORRESPONDING oJyip
OF SELECTED H, COMPLEXES, EMPHASIZING HIGHLY ACIDIC SPECIES

Complex pK, Jup, Hz Reference
[Cp*Re(Hy)(CO)YNO)] * -2 27 32
[Re(H)(CO)4(PPhy)] + —2tol 33.9 32b
[FeH(Hy)(depe)s] * ~16 28 136
[FeH(Hy)(dppe)o] * 121 30 136
[FeH(H,)(dtfpe)s] * 7.8 32 136
RuHy(H,)(PPhy)s 17 137
[CpRu(Hy)(dmpe)] * 101 22.1 30
[CpRu(H)s(dppe)] ™ 75 hydride 138
[CpRu(Hy)(dppe)] 70 24.9 138
[CpRu(H)(dfepe)] -5 29.1 189
[OsCI(Hy)(dppe)o] © 74 139 140
[Os(CH;CN)(Hy)(dppe)o]* * -2 21.4 26
[Os(CO)(Hs)(dppp)o)® " —57 32.0 141

Depe =1,2-bis(diethylphosphino)ethane; dppe =1,2-bis(diphenylphosphino)ethane;
dfepe = (CyF5)o, PCoH,P(CoF5)y; dtfpe =1,2-bis[di-(p-trifluoromethylphenyl)-phosphino]ethane;
dppp = 1,2-bis(diphenylphosphino)propane; dmpe = 1,2-bis(dimethylphosphino)ethane.

well with Jyp except within specific complex types such as [FeH(Hs)
(depe)s] t versus [FeH(H,)(dppe)s] . Positive charge and electron with-
drawing coligands such as CO or dfepe, particularly when ¢rans to Ho,
greatly increase the acidity. A good example of the effect of charge
1s W(CO)3(PCys)2(Hy), which as noted above can be deprotonated
only by strong bases such as alkoxides and KH but can be electro-
chemically oxidized to [W(CO)5(PCy3)2(Hs)] T that now is acidic enough
to protonate weakly basic THF solvent (28).

Crabtree first demonstrated heterolytic cleavage of n*-H, as in
Scheme 2 by isotopic labeling studies to show that the H, in [IrH(Hy)
(bq)(PPhs);] * is deprotonated by LiR in preference to the hydride
ligand (29). A milder base, NEts, was shown by Chinn and Heinekey
(30) to specifically deprotonate the n?-Hy tautomer in the equilibrium
mixture (84:14 ratio of n?-H, to dihydride form) in Eq. (5):

[CpRuH,(dmpe)]” == [CpRu(H,)(dmpe)]"

NEt;
== CpRuH(dmpe) + [NEt;H]" (5)

This indicated a pK, of 17.6 in CH5;CN, and, more importantly, NMR
evidence showed that the H, tautomer is deprotonated more rapidly
than the dihydride form, which showed a greater kinetic acidity of the
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H; ligand (the dihydride is actually a slightly stronger acid with a pK,
of 16.8). The main reason Hy complexes have greater kinetic acidity than
classical hydrides of similar structure is that deprotonation of an H,
complex involves no change in coordination number. Also the n*-Hy can
become polarized towards H®—H®*, and HT is exceedingly mobile,
especially for cationic complexes. Surprisingly the nature of the anion
(e.g., BF; vs. BPh;) can significantly affect the kinetics of deprotona-
tion here, probably via interaction of the anion with the H, ligand, as
recently described for deprotonation of [FeH(Hs)(dppe)s] © by EtsN (31).
The reason is that the size of the anion can hinder the approach of
the base to the bound H, if the anion is associated with the Hs. The
above reactions and the ability of acidic H, ligands to protonate
substrates such as olefins and Ny are relevant to processes such as
1onic hydrogenation (see below) and also the structure and function
of metalloenzymes such as hydrogenases. Analogous increased acidity
of C-H bonds in metal-alkane interactions is expected to be important
in alkane activation such as methane conversion to methanol.

B. INTERMOLECULAR HETEROLYTIC CLEAVAGE OF COORDINATED Hy

One of the best examples of intermolecular heterolytic cleavage of
n2-H, is the protonation of ethers by extremely electrophilic cationic
H, complexes containing electron-withdrawing ligands such as CO
[Egs. (6)~(7)] (32).

M—H + H* —[M—HyJ* 20 [M,(uH)]* + Et;OH* + H,
M = Cp*Ru(C0)2, Cp*Re(CO)NO) (6)
[M'—CH,Cly]" + Hy — [M'—Hy]* = [Mj(u-H)]* + Pr,OH* + H

M’ = cis-Re(CO),(PR;) (7

In all cases, a hydride-bridged complex is the product even though
the mononuclear hydride M-H is known in Eq. (6) and is used to gen-
erate the thermally unstable Hy complex by protonation with HBF,.
A mononuclear hydride complex is not observed by NMR in Eq. (7),
indicating strong thermodynamic preference for the p-H dimer.
Interestingly, the hydrogenase enzymes that heterolytically activate
H, (see below) have dinuclear active sites that are capable of forming
bridging hydrides by reversible protonation of M—M bonds. The pK, of
bound H, in Egs. (6)(7) can be estimated to be near —2 (the pK, of
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Et;OH ™' is —24 in sulfuric acid (33)), although the irreversible forma-
tion of the p-H product provides a driving force for deprotonation that
could raise the effective pK, of the H, complex a few units. A notable
difference between Egs. (6) and (7) is that [Re(Hy)(CO)4(PRy)] ™" is
synthesized directly from reaction of Hs with an isolable precursor (32b),
while the Cp complexes are formed by protonation of a hydride with a
strong acid (32a). Only a few other examples of highly acidic n*-H,
directly generated from H, are known (34-38). Although we are not
aware of specific examples, it would seem likely that contacting H,
gas with electrophilic metal centers in the solid phase (e.g., supported
complexes) could effectively generate a solid acid potentially useful in
heterogeneous systems.

A crucial initial step in heterolysis of ¢ bonds is generation of a
complex with either a coordinatively unsaturated site or more com-
monly a site occupied by a weak, easily displaceable ligand such as a
solvent molecule. Dichloromethane is very convenient here because it is
an excellent solvent for cationic complexes and forms isolable com-
plexes despite the high lability of the CH,Cl, ligand. A good synthetic
route to CH,Cl, complexes is abstraction of a methyl ligand using
a trityl salt with a low coordinating anion such as BAr; (B[3,5-
CeH3(CF3)q]; ). For example, treatment of [cis-Re(Me)(CO)4(PR3)] (R=
Ph, Cy) with [Ph;C][BAr¢ in CH,Cl, solution produced [cis-Re(CO),
(PR3)(CH2Clp)][BAry] [Eq. (8)] (32b).

PR PR3

OC, | CO [Ph3Cl[BArE] OCn, | \CO BAM]
Re > e e

oc” | “NcH, CH,C, oc” | “NcicH,Cl (8)
co ~PhsCCH, co

R = Ph, 'Pr, Cy; 80-81% yields

The complexes are moderately air stable in solid and solution,
although the coordinated CH;Cl; is quickly replaced by adventitious
water. They are stable for weeks under inert atmosphere at —30°C, but
CH,Cl; solutions decompose at room temperature within days to form
chloride-bridged dimers {[cis-Re(CO)4(PR3)]o(1-Cl)}{BAr¢}. The fact
that CH,Cly (as well as Et;O) complexes are isolable is attributed to
the strong electrophilicity of the 16e [Re(CO)4(PR;)]" fragment. This
1s in direct contrast to Heinekey’s analogous bis-phosphine complexes,
[mer-Re(CO)3(PR3)s][BArs], which are isolated as agostic complexes
(intramolecular phosphine C-H binding) from [mer-(PRs)sRe(CO)sMe]
and [H(OEty)s][BAr;] in CHyCly (39). Furthermore, the importance
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of a non-interacting counterion for weak ligand binding in this and
other highly electrophilic systems is reflected by the isolation of
anion-coordinated derivatives cis-Re(CO),(PPhs)(FBFs) and cis-Re
(CO)4(PPhg)(OTeF5) (40—42).

Although dichloromethane has been traditionally thought of as a
non-coordinating solvent, the isolation of stable CH,Cl; complexes has
been a recurring theme in recent literature (43-48), particularly for
extremely electron deficient cationic metal centers with low-interacting
anions such as BAr;. From crystallographic evidence, CH5Cl; coordi-
nates either monodentate, as in [Cp*Ir(PMes)(CH3)(CH;Cly)][BAr] (45)
and [trans-PtH(P'Prs)o(CH,Cly)][BAr¢] (46) or bidentate, as in [RuH(CO)
(P'BusMe)s(CH,Cly)][BAre] (48). The X-ray structure of [Re(CO),(PPhs)
(CH,Cly)][BAr] verified that the coordination mode about Re is octa-
hedral and the CH,Cl, is monodentate (as in Fig. 5). In these highly
electrophilic complexes, the CH,Cl, is actually tightly bound in the
solid complexes and cannot be removed in vacuo, but is quite labile in
solution.

Despite the lability of CH,Cl, in [Re(CO)4(PR3)(CH5Cly)] tin CD,Cl,
solution at room temperature, no peaks attributable to the expected
n%-H, complexes were observed in 'H NMR spectra taken at —80 to
20°C under H, atmosphere. However, when solutions in non-coordinat-
ing CgD5F were placed under 3 atm of Hs, broad resonances for n?-H,
were observed at —4.69 ppm for [cis-Re(CO),(PPhs)(H,)][BAr¢], and
—5.12 ppm for the PCy; analogue. The resonance for free H, was broad
at room temperature for both complexes, indicating exchange with
coordinated Hs. The addition of H, was completely reversible, and
when solvent was removed in vacuo and the residue redissolved in
CD5Cly;, NMR spectra showed signals due only to the CDyCly; complex.
The Hy; complexes could not be isolated due to loss of Hy and decom-
position in CgH;sF solutions. To verify that these resonances were due
to Hy rather than dihydride ligands, the HD complexes were prepared,
and the Jyp coupling constants were measured to be 33.9 and 33.8 Hz
for the PPhs and PCys; complexes, respectively. The high Jyp observed
for these complexes is consistent with those observed in other elec-
trophilic cationic M(H;) systems and suggests a short H-H distance
of ~0.87 A and a bonding picture in which the metal-H, o interaction
is greatly enhanced relative to the back bonding interaction (8).

Although the 'H NMR signals for coordinated Hy, were not observed
in CD,Cl, solutions of [Re(CO),(PR3)(H,)] ™, heterolytic activation of
H, was evident in CH,Cl, by protonation of free diisopropyl ether.
When Pr,0 (4-10 equiv) was added to CD5Cl, solutions of the CH,Cl,
complexes followed by placement under H, atmosphere, complete



ELECTROPHILIC METAL CENTERS 139

conversion to the hydride-bridged dimers {[cis-Re(CO),(PR3)]2(n-H)}
{BAr;} was observed [Eq. (9)].

co + (1) iPr0 co Sk
OCu, Ie-““CO @Fe(1atm) locw, [:CO0C.T w00\ o e o
—_—p -2
0c” | SeicHCl CH,Ch oc” Ie\H/ I~ co ®)

PR3 PR3 PR3

This suggests that CH,Cl, and H, complexes are in equilibrium in
CH,Cl; solutions, but the exchange is too fast on the NMR time-scale
to observe the intermediate Re(H,) complex. Heinekey has observed
similar deprotonation of [Cp*Re(CO)(NO)(Hy)][BF, with Et,O to
provide a hydride bridged dimer (32a). The pK, of [Re(CO)4(PRs)(Hy)] +
can be estimated to be approximately —2, although it is likely to be
higher because the coproduct is a hydride-bridged dimer. Irreversible
formation of the dimer provides a driving force so that even if the Hy
complex has a pK, of 1 or possibly higher, it would still be deprotonated
by a base that has a conjugate acid form with pK, —2. Thus a more
conservative estimate of the pK, would be 1 to —2.

The heterolytic activation of Hy in the above system is particularly
interesting in that it may be applicable to reactions in which ionic
hydrogenation of hindered substrates from a metal catalyst and H, is
desired. In 1989, Bullock reported the first examples of ionic hydro-
genation wherein a mixture of an organometallic hydride such as
CpMoH(CO); and a strong acid like HO3SCF5 reduces sterically hin-
dered olefins to alkanes via protonation to carbocations followed by
hydride transfer from the metal hydride [Eq. (10)] (49).

~ __ HOTf HooH
/C—C\ + CpM(CO)H ——— » _-C—C—_ + CpM(CO),(OTf)
-50°C, 5 min AN

(10)

Several other examples have since been reported, including hydro-

genation of alkynes and ketones (50). It is likely that an acidic Hy (or

dihydride) complex is involved in the proton transfer step of some of
these reactions [Eqg. (11)].

R
+ >=o0

H R

M— |
H

+
MH + HA —

*

+ MH

R
g~ OH

A

Y
R,CHOH + MA <—— [M(OHCHR,)]* A~

A

(11)
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FQIG. 3. Mechanism for catalytic hydrogenation involving heterolytic cleavage
OfT] -H2.

A good example of a catalytic hydrogenation process proposed to
involve heterolysis of Hy on an acidic cationic Hy complex is shown in
Fig. 3 (51). Treatment of the silyl enol ether 1a with H, in the presence
of a catalytic amount of 2 in benzene at 50°C for 3 h gives the cyclo-
hexanone 3a and MesSiH in nearly quantitative yield. Based on stu-
dies using D,, the initial step is thought to involve proton transfer
from n?-Hy in 4 in Fig 3 to the oxygen atom of la to give 3a, the
neutral hydride 5, and Me3sSiOTf from the triflate anion. The latter
can accept a hydride to form known 2, which then converts back to
4 under H,. A delicate balance between the acidity of n*-Hs in 4 and
the nucleophilicity of the hydride 5 might be critical here.

C. INTRAMOLECULAR HETEROLYTIC CLEAVAGE OF Hy

1. Proton Transfer to Ancillary Ligands, Dihydrogen Bonding

Intramolecular heterolytic cleavage of Hs is one of the oldest reac-
tions of Hy and is among the first homogeneous catalytic conversions.
n%-H, can protonate a counteranion or a basic ancillary ligand, either
at the M-L bond or at a ligand lone pair. Intramolecular heterolysis of
H-H is most likely an essential step in many diverse systems ranging
from industrial processes to the function of metallo enzymes such as
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hydrogenase. These include heterogeneous catalysis such as in the
worlds largest man-made chemical reaction, hydrodesulfurization of
crude oil on metal sulfides, typically MoS, and RuS,. Heterolysis of
H, on these and other sulfides to form M-H and M-SH groups is well
known (52) and has been modeled calculatively on NiS and a NigS,
cluster (62b,c). A transient Ni-H, species is calculated to be stable
by ~16 kcal/mol and energetically capable of transferring one H to S
[Eq. (12)] (52b).

H— /SH
//\/ . / (12)
\’/ \//

H
0.95 | — Ni———
H

Such cleavage can also occur to transform terminal oxo ligands to
OH ligands, as recently shown in reaction of Hy with a sulfido-bridged
complex Cp*W(O)(u-S);RuX(PPhg), in the presence of NaBAr; to give
[Cp*W(OH)(u-S)sRuH(PPhs)s][BAr] (53). The imido (NPh) analogue
gave a similar reaction, and a mechanism involving formation of a
transient Ru-H, ligand followed by heterolysis involving initial proton
migration to a sulfido ligand to give a u-SH intermediate was not ruled
out. The acidic SH group could then readily deliver the proton to the
more basic oxo group.

Catalytic H/D scrambling of mixtures of Hy, and D5 often takes place
via intramolecular heterolysis of Hy, as will be discussed further
below. A recent example was proposed to involve cleavage of Hy/D,
and proton transfer to NO ligands (Scheme 3) (54).

SCHEME 3.
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Although the protonated NO ligands were not observed, analogous
heterolysis of a silane did give a complex with a silylated nitrosyl
ligand, Et3Si0ON, as will be shown in Section IIIB.

Intramolecular heterolysis of Hy with elimination of HX is com-
monly observed under homogeneous reaction conditions as shown in
Eq. (13) (565-57).

L,MX + Hy—>L,MX(H,)—>L,MH [or L, MH(H,)] + HX (13

This scheme is useful for preparative and catalytic chemistry, e.g.,
a metal halide (including bridging X) can be converted to a metal
hydride in the presence of base or under phase-transfer or high pres-
sure conditions. Another important type of heterolytic cleavage of
H, is shown in Eq. (14) (568,59).
_‘ 7
I .

—I +
NHz SN TNH3

“ ]
SN TNHp
Ha
O Ny —>

Ir— I’-‘\P H ) — A (14)
PI ] OH, —HY0 P/ 'I'\ | 5+ '|r\H
H H Hs P H

The conversion is completely reversible by removing the H, gas from
solution and is remarkably sensitive to phosphine size and ion-pairing
effects. Equation (14) is facilitated by hydrogen bonding interactions,
e.g., Eq. (15) where the OH and IrH hydrogens scramble via rotation

of the H ligand.
T so);
| P | P (15)

H-—Ir——-—N H—lr-—N
H'---H-o H—H ----- o
L

The H---H interactions (1.75-1.9 A) here and related systems are
referred to as “proton-hydride bonding” by Morris (60-62) and “dihydro-
gen bonding” by Crabtree (63-65), who along with others (66-68) have
studied or reviewed such unconventional hydrogen bonds that include
M-H..-H-M’, M-H..-H-X, and X-H..-o interactions in general
(X=C, N, P, O, etc). These complexes represent intermediates in the
heterolytic splitting of H, and illustrate both the basicity of the M-H
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bond and the acidity of n?-H,. The interactions can be comparable in
strength to classical X—H - - - (lone pair) hydrogen bonds (3-7 kcal/mol).
The discovery of the dihydrogen bond and new findings in this area
have given significant rebirth of interest in hydrogen bonding in
transition metal chemistry (69).

The first direct observation of equilibrium between an acidic H,
complex and a corresponding hydride complex with a protonated
ancillary ligand is shown in Eq. (16) (70).

PPh + H PPhs +
| s ] | ]
S/, | W\CO Siyy,, 1 \CO 16)
(l \/ == N/i
= PPh, H PPh,

Several other cases of n%-H, ligands reacting intramolecularly with
thiolate and sulfide ligands are known or believed to be intermediate
steps in for example SH ligand formation from reaction of sulfides with
H, (71-82) and are relevant to biological systems such as hydrogenase
enzymes (see below). In order for proton transfer from n*-H, to a coor-
dinated base to occur, the pK, of the H, ligand and the protonated base
must be similar. Morris has estimated that coordinated alkanethiol
ligands have pK, values between 5 and 10, which matches well with
the acidity of many H, ligands (80). Protonation of an anionic Ru
hydride using CD30D gives an unstable HD complex [Eq. (17)] (77).

_"_1 ~ Li(THF)(OEty)*
% > s

£ I8 ~wPCy, CD;0D IS// | PCy, (17)
e
\ P \
S/ | H  THF-dg -50°C S |

o &

This reaction can be reversed by displacing the Hy by DMSO to give
Ru(DMSO)(PCy;)(S4), which yields Na ™ [RuH(PCys)(S,)] and MeOH
when treated with Hy in the presence of NaOMe. This demonstrates
that Hy can be heterolytically cleaved at M-S sites, and a mechanism
had been elucidated for an analogous neutral Rh-hydride system
(75,76). In this case the electrophilic metal and the basic thiolate donors

attack the m*-H, in concerted fashion to give an identifiable thiol
hydride species, [RhH(PCys)(""S,-H)] *. The similarity between the Ru
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and Rh systems suggest that the HD (or a Dy) ligand in Eq. (17) can be
intramolecularly cleaved [Eq. (18)], which is essential to rationalize the
Dy/H™" exchange between D, and EtOH that these complexes catalyze.
H + _
_ M—p -H _
'|V| [_|) _ — M D—I (18)
S S

For the Ru system the thiol hydride could not be detected, while for
the Rh system and also [IrHy(HS(CH,)sSH)(PCys)s] ™ (which similarly
catalyzes Dy/H™ exchange (79)), the Hy complex could not be seen but
is a transient. A related system, Ni(NHP"Prs)(S3) clearly shows that
heterolysis of Dy can also occur at nickel sites, which may be relevant
to Hs activation in [FeNi] hydrogenases (78).

The above intramolecular proton transfer from bound Hs to sulfur
or other Lewis-basic ancillary ligands is of great interest in modeling
the function of redox active sites in biological systems, particularly
metallo enzymes such as hydrogenases (H-ases) and nitrogenases.
Biological activation as well as production of “inert” o-bonded com-
pounds such as Hy, and CH, have been known for many decades, but
the mechanisms had remained a mystery. H-ases are redox enzymes
that catalyze reversible interconversion of Hy, and protons to either
utilize H, as an energy source or dispose excess electrons as Hjy

[Eq. (19)].
H, = 2H' + 2e~ (19)

Both CO and cyanide ligands have been identified in the dinuclear
active sites of iron-only H-ases that are remarkably organometallic-like
and could bind and heterolytically split Hs, most likely at an octahedral
site trans to the bridging CO (83).

N c. O R CN
Oc\ LN \ ,CO

/‘"\’S/ \H

S\R

As originally noted by Crabtree (84), several properties of the n?-H,
ligand such as its acidity and ability to compete with N, ligands
clearly must be considered in relation to the structure and function of
these enzymes. For example, from isotopic exchange evidence such as
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the pH-dependent reaction shown in Eq. (20), it is inferred that the Hy
molecule is split heterolytically.

H, + DO == HD + HDO (20)

An organometallic biological active site with a mix of donor and
acceptor ligands such as CO is advantageous for such activation of Hs.
The CO ligands both increase the electrophilicity of the metal centers
and impose a strong trans influence that has been asserted to favor
both reversible n*-H, binding and facile heterolytic cleavage via proton
transfer to proximal basic sites such as sulfido and cysteinyl groups
(85). This is much as in carbonyl-rich organometallic complexes such
as [Re(CO)4(PR3)(n*-Hy)] ™ discussed above [e.g., Eq. (9)]. Heterolytic
activation of Hy; on hydrogenases and a variety of complexes that
model them is discussed in an article by Darensbourg also published
in this volume (86).

Regarding the structure and function of nitrogenases in producing
ammonia from Ny, Sellmann has studied several model systems
wherein heterolytic activation of Hy occurs on sulfur ligands (87). A
core geometry based on a hybrid of the FeMoco active site structure
with a dinuclear diazene complex, [Fe(“NyS,”)]2(1-NoHy), 1s a proposed
model (Scheme 4).

In nitrogenase, H, reduction is proven by the formation of HD
from D, gas and protons derived from H,O, which occurs only in the
presence of N, [Eq. (21)].

2H" + Dy + 2¢”—2HD (21)
o) | 5 © |
Fe Fe
H20 ~—_ |/s// ~ 5~ L/SQ g
~~<o’ Fel o~ TFel
H0” | Sw e/\s H 07 | S e/\s
/N 7 s 2D5 /N 7/ S
HoN e\/ > DH N /Fe\/
S S
Ho0 —_ |/ \FeYg O/ |/ \_Feg
/Fe\s J - \S/\
S | \Mo\ &,S | =~ Q—_
N /4\ N 7
orV, Fe Do/H* exchange via heterolysis on S

and scrambling of the SD with NH

SCHEME 4.
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Sellmanns model is claimed to be consistent with the severe con-
straints imposed on this “Ns-dependent HD formation” from D, and
protons. Other modeling studies have shown that protons can be trans-
ferred from acidic Hy ligands in cationic Ru-H, complexes to Ny
ligands in W(Ny)o(P), complexes (P =phosphine donor), in some cases
even forming ammonia [Eq. (22)] (88,89).

cis[W(Ny),(PMe,Ph),] + trans-[RuCl(H,)(dppe),]” ———> NH; (22)
55°C, 24 h

Detailed studies with several Ru(Hs) complexes showed that the
yield of NHjs critically depended upon the pK, value of the Ru(H,)
complexes (89). When the W-Ny complex was treated with 10 equiv
of [RuCl(Hy)(dppe)s] t (dppe =1,2-bis(diphenylphosphino)ethane) with
pK,=6.0 under 1 atm of Hy, NH; was formed in up to 79% total yield
(free NH; plus NHj released on base distillation). If the pK, of the
Ru(Hs) complex was increased to ~ 10, the yield of ammonia decreased
remarkably. Heterolytic cleavage of Hs was proposed to occur at the
Ru center via nucleophilic attack of the coordinated N, on the coordi-
nated H, where the coordinated Ny, is protonated and a hydride
remains at the Ru atom. Only a very limited number of reactions of
bound N, with Hy are known, e.g., Eq. (23) which slowly occurs in
toluene over 1-2 weeks for a dinuclear Zr complex capped by macro-
cyclic ligands with N and P donor atoms (90).

\/ \ /
\\Z/r/ H-"2Z¢ \z<
/ \ H2 :/"’/ \ {I
N—N — H-N—N —> H’N\J H (23)
\/ \/ \/
—A~ Tan A%

However, here the reaction stopped at the stage of NoH and no NHjy
was formed.

The discovery by the recent Nobel-laureate, Ryoji Noyori, of asym-
metric hydrogenation of simple ketones to alcohols catalyzed by
trans-RuCl,[(S)-binap][(S,S)-dpen] (binap = [1,1’-binaphthalene-2,2’-diyl-
bis(diphenylphosphane)]; dpen = diphenylethylenediamine) is remark-
able in several respects (9I). The reaction is quantitative within hours,
gives enantiomeric excesses (ee) up to 99%, shows high chemoselecti-
vity for carbonyl over olefin reduction, and the substrate-to-catalyst
ratio is >100,000. Moreover, the non-classical metal-ligand bifunc-
tional catalytic cycle is mechanistically novel and involves heterolytic
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Fic. 4. Mechanism for catalytic hydrogenation in Noyoris system.

cleavage of hydrogen to form the active ruthenium hydride as a key step
(Fig. 4) which differentiates this new class of Ru(Il) catalysts from the
structurally similar classical hydrogenation catalysts. The presence of
the NH, functionality in the diamine ligand is crucial for the catalytic
activity. First, the mixed-ligand RuCl, complex 2 is converted to the
RuHX complex 3 (X=H or OR) with the aid of 2 equiv of alkaline base
and a hydride source, H,, and the isopropanol solvent. The catalytic
cycle involves two ground-state components, 3 and its didehydro com-
plex 4, that are linked by transition states T'S; and TS,. The NH, pro-
ton in 3 is key in delivering hydrogen to the ketone, while the amide
nitrogen in 4 cleaves Hs. In both steps, the Ru centers and the ligands
directly cooperate in the bond-breaking and bond-forming processes.
The 18-electron Ru hydride 3 reacts with the ketone via a six-
membered, pericyclic transition state TS, giving the 16-electron com-
plex 4 and the alcohol product. The hydrogenating ability of coordina-
tively saturated 3 originates from the charge alternating H> —Ru®*—
N°"—H®" arrangement which meshes well with the C°" =0°" dipole.
Thus, the hydride on Ru possesses sufficient nucleophilicity, while the
NH moiety exhibits a hydrogen-bonding ability to activate the carbonyl
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function. Because of the unique Ru®*—N°~ dipolar bond, 4 splits H, in
a heterolytic fashion via T'S; to restore the Ru hydride 3. Alternatively,
3 may be regenerated from 4 and Hy by way of 5 and the dihydrogen
complex 6 by action of protic medium and base.

The above mechanism is novel in that it does not require the inter-
action of a carbonyl moiety with the metal center. Neither a ketone/Ru
complex nor a Ru alkoxide is involved in the mechanism, and the alco-
hol forms directly from the ketone. This non-classical mechanism also
explains the high functional selectivity for the C=0 group. When the
chiral “molecular surface” of the Ru hydride recognizes the difference
of ketone enantiofaces, asymmetric hydrogenation is achieved. This is
different from the earlier BINAP-Ru chemistry where the enantio-
face differentiation is made within the chiral “metal template” with
the assistance of heteroatom/metal coordination. Similar heterolyses
of Hy ligands have been shown by Morris and others (92) to be the
critical step in the mechanism of reaction processes related to the
Noyori systems.

Another recent development is hydrogenolyses of C—F bonds trig-
gered by heterolytic activation of Hy on cationic Ir complexes with
either piano stool (93) or octahedral (94) geometries.

pe—cil pe—cl
| H,, 1 atm, RT |
—

" L + CF4CFH, + CF,CH,  (24)
Me3P/ \ ”’C|:2C':3 CHzclz Me3p// \"I/H
H,0 H H

In Eq. (24), Hughes proposed that Hs displaces H,O and transfers
a proton to form HF and a carbene ligand that is then hydrogenated
to give a fluorohydrocarbon product [Eq. (25)] (93).

CF, _|+ + CF3_|+ _]+

Fl _F F\C,CFs ) Fl _H ’ T y
C -HF c 2 25
| H — I|<\ —2> i H » K (25)
=) Ir—H Tl -CRiCRH,  TH

The water displaced by Hs was proposed to be involved in the proton
transfer, e.g., H;O " may be formed from H, heterolysis and protonate
the o-C—F bond. A similar proton-promoted CF activation in dicationic
cis-[Ir(CF3)(CO)(dppe)(DIB)]** (DIB = o-diiodobenzene) has also been
thought to occur via heterolytic activation of Hs, but hydrolysis to
a CO ligand by adventitious moisture to eventually form [IrHy(CO),
(dppe)] " is the outcome (94). An unobserved intermediate with CFj
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trans to an H, ligand that has displaced one of the iodo arms of DIB
is proposed in this complicated transformation, which would seem to
require proton transfer from n*-H, to the distal C—F bond via a mobile
proton transfer agent such as HsO *. In regard to involvement of H,0,
an aqueous HNOj; solution of [Cp*Ir(H;0)s]>" in a pH range of about
1-4 reacts with 3 equiv of H, to yield a solution of [(Cp*Ir)y(n-H)s] tas a
result of heterolytic Hy activation (95). It was proposed that the HyO
ligands could act as a base to release H;0" (Hy+H;0 - H +H;0 ™)
and accelerate the heterolytic Hy-activation to form the hydride-bridged
dimer under these conditions since it has been known that polar sol-
vents accelerate the heterolysis of Hy (20). Theoretical studies of the
assistance of heterolytic cleavage of Hy, by an external base on a model
[Rh(Hg)(PH3)s(HCOy)] - - - NH3 system show how an amine can facilitate
proton transfer (12). Thus, mechanisms invoking external or internal
base catalysis may be used to rationalize protonations of ancillary
ligands with no lone pairs, such as CF5 as well as hydride, alkyl, and
silyl groups.

2. Proton Transfer to Anions

Strong acids such as HCI can be eliminated by proton transfer from
n%-H, ligands to the counteranions of highly electrophilic [L,M]™"
complexes. One of the strongest acids known, triflic acid, CF3SO3H,
can even be eliminated from a dicationic Hy complex formed from H,
gas, [Ru(H,)(CNH)(L)5][OTf], (L =diphosphine), which contained tri-
flate anions and a protonated cyanide ligand (35). An interesting case
involves protonation of borane anions. We have found that the d°
rhenium(I) complex, 11, is in nearly 1:1 equilibrium with 12, formed by
methyl abstraction by B(CgF5); to give the MeB(C¢F5); counterion
(Scheme 5) (38). This indicates that the -electrophilicity of the
[Re(CO)4(PR3)]* fragment is similar to that of B(CgF5)s. Complex 12
reacts under H, atmosphere below room temperature to form equili-
brium amounts (~5%) of the Hy complex, 13. On warming the solution,
methane, B(CgF5)3, and cis-Re(CO)4(PRs)H, 14, form apparently by pro-
tonation of the anion MeB(C4F5); by the acidic Hs in 13. Complex 14
is not observed by NMR, but presumably quickly reacts with unreacted
12 (or 13) to form the hydride-bridged dimer 15, which is a “thermo-
dynamic sink” in these systems [see Eq. (9)]. Such protonation of a
borane anion has precedence as reported by Bianchini [Eq. (26)] where
the Hy complex is also unstable and is generated from Hy gas (96).

[IrH,(H,)(triphos)] " [BPh,]” — IrHjs(triphos) + BPhs + benzene (26)
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SCHEME 5.

A mononuclear hydride results here as the final organometallic pro-
duct (unlike unobserved 14 in Scheme 5). Another possible scenario
in Scheme 5 is intermolecular heterolysis of H,, e.g., protonation of
the Me group in equilibrium quantities of 11 by the acidic Hs in 13 to
give CHy, 12, and 14.

Ill. Heterolytic Cleavage of Si-H Bonds
A. BACKGROUND

On analogy to H,, silanes do not have non-bonding electron pairs or
n-electrons to ligate to metal centers, but hydrosilanes (R3Si-H) can
bind to M to form stable o complexes through Si-H bonds to give
3c-2e M(n?-Si-H) bonding [Eq. (27)].

N/ /

R3SIH Si— \SI_
— 217
LM — M—-/ or M\ / ( )

A major difference in comparison to M-H, complexes is that M—-H-
Siand M-H-X linkages are asymmetric, 1.e., look like hydride-bridged
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systems with M—H-Si near 90°. The bonding and activation of hydrosi-
lanes has been the subject of several reviews (7,97-100) and book chap-
ters (8,101). Theoretical calculations support a similar bonding picture
for silane complexes as to that for Hy complexes. However, the Si-H
bond is more basic (better o donor) than H-H (and C-H) bonds and
also a better m acceptor. Nonetheless, there is a close overall relation-
ship between Si—-H, H-H, and other X-H complexes, and as for H,
complexes a near continuum of degrees of “arrested” bond activation
can exist. The effects of variation in M/L sets can be similar to that for
Hy complexes, e.g., CpMn(CO),(HX) are ¢ complexes for both X =H and
SiR; while CpRe(CO),(H)(X) are classical (or have very long dxp)
because of the better back donating Re center. However, the presence
of substituents R on Si leads to variations in electronics/sterics that
can affect the activation of the Si—H bond regarding both homolytic
and heterolytic splitting. Electron withdrawing R groups on HSiR;
such as Cl promote Si—H homolysis (oxidative addition to MH(SiR3))
presumably because they lower the SiH o* orbital energy, which favors
increased back donation. On the other hand, electron-donating substi-
tuents such as alkyls decrease the Si—H interaction with the metal,
fostering o coordination over oxidative addition. Lastly, there are
exceptions to the above: for interaction of silanes with strongly electro-
philic fragments with electron-withdrawing ligands on the metal such
as Cr(CO)s, the M-silane binding energy decreases with more electron-
withdrawing substituents on Si (102). This reversal may reflect the
increased importance of SiH— M o donation relative to the back
donation component of the bonding for electrophilic M, as seen for
M-H, complexes. Clearly the M-silane interaction and activation can
be finely tuned in several ways, leading at times to seemingly counter-
intuitive behavior (100b).

Fewer examples of heterolysis of silane Si—H bonds are known as
compared to splitting of H-H bonds. However, the Si is highly activated
toward nucleophilic attack by trace water, hydroxylic or halocarbon
solvents, and even fluoride from anions when silanes are coordinated
to electrophilic cationic centers (103).

+

R3Si-H SR
LM —— |LM=T °| —p LM=H + SiR;*

H

5 "X_ (28)

R3SiX
X=0OH from H,0, F from anion
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This occurs because the Si—H bond in free silanes is already polari-
zed in the sense Si°"-H°~ and coordination to an electrophilic M
increases the positive charge on Si. This favors its effective elimination
as a silylium cation, R3Si™, a powerful electrophile that can abstract
OH™ from trace water to give R3SiOH and also extract fluoride from
counteranions such as SbFg [Eq. (28)] and even the BAr; anion (104).
As initially proposed by Crabtree (103) and supported by calculations
discussed below, the cleavage in most cases is likely to be a concerted
process, i.e., the nucleophile attacks the bound Si [Eq. (29)].

o |*
M—\ —> M-H + [RySiNu]" (29)
R,Si 8%

k :Nu

Silanes and Hj parallel each other in reactivity with organometallic
compounds (105), and silanes react with coordinated Ny and sulfide
ligands much like H,. As in the Hy heterolysis shown in Eq. (23) above,
the macrocyclic zirconium system of Fryzuk et al. (90) heterolyzes
Si—H bonds [Eq. (30)].

\/ \/

\Zr/ ~zr~
/N sy~ I\

N—N —— 2 g—NN H (30)
\/ N/

- /Z\r\ —A~

The crystal structure of the product shows Si attached to nitrogen
(Si-N=1.735(4)) and dnn=1.530(4), elongated from 143(1) in the
reactant, and DFT calculations show that Eq. (30) is exothermic by
19.7 keal/mol for SiH, reaction. Thus a rare novel example of heterolytic
cleavage of the Si—H bond occurs where the proton takes up a bridging
hydride position. Another notable example of parallel heterolysis of
H-H and Si-H bonds involves the 16e [Re(NO)y(PR3)o][BArg] complex
which heterolytically cleaves Hy (Scheme 3) and SiHEts (Scheme 6) (54).
The crystal structure of the silylated nitrosyl complex with R=1i-Pr
has been determined and shows a very significant lengthening of the
N-O bond (1.321(5) A in the NOSiEt; ligand vs. 1.194(5) A in the NO
ligand). This system represents a rare case of silane heterolysis on
a seemingly very electron-rich species (formally contains a d® Re™
center). This paradoxical result (oxidative addition would have been
expected) may be ascribed to the versatility of this Re cation in
adjusting to different electronic and steric conditions. Subsequent to
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H
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16e

SCHEME 6.

coordination of the silane and because of steric repulsions, it is concei-
vable that bending of one NO ligand is induced by the proximity of the
ethyl groups. This would change the formal oxidation state of the
Re from —1 to +1, give a geometry closer to a tetragonal pyramid,
and create a new vacancy for silane binding approximately trans to the
linear NO. The strong m-acceptor nature of the NO then increases the
acidity of the o complex, in accord with the principles discussed above
that favor heterolysis.

Reaction of silanes with a Ti=S complex to form an S-Si bond is
reversible and analogous to that for Hy addition (Scheme 7) (106).
A small ky/kp of 1.3 for addition of (H/D)SiMe; is consistent with
hydride transfer from the silane via a four-center transition state.

H
,4\5§ PSRy |\ &g XR H

Ti —_— Ti, .- Ti
Ss -y 7 Ny SsSiR,
/ 7
fjre

SCHEME 7.
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B. HETEROLYTIC CLEAVAGE OF SILANES ON ELECTROPHILIC
CATIONIC CENTERS

1. Cationic Iridium and Rhenium Complexes

Cationic silane complexes are normally stable only in solution at
low temperature and are rarely isolable (103). Thermally unstable
bis(silane) adducts such as [IrHy(n?-HSiEts)s(PPhs),|SbFs (16) were
reported by Crabtree to be detectable by NMR at low temperature and
show intriguing reactivity, structures, and dynamics (103).

Si

L,//’ T \,\\‘\I
I

R4 |S'

Hoq

(16)
At room temperature heterolytic cleavage of the Si-H bonds in 16
occurs in CH,Cl, [Eq. (31)].

2[IrH,(THF),(PPh,),]SbF; + EtsSiH—>[IrHy(n2-HSiEts),(PPhy),]SbF,
—[Iry(n-H)3Hs(PPhy),]SbF, + EtsSiF + SbF; + 4THF (31)

If this reaction is carried out in the presence of alcohols, homo-
geneous catalysis of silane alcoholysis occurs, as will be discussed
below. Heterolysis of EtsSiH in the highly electrophilic complex cis-
Re(CO)(PR3)(n?-HSiEt3)][A] (R =Ph, Cy) occurs (Scheme 8) (85) much

Et;SiMe + B(CeFs);

Fl’Rs (Al PR, TA = MeB(CgF o)y
OC""'Re“"“C?‘ RT. oc,,,,,R| \\\\\ co
—— X ; + FAT—
0c” | ] I N
€O gieg o
l A= BAr
Acom%nw
Et,SiF +
RsP o0 0 PRy IA]
: 1,3-(CF3),(CeH
oc., 1 C—_h; WCO (CF3)ACaHa)
e e
C 5 \H/ l\
0" ¢ %)
§ §

SCHEME 8.
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like that in the above system and is analogous to H, heterolysis (Eqg. (9)
and Scheme 5) in that a hydride-bridged dimer forms. The silane
complex [Re(CO),(PPhs)(HS1Ets)][MeB(CgF5)s] was prepared in an
NMR tube at —40°C by injection of one equivalent of Et3SiH into a
solution of [Re(CO)4(PPhg)(CD;Cly)][MeB(CgF5)3] in CDyCl, formed
from [Re(CO),(PPhs)(CHs)] and B(CgF5)s. The assignment of this pro-
duct as an n?-HSiEt; o complex was made on the basis of an upfield
doublet at —8.89 ppm (Jyp=105 Hz), which had **Si satellites
(Jusi = 60.9 Hz). This Jyg; fall in the range of values (20-70 Hz) typically
found for known o-bound silane complexes (8,98). As the NMR sample
was warmed to 0°C, the intensity of the o-complex decreased and new
resonances corresponding to the hydride complex and the hydride
bridged dimer in Scheme 8 began to grow in. At room temperature the
3P and "H NMR spectra corresponded to complete conversion to dimer,
and resonances in the "H NMR spectrum corresponded to the forma-
tion of the silane Et;SiMe. There was no evidence for the formation of
either methane or a EtsSi-bridged dimer. The reaction was also carried
out using the BAry, derivative to see if the c-complex would be stable at
room temperature, and if not, what sort of Si containing products
would be formed. When one equivalent of EtsSiH was injected into a
cooled (—40°C) CDyCly solution of [cis-Re(CO),(PPh3)(CDyCly)][BArg]
formation of the o-complex [cis-Re(CO)4(PPhs)(n?-HSiEts)][BArp] was
observed. However, warming of the sample to room temperature for 5
min still resulted in the complete conversion to the hydride-bridge
dimer. GC/MS analysis of the volatiles from this reaction revealed the
presence of the disiloxane Et3SiOSiEts, EtsSiF, and 1,3-(CF3)9(CgHy).
This suggests that the Re(n®-HSiEts) complex is unstable at room
temperature even with the non-interacting anion BAry, and that
elimination of EtzSi* probably proceeds with attack on the BArp
anion (or equivalently, nucleophilic attack of the anion at Si as depicted
in Eq. (29)).

It is important to note that the o silane complexes were formed in
complete conversion at low temperature in the NMR spectra in CD5,Cl,
solution, whereas the Hy complexes (13 in Scheme 5) were only observed
in low concentrations (<5%) due to fast exchange with free methylene
chloride in CDyCl; solution. This indicates that a tertiary Si—-H bond
coordinates more strongly to highly electrophilic fragments such as
[cis-Re(CO)4(PR3)] * than an H-H bond (and CH,Cl,). This is in agree-
ment with the notion that the greater basicity of the Si—-H bond com-
pared to the H-H bond makes Si—H a better ¢ donor, assuming that o
donation is the much greater bonding component in the Re system.
Thus silanes appear to be electronically both better o-donors and
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n-acceptors in comparison to Hs. Steric effects are however much
greater for silanes and more congested first-row fragments such
as (CO)3(PCys)s and [Mn(CO)(diphosphine);]™ do not coordinate
silanes (107) but do bind Ha.

2. Cationic Diimine Palladium and Platinum Complexes

There are much fewer examples in the literature of the heterolytic
cleavage of Si—H bonds compared to H-H and even fewer other exam-
ples in which a o-silane complex was observed as an intermediate in
the activation. We have synthesized alkyl-substituted diimine ligands
with sidearms containing labile functional groups that “reserve”
a vacant site for binding and activation of sigma bonds as shown in
Eq. (32) (108,109).

OMe
OMe
MeIO NHy(CHy);0Me Mej/:N (cod)PdCIMe Meﬁ\Pd/Me
— -
Me™=0 toluene, Me™N Me ~ a
4A mol sieve ~"~0Me OMe

NaBArg 2)
CH,Cl,

Solutions of the cationic diimine complex are stable to air/moisture
and are more thermally stable than well-studied aryl diimine complexes
[(NN)Pd"(Me)(OEt;)] © (NN =ArNCMeCMeNAr) that have a solvento
ligand rather than pendant coordinating groups (110). The '"H NMR
spectrum of the methoxy-substituted diimine complex in CDCl; exhi-
bits no noticeable change at RT over 30 min, or a week if stored at
—30°C. This increased stability is likely due to the intramolecular
coordination of OMe. However, prolonged standing of a solution at
RT leads to the formation of a tricyclic complex which is presumably
formed by addition of a C—H of the CH, group proximal to the coordi-
nated OMe, followed by CH, elimination [Eq. (33)].

(\/OMe BArg —l BAr

F
MerN‘pd/Me CHLClp RT IN/_>OM (33)
Me” =N TOMe —CHy4 Me
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X-ray analysis shows distorted square planar coordination around
Pd. This is the first example of alkyl C-H bond activation with a
cationic diimine Pd(IT) complex under such mild conditions.

Reaction of the above Pd methyl complex in CD,Cl, with HSiEts; at
—78°C cleanly gives a product consistent with o-silane coordination,
[(NN)PdY(Me)(n?-H-SiEt3)] * (108). The 'H NMR spectrum contains
a high field signal at 6 —9.87 corresponding to the Si—H proton, and
one single peak at & 3.22 consistent with equivalent, non-coordinating
OCH; groups. Apparently the n?-H-SiEt; displaces the bound OMe,
as shown in Eq. (34).

®
OM:‘ ) OMeT

,

Me]:/N\ /Me Et;SiH MerN\ /Me
/Pd —_— Pd H&™
-~ H 5CI S
MmN Nome  CHE2 mMe Sy \\8+
_/ -78°C ! Et;Si
OMe
CH 2C|2L RT
(34)
OMe

M
Et.Si* erN\Pd/Me
t3Si +
Me N/ \H
CH»Cls k,\

H20 OMe

Y

EtsSICl+ (EtSip0  decomp L‘CH a?

Pd black

However, the complex is thermally unstable, and rapidly decomposes
as its solution is warmed to RT. As measured by GC-MS, the volatile
products of the reaction contain Et3SiCl and (Et3Si),0O as two major
components, characteristic of heterolytic cleavage of the n%-Si-H
bond. The (Et3S1);0 was presumably formed by the reaction of SiEt]
with adventitious HyO, and Et;SiCl was formed by attack of SiEtS on
CD,Cl,, solvent. Pd black also forms, possibly due to methane elimina-
tion from an unobserved Pd methyl hydride complex and instability
of the resulting Pd(0) species.
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The analogous cationic Pt(II)-diimine complex is prepared by proto-
nation of the dimethyl complex [Eq. (35)] (108).

MeOz

diimine Me _N_ _Me HEL0)BArF
Pt(Me)p(Me2S)]o - —_—
-Me,S Me” =N Me —CHgy
MeO}

(35)

rvOMe_l BAT Meoz —'BN F
H
Mo _N_ Me Et3SiH MefN""-F!r““Me
< M T M SN SsE
Me™ SN OMe é ’

<_/Me

The bound OMe has a 'H NMR signal at & 3.76 vs. the signal at &
3.29 of unbound OMe. The structure is confirmed by X-ray analysis
(Fig. 5) and shows a distorted square planar geometry around Pt.
Unlike the Pd analogue, solutions are stable and the NMR spectra in
CDCIl; do not change for weeks at RT in air. This high stability is in
drastic contrast to the analogous aryl diimine analogue [(NN)Pt"(Me)
(OEty)] T, where NN = ArNCMeCMeNAr (Ar = p-MeCgH,), which is not
even observable by NMR spectroscopy because of its extremely high
instability (111). It is clear that coordination of the intramolecular
OMe confers stability, and, accordingly, the complex does not activate
the C—H bonds of alkanes, benzene, toluene, or those in the ligand arm.
However, the bound OMe is readily displaced when the complex is
treated with HSiEt; at —30°C, eventually affording a colorless octa-
hedral Pt(IV) hydride methyl silyl complex [Eq. (35)]. However, solutions
are unstable at RT and decompose to an unidentifiable mixture within
~20 min. While oxidative addition of Si-H bonds to cationic dipho-
sphine Pt(II) complexes to form Pt(IV) silyl hydrides is known (112),
this is the first case of addition to a cationic diimine Pt(IT) complex.
Previously diimine Pt(IV) silyl hydrides were suggested to be too
unstable to be observable (113), so it is likely that a pendant OMe stabi-
lizes the complex by coordinating to the vacant sixth site (114).

3. Manganese and Rhenium Complexes with Tied-Back Phosphites

Complexes featuring the tied-back phosphite ligand, P(OCH,);CMe,
have been of considerable interest to us for the binding and activation
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Fic. 5. X-ray structure of Pt-diimine complex showing thermal ellipsoids at
50% level. Selected bond distances (A) and angles (deg): Pt(1)-N(1), 1.956(1);
Pt(1)-N(2), 2.056(9); Pt(1)-C(1), 2.03(1); Pt(1)-0(2), 2.070(1), N(1)-C(2), 1.31(1). N(2)—
Pt(1)-0(2), 96.6(4); N(2)-Pt(1)-N(1), 78.7(4); O(2)-Pt(1)-C(1), 86.1(6).

of sigma bonds, and several CO-rich cationic Mn and Re complexes
17-19 were readily synthesized (115).

P —'| + =] —] + P —‘l +
oc.., | wco oc., | .co oc.,,_,Rl GO
e Mn e
oc” | L oc” | L P L
co P co
a7 (18) Me (19)
L = CH,Cl,
. P=10
anion = BArF o 7,0
%

The caged phosphite is both a weaker o-donor and a stronger
n-acceptor than analogous phosphines, and should increase the electro-
philicity of the metal center, which is already high because of the elec-
tron-withdrawing CO ligands and lack of strong c-donor ligands. Most
importantly, the phosphite lacks accessible C—H bonds to form agostic
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interactions (20) that would compete with binding of very weak exter-
nal ligands, e.g., alkanes.

7\ <
L

| C
m</ LM—/
H H
agostic ¢ alkane complex
20 1)

Observation of o complexes such as 21 (which often are improperly
referred to as agostic complexes) is being sought for studies of C-H
activation, but AH of binding is only 10-15 kcal/mol (19a), which is
hardly enough to overcome the entropic advantage for internal agostic
C—H coordination. The tied-back phosphite is also sterically more com-
pact than phosphines and may accommodate alkanes, silanes, olefins,
and other more sterically demanding ligands in first-row metals. The
complexes are stable crystalline solids and are valuable synthons
because the dichloromethane ligand cannot be removed in vacuo in
the solid but is readily displaced in solution by Hsy, ethers, amines,
olefins, and silanes. As will be shown, silanes undergo facile hetero-
lytic cleavage. As discussed above, heterolytic cleavage of both Hs and
silanes were observed on related phosphine systems, e.g., [Re(CO),
(PRg)(CH,Cly)] ™.

The Mn complex, trans-[Mn(CO);(P)s(CH5Cly)] ™, 23, is prepared in
high yield as outlined in Eq. (36) (115a).

Me Me
Me — —
m m m BArF
o) 0
20 o0 o o 030
N T o) ’ID co
P oc., | .c PhC][BAr Co | o
Mn(CO) sMe " n” 0 [PRCIBArFl oe M Lo ol
toluene oc ™ I "Me CH2Cl2 2
reflux /l:\ o’
Me - Me -
(22) (23)

(36)

Treatment of Mn(CO);Me with two equivalents of phosphite (116) in
refluxing toluene yields the tricarbonyl methyl complex 22 which reacts
with [PhsC][BArg] in CH,Cl, to give 23. The vgo values for 23, 2096w,
2025s, and 2004s, are much higher than those (2048w, 1962s, and 1942s)
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of the analogue 24 with strongly donating PCy; ligands instead of
phosphites (107), indicating that the phosphite complex is significantly
more electrophilic.

PCys +
OC%hI ~CO |

Mn”,,
oc” \ "H

CrR N

24

The less electrophilic 24 does not bind CH,Cl, but rather forms an
agostic C—H interaction instead, demonstrating the usefulness of tied-
back phosphites in avoiding such interactions (yet retaining a *P NMR
diagnostic). Furthermore, an analogue with non tied-back phos-
phites, 25, is found to coordinate the CF5SOj anion instead of CHyCl,
solvent (117).

P(OEt)3
OCu,, | wCO
oc” N’In\osozcs:a
P(OEt);
(25)

This demonstrates the importance of using the low-coordinating
BArg anion. The bound CH,Cl, in 23 freely exchanges with CDyCl,
solvent but cannot be removed from the solid by exposure to high
vacuum for hours. Dinitrogen does not displace the CH3Cl, presumably
because Ny is a very poor ¢ donor, weaker even than CH,Cl, (107).

X-ray structural analysis of 23 (Fig. 6) shows octahedral configura-
tion with the CH5Cl; molecule bound to Mn through one chlorine atom
Cl(1) and a Mn—CI(1) distance of 2.4109(13) A. A weak interligand hydro-
gen bonding interaction appears to occur between an acidic hydrogen
on CH,Cl, and an oxygen atom on the phosphite ligand. The distance
between O(9) and an idealized hydrogen position H(4B) is calculated to
be 2418 A, well within the general range for C-H - --O hydrogen bond
(118). Hydrogen bonding involving haloalkanes is common, and the
hydrogens on the CH,Cl, ligand might be expected to be more acidic
than in free dichloromethane because the electrophilic metal is with-
drawing electrons.

Exposure of 23 to ca. 3 atm of H, in CD,Cl; gave only about 2-3% H,
complex, but this is a consequence of the much greater concentration
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Fic. 6. X-ray structure of the cation of [Mn(CO);{P(OCHy)3CMe}5(CHCly)]
[BArg], 23. Selected bond distance (A) and bond angles (deg): Mn—Cl(1)=
2.4109(13), C1(1)-C(4) =1.804(5), C1(2)-C(4) =1.720(7), C(4)-O(9) = 3.185(6), H(4B)—
0(9) = 2.418 (idealized H), C1(1)-C(4)-C1(2) = 112.1(3), Mn—CI(1)-C(4) = 118.2(2).

of CDyCl, over Hy rather than relative ligand binding strengths.
Replacement of Hy, with HD gas afforded the n*-HD complex, [mer-
Mn(CO)3{P(OCHy);CMe},(HD)][BArg], which showed a Jyp coupling
of 34.5 Hz. This is one of the highest values ever reported and is con-
sistent with n>~H, binding to a highly electrophilic metal center with
a relatively short H-H distance (calculated to be 0.84-0.86 A from Jyp).
The H, ligand does not appear to be as prone towards heterolytic
cleavage as that in [Re(CO)4«(PR3)(Hy)]" [Eq. (9)], which can readily
protonate ethers. Thus exposure of 23 to Hy in CD,Cl; at liquid nitrogen
temperature followed by warming to —78° and treatment with three
equivalents of ‘ProO showed only the presence of 'PrsO complex and
free Hy by NMR spectra taken at —80 to 25°. A similar result
was obtained on reaction of the Hy complex with ‘Pr,O followed by
addition of H,. Although the stronger binding of the ether than H,
may interfere with a potential Hy heterolytic cleavage process, the
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acidity of the bound H, may be lower than that in [Re(CO)4(PRs)(Hy)] +
which has four CO ligands.

Reaction of a CDyCly solution of [Mn(CO)3{P(OCHjz);CMe},
(CH,Cly)] T with a slight excess of Et;SiH or PhSiH; at —78° produced
a solution of an m%-bound silane complex similar to structurally
characterized Mo(CO)(n>~H-SiRs)(diphosphine), (119) and the above
[Re(CO)4(PR3)(n?-H-SiEty)] ™ (Scheme 8). Jgiiy could not be measured
due to the Mn quadrupolar broadening. When the solutions were raised
to room temperature, '"H NMR spectra indicated the formation of a
mixture of several unidentified products that were likely formed by
heterolytic cleavage of the n?-Si-H bond as for the Re complex. No
clear evidence was present for formation of a Mn hydride complex,
either as an intermediate or a final product. GC-MS analysis of
the volatiles released showed (EtsSi);O to be the major component,
which is presumably generated from reaction of the silyl cation with
adventitious moisture [Eq. (37)].

P _I + —]
OCu, | »CO HSiEt;  OC,, I\/l «CO warm to RT
n — :
oc” | TCHLCL  Tzgo  oc” | ~e FLST
CHCl P SF adventitious
H,0

(37)

(Et,Si),0 + 2H*

The fate of the Mn fragment is not clear, but it is conceivable that
if an unobserved Mn—H species forms it could be immediately proto-
nated to the Hy complex by the protons released from silane hydrolysis.
The labile H, could then in turn be displaced by CH,Cl, solvent to
regenerate [Mn(CO)3{P(OCHy);CMe}5(CH,Cly)] * [Eq. (38)].

2Cly

[Mn(Et;SiH)]" — [Mn(H)] — [MH(Hz)]+C — [Mn(CH,CL)]"  (38)

Such formation of [CpFe(CO)(PPhs)(H,)]t from hydrolysis of [CpFe(CO)
(PPhy)(HSiR;)] ™ has previously been observed and employed for
catalytic silane alcoholysis discussed below.

The Re analogue, [Re(CO)3{P(OCHy);CMe}5(CH,Cly)] " was synthe-
sized similarly, but here the phosphites adopt a cis orientation to each
other as evidenced by the CO IR stretching pattern (115b). Three strong
signals for voo occur at 2088, 2025, and 1991 cm ™, which is a typical
pattern for this type of configuration. The cis orientation was con-
firmed in an X-ray structure analysis of an analogue with Et,O instead



164 G.J. KUBAS

of CH,Cls. This cis orientation is likely determined by a favorable elec-
tronic influence since significant steric factors are not present. For the
Mn(I) complex, 23, a cis orientation would cause repulsive interaction
between the two phosphites because of the smaller size of Mn(I) in
relation to Re(I). The Re complex is the least electrophilic in this
study, but the bound CH,Cl; still cannot be removed under high
vacuum. It can be readily displaced by Et,O, olefins, and Et;SiH as
exemplified in Eq. (39).

E;Té —|+ r% ——|+

0.5-0
oc.,,,,RI _ACO HSiEt:%) OC""Rl CO (39)
o e 0 e
o~ | cicH i o p” | ~H
5 co o CO  siEty
Me Me

In contrast to the heterolytic Si-H bond cleavage in the Mn ana-
logue, the o coordinated silane is stable both in the solid state and
in solution, which is somewhat surprising since isolable cationic
silane complexes are very rare. One of the few other examples is
[CpRu(PMes),(HSiCls)][BArg], for which an X-ray structure showed an
Si-H distance of 1.77(5) A (cf. 148 A in free hydrosilanes), indicating
the Si-H bond is close to oxidative addition (electron-withdrawing
groups on Si increase M — (Si—-H) o* back donation) (120) and therefore
less likely to cleave heterolytically. The solution 'H NMR spectrum
of the Re-silane complex in Eq. (39) suggests that the silane is relati-
vely strongly bound since Jg;;; =66 Hz, much smaller than the 177 Hz
value found in free EtsSiH. In comparison, the Jgy coupling for
[Re(CO)4(PPhs)(n%-HSiEts)] " is 609 Hz. These values indicate that
the Si—H bond is elongated in both of these complexes, although not
as much as in neutral M-silane complexes where most of the reported
Jsim couplings range from 20 to 60 Hz, i.e., closer to oxidative addition
(8, 98).

More electrophilic congeners with only one phosphite and four CO
ligands were also studied (115b). [Mn(CO),{P(OCHj)3;CMe}(CHCly)]
[BArg] was unstable at room temperature, although derivatives such as
Et;0 and olefin complexes could be isolated. The analogous tetracarbo-
nyl Re-CH,Cl, complex, 17, could be isolated and was more electro-
philic than the tricarbonyl Mn complex with two phosphites, as
evidenced by higher vco. The bound CH,Cl, was again readily displace-
able by ether, olefins, and silanes. The silane complex is thermally
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unstable and decomposes at RT within 10 min to give a hydride-bridged
dimer [Eq. (40)].

Me
Me
e
0 0
ok O-p-0 ¢
~p- RT__Oc. | e %c,, | ..CO +siE
— e .
OCh“ |“\CO CH,Cl, c” | \H/ | ~c *+(SiE3)0 (40)
/Re\H o C P 0
oC [ | 0 O/ \\O
C  SiEt, o
(0]
Me

Heterolytic cleavage of the Si-H bond presumably occurs as for the
phosphine system (Scheme 8). X-ray analysis of the hydride complex
showed the hydrogen atom on the two-fold rotation axis of the two
Re(I) fragments, where each fragment is octahedral about Re. The aver-
age Re—H distance of 1.76(2) A appears to be considerably shorter than
the 1.92(10) A found in the triphenylphosphine analogue (85), although
the standard deviations are large here. The shorter Re-H distance
demonstrates stronger Re-H bonding, consistent with a more electron
deficient Re center due to the weaker electron donating ability of phos-
phite in relation to PPhs. Also, the Re-H-Re angle of 156.5° is
significantly larger than the 124.4° found in the phosphine complex,
consistent with a 2-electron, 3-atom bonding mode around Re-H-Re.

In summary, the highly electrophilic cationic Mn(I) and Re(I) frag-
ments with tied-back phosphite ligands, [M(CO);(P);] ™ and [Re(CO),
(P)]" (P=P(OCH,);CMe) are more electrophilic and sterically less
congested than analogous phosphine complexes, which favors strong
binding of weak solvent ligands, e.g., CH,Cls. Reaction of Et;SiH with
the CH5Cl, complexes leads to three different outcomes: (a) the frag-
ment [Mn(CO)3(P)s]* gives heterolytic cleavage of the silane but a
Mn-H species is not observed; (b) [Re(CO)5(P)s] T affords a rare stable
cationic o-coordinated silane complex; (c) the more electrophilic
[Re(CO)4(P)] Tagain gives heterolytic cleavage of the silane, but with
formation of a hydride-bridged dimer. These highly electrophilic 16e
fragments would appear to be ideally suited for observing binding of
extremely weak ligands such as alkanes by e.g., solution NMR studies
at low temperatures. However the insolubility of [Mn(CO)5(P),(CH3Cly)]
[BArr] and related cationic salts in hydrocarbons precluded such
observation. A ligand system (or anion) must be designed such that
the resulting complexes are soluble in hydrocarbons rather than
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coordinating polar solvents. One possibility is attaching long alkyl or
fluoroalkyl groups to the tied-back phosphite in place of the methyl
group. Bidentate tied-back diphosphonite ligands, which we have
recently synthesized and studied their ligation to Fe and Ru centers
(121), may also be useful for designing hydrocarbon-soluble cationic 16e
complexes.

C. SILANE ALCOHOLYSIS

1 Iridium and Iron Complexes

The alcoholysis of hydrosilanes (Eq. 41) has important applications
in the synthesis of silyl ethers and in protection of reactive OH groups
in organic synthesis (103).

5SiH + ROH—R5SiOR + Hy (41)

Luo and Crabtree had found that when the reaction in Eq. (31) was
carried out in the presence of alcohols, homogeneous catalysis of silane
alcoholysis occurs with high efficiency and selectivity according to
Eq. (41). Vigorous evolution of hydrogen occurred immediately and
cooling was necessary to control the reaction. The activity of the cata-
lyst strongly depended on the counterion used, e.g., for SbFy deactiva-
tion of the catalyst occurred much more slowly than with BF, or PFy.
Importantly, Crabtree showed that direct nucleophilic attack by ROH
on a n%-Si-H bond as in Eq. (29) occurred rather than initial OA. The
high activity of the actual catalyst, [IrHo(THF)5(PPhs)s] ™, has been
ascribed to the possibility that, after dissociation of the labile THF
ligands, both reactants (silane and alcohol) could bind to Ir at the
same time, facilitating heterolysis. As will be shown below, subsequent
kinetic, mechanistic, and computational studies on two different cata-
lytic iron and manganese systems indicate that two binding sites are
not needed and that nucleophilic attack by ROH on a n2-Si-H ligand
is the key step.

Brookhart and co-workers found that the cationic o-silane complex
[CpFe(CO)(PR3)(HSiEts)] " was observable by NMR at RT but only
in the presence of excess silane (sacrificial removal of trace H,O
as Et3SiOH) and could not be isolated as a solid (122). The
[CpFe(CO)(PR3y)] fragment catalyzed silane alcoholysis in the presence
of the BAry counterion (123). Although rapid deactivation of the cata-
lyst occurred with ethanol as substrate, phenol reacted continuously
with turnover numbers up to 80 min~'. It was proposed (Scheme 9)
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H 1" row
M—] —— M-H + RgSiOR'|"
SiR, |
H
H, HY AA R,SiOR’
M~ |
_ H
HSIR,

SCHEME 9.

that attack of the alcohol on bound silicon would give a protonated
silyl ether that could rapidly protonate M-H to form a dihydrogen
complex [M-H,] © (the known complex [CpFe(CO)(PRg)(HJ)] ™).
The silane substrate would then displace Hy to give back the starting
silane complex for further alcoholysis, and this was determined to be
the rate-limiting step. These are all known reactions, and this mechan-
ism and rate-determining step were recently supported by theoretical
calculations that showed the heterolysis to be a highly concerted
process, 1i.e., transformation of the o-silane complex to the H, complex
could even take place in a single step, thus circumventing the transient
hydride complex (124). It is noteworthy that the mechanism of this reac-
tion involves two different ¢ complexes: M(nZ-Si—-H) and M(n?-Hy).
Electrophilic cationic complexes are not required for catalysis of
silane alcoholysis since neutral transition metal complexes as well as
heterogeneous systems containing Pd(0) also function well, and polar
solvents such as IV,N-dimethylacetamide can even be used (125). A tran-
sition-metal center is not even needed to heterolyze the Si—-H bond:
a highly electrophilic borane center B(CgF5); is able to fulfill this
role (126). The polarization induced in the Si—-H bond upon electro-
philic activation renders the silicon center susceptible to nucleophilic
attack by the alcohol, giving essentially an alcohol adduct of a trialkyl-
substituted silylium cation. Subsequent proton transfer from this acid
to the “M—-H” species (in this case, [HB(CgF5)s]7) completes the cycle,
releasing dihydrogen and regenerating the catalyst.

2. Manganese Complexes with Tied-Back Phosphites

The [Mn(CO)3(P)2(CH5Cl,)][BArg] complex, 23, also catalyzes reac-
tion of phenol with triethylsilane, presumably by a mechanism similar
to that proposed for the Fe system (Scheme 9). The ratio of silane to
the catalyst was about 24:1, and a slight deficiency of phenol was added
at —78°C in an NMR tube reaction. 'H NMR spectra recorded from
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—80°C to 25°C all showed a broad signal at —9.23 ppm presumably due
to the Hy complex formed as an intermediate in Scheme 9. Upon expo-
sure of the solution in the NMR tube to a He atmosphere after reaction
was complete, the 'H NMR spectrum showed a triplet at —16.75 ppm
corresponding to the silane ¢ complex. The latter would be expected
according to Scheme 9 since unreacted silane was present (stoichio-
metric excess over phenol reactant) and is a stronger ligand than either
H, or CH,Cl,. The expected product of silane alcoholysis, PhOSiEts,
was isolated in ca. 50% yield, demonstrating that the reaction is
catalytic. Manganese carbonyl species such as Mn(CO);(CHs3) and
[Mn(CO),Br], are also effective pre-catalysts for alcoholysis of silanes
(127) and may operate via a similar pathway, i.e., the true catalyst is
an electrophilic unsaturated Mn fragment that heterolytically cleaves
an intermediate silane ¢ complex.

IV. Heterolytic Cleavage of B-H and C-H Bonds

B-H o complexes containing neutral borane ligands have recently
been established. Boranes such as BHj; are Lewis acids but their
base adducts such as BHs- PR3 are potential o ligands analogous to
silanes. The X-wray structures of group 6 pentacarbonyl analogues
such as W(CO)5(BH; - PMes) clearly show monodentate n*-B-H coordi-
nation (128).

PMej3
He, S
H—8
H
Oc.... ‘ wwCO
OC/ | \CO
C
O
M=Cr, W
(26)

Complex 26 is among the first examples of intermolecular coordi-
nation of a single B-H bond in a neutral borane to a transition metal,
and these species can be regarded as models for alkane coordination.
The crystal structures of borane complexes such as 26 are of interest
to compare with those for other octahedral ¢ complexes, particularly
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silane complexes. The dpy (1.1-1.3 A) are not well determined (large
standard deviations) and are not very meaningful. The M-H-B angles
in M(CO)5(BH; - PMes) are near 130° (again with large esds) and can be
as high as 167° in related systems. These are much larger than the
angles observed in M-H-Si ¢ complexes and the Cps;Ti(HBcat); and
related M-H-B o complexes characterized by Hartwig that appear to
the best examples of genuine n%-BH o complexes (129). Thus the bond-
ing for these neutral borane ligands, while still bent, is closer to end-on
than side-on as in borohydride complexes where M—H-B can be as high
as 162°. Because phosphene borane ligands contain 4-coordinate boron
when free, they are more like BH; complexes even though they are
neutral. There is certainly more hydridic character than in Hartwig’s
base-free catecholborane complexes.

Very recently cationic Mn complexes analogous to 26 have been
prepared and studied by Shimoi with respect to heterolytic cleavage
of the B-H bond (16). The ¢ complex [Mn(CO)4«(PRs)(BH;- PMe3)] ™ (27;
PR3 =PMe,Ph or PEt3) was prepared either by the novel protonation of
the neutral boryl complex Mn(CO),(PR3)(BHs - PMes) with [H(Et;0)s]
[BArp] or by reaction of [Mn(CO)4(PRs)(Et;0)] " with BH;- PMe; ana-
logous to Eq. (39). However, deprotonation of 27 did not occur even
when it was treated with strong bases such as NaH or diazabicycloun-
decene. Remarkably, a solution of 27 decomposed in a few days at
room temperature to give a mixture containing MnH(CO),(PR3) and
[BH,-2PMeg] *, although the decomposition process was not very
clean. This suggests that the coordinated B-H bond cleaves hetero-
lytically into H™ and “[BH, - PMes] 7”7 much as for silanes on a similar
electrophilic cationic Mn complex [Eq. (37)]. Natural bond order analy-
sis based on DFT calculations on a model complex shows that the
hydrogen of the borane ligand becomes more hydridic on coordination
to the Mn center, facilitating heterolysis of the B-H bond.

Among the greatest challenges in chemistry is the quest for a stable
alkane complex and attendant conversion of light alkanes such as
CH, in large reserves of natural gas to liquid fuels, e.g., methanol
(17-19). The CH3-H and H-H bond energies are similar and strong
(ca. 104 kcal/mol), and the C-H and H-H bonds are not too dissimilar
in polarity. Both molecules have ¢ and c* orbitals of reasonably similar
shape, energy, and extent, although the differences in overlap with
metal d-orbitals (and steric considerations) can be critical. Thus the
H, molecule (as well as silanes and germanes) can be coordinated
to a metal center in stable fashion at ambient temperature because of
substantial backbonding whereas alkanes cannot (14,130). However,
alkane o complexes have been observed spectroscopically at low
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temperatures (19a¢) and strong evidence exists that they are intermedi-
ates in C—H bond activation processes (19d). Significantly, a rhenium—
cyclopentane complex has been characterized by NMR spectroscopy
at low temperature (19f), giving hope for future direct observation
of alkane complexes.

Despite a small M-CH, binding energy of only ~ 10 kcal/mol, alkane
o complexes are indeed believed to be intermediates in C—-H bond
activation, including Pt'-catalyzed methane conversions in reaction
media as harsh as fuming sulfuric acid at 200°C (Scheme 10) reported
by Periana (21a).

H,S0, H,0
200°C 72%

4

Nj:N i, Pt )
NSN?T NX X =Cl, 0SOH

|
Functiona- h CH Activation
izati
CH,X \I ,,,,_Lpt_.“\\\x CH, [heterolyhc cleavagej
NN
G0 e K
Pt’\ "
14e T-complex /ot
CH
X A ’
N &—

N\ N/l,,, | ‘,\\\X N\ n, \\\x
I / tJ\ Oxidation I - tJ\
NSN | CH, SN ScH

~x PN

SO, + 2H,0 S04+ 2HX

SCHEME 10.

A major question is whether heterolytic cleavage of the H;C—H bond
occurs as depicted in Scheme 10 (maintaining the Pt state) or
whether oxidative addition to a Pt!Y methyl hydride complex takes
place. In such systems transfer of protons would be expected to be
very facile because of the extremely high mobility of H', and even a
short-lived, very weak o complex could be a key intermediate. The C-H
bond is likely to be polarized towards C°~---H®* on such highly elec-
trophilic cationic metal complexes, where Ht can very rapidly split
off and transfer to either a cis ligand or the anion as soon as the
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alkane contacts the metal. The metal center may be considered to be a
superelectrophile isolobal with H™, mimicking superacid-induced car-
bocation chemistry, i.e., a ¢ complex such as M+ -CH, can be consid-
ered to be related electronically to CHZ. Although there is no direct
experimental evidence for the C-H bond heterolysis shown in
Scheme 10, electrophilic C-H activation involving H/D exchange
between acidic protons in n?-C,H agostic structures and bases such as
water and methanol is known (I31). Also theoretical calculations sup-
port a heterolytic type of mechanism in Scheme 10 over one based on
oxidative addition of the C-H bond (132). However, other calculations
favor oxidative addition pathways in methane activation on model com-
plexes such as M(CH3)(HN=CHCH=NH) M=Pd™", Pt*, Rh™, Ir ™,
Rh, Ir), the exceptions being Pd™ and Rh™* (133). Thus for third-row
metal centers, even if they are electrophilic, the two pathways are
close in energy (and may even occur concurrently (I13I)), depending
on factors such as ancillary ligand properties and reaction conditions.
A clear example of reversible intramolecular heterolytic C-H cleavage
at diazabutadiene ligands on iridium(III) has recently been reported
(134). Heterolytic processes have been recognized to be of crucial
importance in many aspects of metal-mediated C-H activation and
functionalization chemistry (19¢).

V. Concluding Remarks

A unifying principle in the research discussed above is that any type
of electron pair (Lewis base) can be attracted to a metal binding site
(Lewis acid) to form a Lewis acid-base complex (o complex). Highly
Lewis acidic (electrophilic) metal centers (e.g., electronically unsatu-
rated cationic fragments with electron-withdrawing ligands) favor
heterolytic splitting of the coordinated X-H bond. Clearly the atoms
in X-Y o bond activation do not have to be hydrogen, although the high
mobility of protons is advantageous for heterolysis of X—H bonds, i.e.,
MX-H)]" - M-X+H™*. For X=H, coordination of H, to an electro-
philic center greatly increases the acidity of H,, effectively creating
a strong acid with an acid strength as high as triflic acid. A proton
from the bound H; can then readily transfer to cis ligands, external
bases, or the anion of cationic complexes, giving either intramolecular
or intermolecular splitting with concomitant formation of a hydride
or hydride-bridged complex. Such processes are the key step in both
industrial and biological processes, notably including the mechanism
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of hydrogenases that possess organometallic-like iron active sites.
Activation of hydrosilanes (X =Si above) is quite different on the other
hand: the Si—H bond in a free silane is already polarized in the sense
Si(8)-H(§") and coordination to an electrophilic M increases the posi-
tive charge on Si. This favors its effective elimination as a silylium
cation, R3Sit, a powerful electrophile that can react with many nucleo-
philes such as alcohols, an essential step in catalysis of silane alcoho-
lysis. The Si-H cleavage in most cases is likely to be a concerted
process, i.e., nucleophile attack on the bound Si in a silane ¢ complex.
Regarding alkane activation, Chatt made the remarkable prediction
27 years ago that methane would become one of the most popular
ligands in chemistry in 25 years (135), which it indeed now has become
despite the instability of its binding! One of the critical questions
is whether deprotonation of metal-bound methane (heterolytic split-
ting) or oxidative addition to a methyl hydride complex occurs in for
example highly electrophilic platinum(II) complexes. A future goal is
to obtain direct evidence for heterolysis of a C—H bond by e.g., low
temperature NMR studies demonstrating transfer of a proton from
a bound alkane o ligand to a cis ligand or external base. However,
a significant barrier that needs to be overcome is the low solubility in
hydrocarbon solvents of the electrophilic cationic complexes designed
by us and others for this purpose. Hopefully the new ligands discussed
above such as tied-back diphosphonites and diimines with pendant
hemilabile groups can be suitably modified and play an important role
in alkane C—H and other sigma-bond activation processes.

NotE ADDED IN PROOF

Although the primary focus of this article is on heterolysis of established dihydrogen
and o bond complexes, considerable research has been carried out on heterolytic activa-
tion of hydrogen involving classical hydride systems or unidentified transient species.
Important data on the thermodynamics of Hy splitting and the hydride donor abilities of
[MH(PP),]* (M =Ni, Pd, Pt; PP =diphosphine) have recently been reported by DuBois
and Curtis (142). The dicationic complexes [M(PP),]*>* heterolytically cleave H, in equili-
brium fashion in the presence of bases such as amines to give protonated amine and
[MH(PP),]*. The involvement of a dihydrogen (and/or dihydride) complex could not
be identified, illustrating the frequent problem encountered in activation of ¢ bonds,
namely does the reaction mechanism involve a ¢ complex, i.e., M(n?-Hy) (or generically
M(n?-X-H)), or oxidative addition to M(X)(H)?
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|. Introduction

Tetrapodal pentadentate ligands have the ability to stabilize transi-
tion metal centers possessing a single labile coordination site, thereby
providing attractive platforms for reactivity studies in complexes of
overall octahedral geometry. Reports of the first such ligand date from
the early 1980s (7,2) when, in the context of dioxygen activation studies,
Tagaki and coworkers in Japan made a pyridine ligand carrying
four identical imidazolyl subunits, {6-[Hydroxy-bis-(1-methyl-1H-imida-
zol-2-yl)-methyl]-pyridin-2-yl }-bis-(1-methyl-1H-imidazol-2-yl)-methanol
(ligand 5, below), and investigated its cobalt(I) complex. Other Nj
ligands with a square-pyramidal topology were subsequently made, in
which the nitrogen atoms are embedded in aromatic ring systems.
These imine-type donors have m* orbitals available for back-donation
of electron density from the metal, thereby contributing to the overall
stability of the complexes. It was in this context that we introduced
a highly symmetrical aliphatic NN, ligand, which consists of a “central”
pyridine unit and four equivalent primary amino groups (“pyN,” 1).
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This polyamine has predominantly ¢ donor character, is expected to
render the coordinated metal ion electron-rich, imposes virtually
no steric constraints, and may thus be construed as a “chelating
analogue” of the pentaammine donor set (NHjs)s. This contribution
reviews the progress we have made in the study of “pyN,” complexes,
highlighting similarities and differences in the coordination chem-
istry of other square-pyramidal chelators along the way.

Il. Overview

This overview presents chelators with a tetrapodal pentadentate
topology, that have recently been introduced as ligands in coordination
chemistry. The overview is followed by a review of the more prominent
ligands, their complexes and selected aspects of their reactivity.

Work in our group has been concerned with Cy,symmetrical
ligands in which a “central” heterocycle carries four aliphatic side-
arms (type I ligands) (3). In other cases, the donor set AE, (A: apical
donor, E: equatorial donor) has the same overall symmetry, but consists
entirely of heteroaromatics (type II ligands). Thirdly, two ligands have
so far been described which have overall C, symmetry, in which
the “central’, apical donor atom 1is part of an aliphatic backbone
(type III ligands).

Type I ligands have a pyridine ring as the central unit, which
carries two branched aliphatic sidearms, resulting in a 2,6-disubstitu-
tion pattern. The sidearms are Cz units whose central carbon atom —
i.e., C-2° — is connected to the pyridine ring. The donor atoms are
appended in the 1’ and 3’ positions, respectively. Suitable donors are
N, O, S, or P (1-4).

Type I ligands

! | | ] | | | |
NH,NH, NH,NH, OH OH OH OH SR SR SR SR PR,PR, PR, PR,

R =H, alkyl R = alkyl, aryl
1 2 3 4
The first report of a type II ligand dates back to 1981 (1,2). In view

of the biochemical relevance of imidazol ligands, Tagaki and co-workers
synthesized a pyridine carrying four imidazolyl substituents (5) and
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investigated the coordination behavior of this ligand towards cobalt(II),
in the context of studies aimed at dioxygen activation. The analytical
data suggested square-pyramidal coordination of the ligand, but the
postulated mononuclear superoxo complex [(5)Co(05)]*" could not be
structurally characterized. A closely related tetrakis(imidazolyl) deri-
vative (6) was described by Collman in 1999 (4). By contrast, the penta-
dentate donor set of the ligand 7(R = Me) introduced by Canty in 1986
consists entirely of pyridine nitrogen atoms (5). The potential of this
ligand (R=0H, OMe) to act as a pentadentate coordination cap was
not explored until 1997, when complexes of metals of the first transition
series were first presented (6-10). The motivation of this work was, for
one part, the search for multidentate ligands whose low-valent iron or
manganese complexes will stabilize intermediates of biochemical oxy-
genations and, for another, the search for functional lipoxygenase mod-
els. In a similar vein, the iron(I) complex of a type II ligand derived
from thiophene (8) was studied by Kldui and co-workers as a structural
and functional model of cytochrome P450 (11). Investigated substrates
include cyclooctene and norbornene, and the complex does show mod-
erate catalytic activity. A potential SS; donor set is provided by two
further derivatives of thiophene (9), synthesized by Nakayama and
Hanack in the course of work on electrically conducting polymers,
with no coordination chemical perspective (12,13). Whether or not
these molecules have ligand qualities is as yet unclear, but is doubtful
in view of the poor donor qualities of the thiophene sulfur atom (14).

Type II ligands
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Similarly high symmetry is shown by a ligand with a central cyclo-
triphosphazene unit (10), whose chlorocopper(I) complex was recently
reported in the context of studies of polymeric phosphazene metal
adducts (Ainscough, Brodie) (15). Unlike ligands 1-9, the bridge-
head atoms in 10 (1°-P) are part of the central unit. They each carry
two 2-pyridyloxy substituents, whose nitrogen atoms are coordinated
to the CuCl fragment in the equatorial positions, whereas a nitrogen
atom of the phosphazene ring takes the apical position.

II l

....... P

Ot OO

One of the tetrapodal pentadentate ligands of lesser symmetry
(C,, type III), which also forms mononuclear complexes, is formally
derived from trimethylamine; one of the carbon atoms acts as a
bridgehead carrying two 2-pyridyl substituents, while the other
two carbon atoms each carry one such substituent (11). The iron
complex of this ligand was studied as a model for non-heme iron centers
in oxygen activation (16,17), and discussed as a functional model
of the active site in the metalloglycopeptide iron bleomycin (Que,
Feringa) (18-21). The ligand “ditame” 12, which may be construed as the
“aliphatic analogue” of the pyridine derivative 1, is Cy symmetrical and
has a central secondary and four terminal primary amino functional-
ities. The protonation and metal complex formation of this ligand
with a series of late transition metals have been studied (Sargeson,
Hegetschweiler) (22,23).

Type III ligands

11 12
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Ill. Tetrapodal Pentadentate Coordination Modules

Whereas the classification of the previous section was by ligand type
and donor set, the present section presents the material grouped by the
identity of the central metal, in order to facilitate comparisons of reac-
tivity. The discussion will concentrate on the metal ions Zn, Cu, Ni,
Co, and Fe, and on ligands with a predominance of nitrogen donor
atoms. More elaborate ligand structures derived from 1 by templated
condensation reactions are not covered by this review (24-28). The same
applies to ligands with NO, (29), NS,, and NP, donor sets (30), for
which the reader is referred to the literature.

A. ZINC

Zinc has been shown to act as a “protective group” in selective
derivatization reactions of certain tetraazamacrocycles, since only
three out of the four nitrogen atoms of the ligand bind to the zinc(II)
cation. The nitrogen atom which remains uncoordinated can then
react with a suitable partner to afford, after demetallation, the desired
mono-derivative (3I). On a similar note, polyamine complexes of zinc
undergo partial dissociation and partial ligand protonation as a
function of pH, as has been reported for the complex [Zn(12)]*™ (23).
These observations were the initial stimulus for an exploration of
the zinc coordination chemistry of the pyridine derivative 1, which
produced the aqua complex [Zn(1)(H;0)]Bry, 13 (32). Complex 13
appears to be the first structurally characterized octahedral zinc aqua
complex of a polyamine ligand. The bond length Zn-O involving the
aqua ligand (2.179(4) A) is significantly longer than in pentacoordinate
[Zn(tren)(H50)](C10,)s (2.121(4) A) (33), or in tetracoordinate complexes
of aromatic amine ligands (2.011(3) A) (34). The Zn-N bond lengths
involving the primary amino groups of 1 and tren, respectively, follow
a similar pattern.

The study of zinc-aqua complexes as synthetic carbonic anhydrase
models has shown a low coordination number and a hydrophobic
environment to be prerequisites for a low pK, value of the aqua ligand,
which 1is essential for efficient enzyme function. The pK, value in
the case of 13 is expected to be greater than 10.7, which is the value
determined for pentacoordinate [Zn(tren)(H,0)](ClO,)s, in which the
water ligand is more strongly bound and thus expected to be more
acidic (cf. the discussion of bond lengths, above). Thus, 13 is not
expected to show carbonic anhydrase-like reactivity. However, in
related tetraazamacrocyclic systems it has been shown that upon
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replacement of coordinated water by ROH, the alcohol is activated,
and that the system can take up CO, to yield bridged carbonate
complexes. Indeed, in methanolic solution, 13 does react with gaseous
COg, and a white precipitate is immediately formed. If the gas stream
is interrupted and the suspension allowed to stand for a few
minutes, the solid redissolves, but may be regenerated if more CO, is
passed through the solution. Spectroscopic data are fully consistent
with the dinuclear complex [(1)9Zny(piz-(m'-On'-0)0,COCH;)](Br); (14),
and a mechanism for its formation has been proposed (52).

B. CoprPER

Copper(IT) polyamine complexes are substitutionally labile, in a
manner similar to the corresponding nickel(II) complexes. This means
that individual donor atoms may at times decoordinate and thus be
available for derivatization reactions, e.g., with suitable carbonyl
compounds. More complex ligands may thus be constructed, including
macrocycles (35), polymacrocycles (36-38), and concave chelators (35).
The copper(Il) complex of 1 was synthesized as a starting material
for reactions aiming at the derivatization of the pentaamine ligand
(24-28).

A solution of the pentaamine 1 (HBr adduct) in methanol, when
heated to reflux with one equivalent of CuCls-2 H50, deposits the com-
plex [(1)Cu]Bry-2 MeOH (15) as a purple microcrystalline solid (28).
The salts [(1)Cu](SCN),-H;O and [(1)Cu](Br)(PFg) are accessible by
recrystallizing 15 from methanol/water in the presence of NH,SCN
and NH,PFg, respectively. The perchlorate [(1)Cu](ClO,)s, obtained
directly from the reaction of [Cu(DMF)g](C10,), with the pentaamine
in methanol, is the only one out of this series that is readily soluble in
organic solvents, such as methanol or acetone. The magnetic moment
determined for 15 (u.ge = 1.7 BM) corresponds to one unpaired electron,
as expected for Cu' and its d° configuration. In the cyclic voltammo-
gram, the Cu'//Cu' couple has a quasi-reversible redox wave at Ey,
5=—0.62 V (in DMSO, vs. NHE). This value is within the range com-
monly found for pentacoordinate polyamine copper(Il) complexes (39).
Crystallographic analysis confirmed the presence of square-pyramidal
coordinated copper(I) ions in all salts. The pyridine nitrogen atom
of the pentaamine ligand is in the axial, the primary amino functions
are in the basal positions. In all structures, the axial bond Cu-N
is significantly longer than the basal Cu-N bonds; average values
for d(Cu-N,,) and d(Cu-Ny,) are 2.16 A and 203 A, respectively.
Pentacoordinate copper(Il) complexes having square-pyramidal or
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trigonal-bipyramidal coordination are relatively common; while their
orbital symmetry cannot give rise to classical Jahn-Teller distortions,
the observed metal to ligand bond lengths vary over a wide range, when
compared to other metal 1ons. This variability in the structural chem-
istry of copper(I) has been termed a “plasticity effect” (40,41). There is
no obvious correlation with the nature of the ligands present (uniden-
tate, or chelate ligand), as is evident from the comparison of the struc-
tures of [(1)Cu](SCN), - H,O (16) and K[Cu(NH3)5](PFg)s (42).

The structure of the cation in 16 is shown in Fig. 1 (crystallographic
C; symmetry). The bonds from the central ion to the primary amino
nitrogen atoms at the base of the pyramid are of similar length (average
2.039(3) A), whereas the distance to the pyridine nitrogen atom is much
longer at 2.207(2) A. For comparison, the corresponding values in the
pentaammine copper(Il) cation in K[Cu(NHs)5](PFg)s, which is likewise
square pyramidal, are 2.03(2) A and 219(2) A, respectively (42). All
angles of the type Nox—Cu—Nj,. in 16 are approximately 90°. The pyri-
dine ring 1is tilted by 27.3(1) from the perpendicular, and the
non-bonded distances between the methylene carbon atoms C16/C21
and C17/C20 are therefore 5.301(5) A and 4.516(5) A, respectively.
In the crystal lattice of 16, one of the thiocyanate ions is parallel to
the CulN, basis of the cation, and the sulfur atom is at a distance of
2.991(1) A to the copper ion. This value is smaller than the sum of
the van-der-Waals radii of Cu'"' and S [3.20 A (43)]. Apparently, this
contact is responsible for the blue color of 16 in the solid state. The
other copper complexes of the type [(1)Cu]Xy are all purple solids,
and there are no cation—anion interactions.

Fic. 1. Molecular structure of the cation in the copper(Il) complex [(1)Cu]
(SCN), - H,0 (16).
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In the case of the purely aliphatic ligand 2,2,6,6-tetrakis(amino-
methyl)-4-azaheptane (12), complex formation with copper appears to
proceed in two steps, as elucidated by titration experiments with the
fully protonated ligand (12-5 HCI). Three and two protons from
(H512)>" are sequentially abstracted, and the predominant species
after full deprotonation appears to be a dinuclear complex in which
two copper(Il) ions are coordinated, each in square planar fashion,
by the 1,3-diaminoprop-2-yl units of two molecules of pentaamine
ligand, thus forming a macrocyclic complex of composition
[Cus(12)5]* T (23). The UV/vis spectral data show an interesting
solvent dependence, suggesting an equilibrium between [Cug(12)s]*™
and two equivalents of mononuclear complex [Cu(12)]>" under suit-
able conditions. ESR spectroscopic data are also compatible with the
formulation of a dinuclear species. Further addition of base to an aque-
ous solution of [Cuy(12);]*" gives the mononuclear hydroxo complex
[(12)Cu(OH)] *, as inferred from the UV/vis spectroscopic data.

C. NICKEL

The formation of nickel(I) complexes of the pyridine-derived
pentaamine ligand 1 is also straightforward (44). Addition of NiCly- 6
H-0 to a solution of 1 in dilute aqueous ammonia produces an immedi-
ate color change from green to purple, indicating spontaneous com-
plex formation. Adsorption of the solution onto Sephadex and gradient
elution with sodium chloride solution gives a single purple-colored
fraction, which contains the aqua complex [(1)Ni(OHy)]Cl, (17). The
complex crystallizes upon reducing the volume of the solution, and
may be recrystallized from aqueous methanol. The aqua ligand is — as
expected for a complex of high-spin nickel(I) — bound only weakly,
and is easily exchanged upon crystallization in the presence of other
neutral or ionic species. This has provided access to a series of
nickel(IT) complexes, all of which are high-spin (a selection is shown
in Table I): the perchlorato complex 18 has a representative "H-NMR
spectrum, with paramagnetically broadened and shifted signals
between 0 and + 140 ppm, which may be assigned on the basis of their
integrated intensities and demonstrate the Cy, symmetry of the square-
pyramidal coordination module in solution (solvent: [Dg]DMSO; the
species present in solution presumably is the DMSO complex). As
expected, the protons nearest the nickel atom (-NH,, —-CHs—) experi-
ence the strongest paramagnetic shifts (128 ppm and 100 ppm, respec-
tively) and the greatest line widths. The protons H?(meta), H*(para)
and those of the CHj3 group follow, with line widths and paramagnetic
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TABLE I

NiIcKEL (IT) COMPLEXES OF THE PENTAAMINE LIGAND 1 OBTAINED BY
RECRYSTALLIZATION OF [(1)Ni(OH,)]Cl, (17) IN THE PRESENCE OF THE REAGENTS
LisTED; IN SOME CASES, ADDED NH4PF¢ PRODUCES THE HIGHLY CRYSTALLINE

HEXAFLUOROPHOSPHATE SALTS

Reagent Complex formed
NaClOy [(1)Ni(OCl103)]C10,4 (18)

NH,PF [(DNi(p-CHNi(D)](PFg); (19)

NaNj; [(1)Ni(N3)]PFg (21)

Na[Ag(CN)s]  [(D)Ni(NC-Ag—-CN)]PF¢ (22) or [(1)Ni(NC-Ag—-CN)]PF¢ - H;0 (23)

shifts (43 ppm, 20 ppm, 1 ppm) decreasing in this order, in concert with
their increasing distance from the nickel center. The recrystallization of
17 in the presence of NH,PFg gives a p-chloro-bridged dinuclear com-
plex, 19. Variable-temperature data for the effective magnetic moment of
this complex indicate strong antiferromagnetic coupling between the
nickel atoms via the Cl bridge (diamagnetic ground state with total
spin St=0). When 17 is recrystallized in the presence of Nal, no iodo
complex is formed; instead, the uncoordinated chloride ions are
exchanged, and [(1)Ni(OHy)]I; (20) is produced. Apparently, iodide is
too large a ligand to coordinate to the [())Ni]** complex fragment
without repulsive van-der-Waals interactions between it and the basal
amino groups (45).

In the solid state structures of the nickel(I) perchlorato complex 18
and its relatives, the pentaamine ligand acts as a square-pyramidal
coordination cap, in the same way as in its zinc(I) and copper(Il) com-
plexes. Six six-membered chelate rings are thus formed, all of which
have a boat conformation. Unlike copper, a sixth ligand completes
the coordination octahedron in the case of zinc and nickel. The latter
type of complex in particular has bonding parameters within the
donor cap which indicate largely strain-free coordination: the Ni-N
bond lengths (2.01...2.16 A) are within the range of values determined
for other nickel(IT) polyamine complexes (46,47), and the bond angles
deviate from the expected mean of 90° by =+ 7°. A structural ¢rans influ-
ence of the sixth ligand (in the sense of a systematic variation of the
bond length d(Ni-N,,,)) is not observed, which is further support for the
notion that the sixth ligand is only weakly bound (high-spin Ni').
Independent of the arrangement of the Ny donor set, however — which
is square-pyramidal to a first approximation — some crystal structures
do show a distortion in the carbon backbone of the chelate ligand.
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2 N12

Fic. 2. Molecular structures of the cations in the complexes [(1)Ni
(0C103)]CI10, (18, left), [(1)Ni(OHy)I, (20, middle), [(1)Ni(N3)]PFs (21, right)
und [(D)Ni(n-Cl)Ni(1)](PFg)3 (19, below). The side views illustrate the varying
distortion of the ligand cap.

It consists in a more or less pronounced departure of the pyridine
ring from the plane defined by the quaternary carbon atoms in the
side-arms and the exocyclic methyl carbon atoms, which is reflected
by an expansion or contraction of the non-bonded distances between
pairs of methylene groups in both halves of the molecule, as defined by
the pyridine ring plain (Fig. 2). The distortion is minor in the case
of the perchlorato complex (perchlorate salt, 18), more pronounced
in the case of the p-Cl-bridged dinuclear complex (hexafluorophosphate
salt, 19) and the aqua complex (iodide salt, 20), and strongest in the case
of the azido complex (hexafluorophosphate salt, 21). The distortion is
mainly a consequence of crystal packing in the solid, as may be seen
from the comparison of structures of two independently isolated
forms of a dicyanoargentate complex (hexafluorophosphate salts in
both cases, 22 and 23; see Table I): While the degree of distortion is
very different in the two structures, the crystalline forms differ only
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in that one contains one molecule of solvent water per formula
unit, whereas the other does not. Theoretical work on the related
iron complexes of 1 (see below) has shown that the normal IR
mode describing the tilting of the pyridine ring is the lowest in all
complexes (at ca. 55 cm ™). Hence, such a distortion is expected to
be facile if a small force is exerted on the complex by the crystal
environment.

The molecular structure of a “ditame” complex of nickel(Il),
[(12)Ni(EtOH)]Brs, shows the coordination behavior of this ligand
and 1 towards Ni'! to be identical, with similar structural parameters
(23). The bond from the metal center to the secondary amine donor
in the apical position is shorter at 2.050(5) A than the equatorial
Ni-N bonds, whose average is 2.112(7) A, in the same way as in the
complexes of the pyN, ligand (44). The secondary nature of the
apical donor atom in [(12)Ni(EtOH)]Br, gives rise to crystallographic
disorder, which has been resolved.

D. CoBALT

We have studied cobalt(IIl) complexes of the pentaamine ligand 1
in the context of dioxygen activation (48), as well as elementary
cobalamin modelling (49), as outlined below. Dioxygen-bridged cobalt
complexes of the “ditame” ligand 12 have subsequently been reported
(22.23). Further, as 1 was the only polyamine at the time to enforce
coordination of a pyridine ring trans to the exchangeable ligand, we
were interested in elucidating the mechanism of base hydrolysis of
the mononuclear chloro complex [(1)CoCl]>T (50-52). This work was
carried out in collaboration with the groups of van Eldik in Erlangen
and Elias in Darmstadt (50).

Reaction of the hydrogen chloride adduct of the pentaamine, 1-4
HCI, under a dinitrogen atmosphere, in water or a water/methanol
mixture, with freshly prepared sodium tris(carbonato)cobaltate,
Na3[Co(COg)s] - 3 Hy0, gives, once the carbon dioxide evolution has
ceased, a red solution from which the mononuclear complex
[D)CoCl](CI)(C10,) -H50 (24) is deposited as a crystalline burgundy-
colored solid upon addition of NaClO, (3). The complex is diamagnetic,
and its "H NMR spectrum (DMSO-dg) has, in addition to the signals
expected for the pyridine and methyl protons, two pairs of broadened
multiplets (at 6 =5.85/5.29 and 2.74/2.25 ppm, intensity ratio 1:1:1:1),
which may be assigned to the diastereotopic protons of the methylene
and primary amine groups. The number of signals and their splitting
pattern indicate the high symmetry of the complex and the desired



190 A. GROHMANN

TABLE II

COMPARISON OF BOND LENGTHS [A] AT COBALT IN THE COMPLEXES
[(1)CoCI(CI)(ClOy4) - H>0 (24), [(1)Co(SO3)]Br (27), [(1)Co(1-02)Co(1)](S:06)Cl, - 6
H>0 (28), [(1)Co(p-05)Co(1)](S:06)>Cl- 10 H>0 (29), [(1)Co(OH)](CIO4), (30)
AND [(1)Co(CH3)]S,04 (31a); PARAMETERS FOR THE “DITAME” COMPLEXES
[(12)CoCl)(ZnCly), (A), [(12)Co(p-0O,)Co(12)]Cl, -4 H,O (B),
[(12)Co(p-0,)Co(12)]Cls -2 H>O (C) ARE LARGELY SIMILAR (22,23)
(STANDARD DEVIATIONS IN PARENTHESES)

Distance 24 27 28 29 30 3la
Co-N,,, 1928(3)  1.997(3)  1.928(4)  1.928(2)  1934(2) 2.018(2)
Co-N,, 1951(4)... 1968(4)... 1945(3)... 1.946(2)... 1958(2)...  1.947(2)...
(Min.. Max)  1957(4)  1978(4)  1956(3)  1958(2)  1963(2)  1.967(2)
Co-X* 2.265(2)  2.226(1)  1.883(3) 19152  1.897(2) 1.975(4)

“24: X = Cl; 27: X = §;28: X = O (peroxo); 29: X = O (superoxo); 30: X = O (hydroxo); 31a: X = C.

Distance A B C

Co—Ngee 1.936(11) 1.920(7) 1.949(6)

Co—Ngq 1.956(10)...1.968(10)  1.950(8)...1.987(8)  1.956(6). .. 1.966(6)
(Min. .. Max)

Co—X* 2.305(4) 1.951(7) 1.917(5)

“A: X = Cl; B: X = O (peroxo); C: X = O (superoxo).

coordination of the ligand as a square-pyramidal coordination cap.
Both conclusions are borne out by X-ray crystallography. The structure
of the cation resembles that of the nickel(I) complexes, with Co—N
bond lengths around 1.95 A and thus typical of cobalt(III) (Table II).
Dinuclear py-n'm' peroxocobalt(III) complexes of N donor ligands
are usually prepared by aerobic oxidation of the corresponding
cobalt(II) precursor. This method also works well for the pentaamines
1 and 12, and dicobalt(III) complexes having an O;f bridge are thus
obtained (2348). The procedure for 1 is as follows: When air is passed
through an ice-cooled aqueous solution containing stoichiometric
amounts of Co(NO3)y-6 HyO and 1-4 HCI as well as a slight excess of
KOH (4 eq +0.1 mmol), the dinuclear peroxo complex [(1)Co—Oqy—
Co(1)]Cl4 (25) begins to precipitate as a brown microcrystalline solid
after a few minutes. It may be recrystallized from water without decom-
position, and its solubility in other polar protic solvents such as MeOH
(non-absolute) or DMSO 1is also high. In contrast to other such
complexes, 25 does not liberate O, when heated in a vacuum (145°C,
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12 h); rather, the peroxo complex is re-isolated unchanged. An alterna-
tive synthesis of this complex combines 1-4 HCI with Nas[Co(COs)s] -3
H,0 in water/methanol in air. Once the precipitated product has been
removed, treatment of the mother liquor with hydrochloric acid and
subsequent work-up on an ion-exchange column allow the sequential
isolation of the superoxo complex [(1)Co-0s—Co(1)]Cls (26) and the
mononuclear chloro complex [(1)CoCl]|Cl,. A quantitative study of the
formation of 25 under these conditions (Co™™ precursor, oxygen from
air) helped prove that part of the pentaamine serves as a reducing
agent in this case (48), thereby lending support to a similar observation
in the literature where a dicobalt(III) peroxo complex is obtained
from a cobalt(IlI) precursor in air in the presence of an amino
acid ester (53). In the Raman spectrum, the peroxo complex 25 has an
intense absorption at 800 cm ™', which is assigned to the O-O stretch-
ing vibration. (The value determined for the analogous complex of
12, [(12)Co(u-05)Co(12)]Cl, - 4 H,O (B), is 810 cm ™). The complex is dia-
magnetic, and its 'H NMR spectrum resembles that of the
mononuclear chloro complex 24. In particular, the methylene and
primary amine groups again give rise to two pairs of signals, allowing
one to conclude equivalence of the groups as well as the diastereotopi-
city of their geminal protons. As the Co-O-0—-Co unit is expected to be
bent rather than linear, the symmetry of the system in solution as
deduced from the NMR spectra suggests rotation of the [(1)Co]
fragments around the Co-O bonds which is fast on the NMR time
scale. The UV/vis spectrum of 25 has an intense band at 295 nm
which, in analogy to other dicobalt(III) peroxo complexes ([(12)Co(u-
0,)Co(12)]Cl, -4 H50, B: 296 nm), is assigned to the LMCT transition
n;(ng) — d,2(Co) (64). The cyclic voltammogram shows a quasi-
reversible redox wave for the peroxo/superoxo system at Eyjp= +0.40 V
(relative to NHE); two irreversible one-electron processes at Eyjp=
—111 V and E;3=-167 V may be attributed to the sequential
reduction of the cobalt(IIl) centers to cobalt(II). Overall similar beha-
vior has been reported for the corresponding “ditame” complex,
[(12)Co(u-05)Co(12)]Cl, - 4 HyO (B) (22,23).

After isolation of the microcrystalline precipitate which is the
peroxo complex 25, there remains a reddish brown filtrate which
contains further peroxo complex. Acidification of the latter with
hydrochloric acid produces, after a few hours, the superoxo complex
[(M)CO-05—Co(@)](CD)5 (26) in the form of green microcrystals. As has
already been mentioned, mononuclear chloro complex may finally be
isolated from the red mother liquor of this preparation. If 25 is treated
with a measured quantity of aqueous hydrochloric acid, the superoxo
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complex and the chloro complex will form in equal amounts. If one uses
sulfuric acid instead of hydrochloric acid, the superoxo complex will
form only if the chloride salt of the peroxo complex has been used. If the
perchlorate salt is used, hydrochloric acid has to be employed
for acidification in order to form 26; sulfuric acid will cause a
color change of the solution to orange, indicating the formation of
the mononuclear aqua complex [(1)Co(OH,)]>*. An aqueous solution
of hydrogen peroxide reacts neither with the chloride nor with the
perchlorate salt. On the other hand, a mixture of hydrogen peroxide
and hydrochloric acid will convert the chloride salt of the peroxo com-
plex much faster into the superoxo complex than hydrochloric acid
alone. All these observations suggest the following scenario for the
transformation of the peroxo complex 25 into the superoxo complex
26: Initially, a certain amount of 25 is decomposed by hydrochloric
acid with concomitant formation of hydrogen peroxide. Mixtures of
H;05 and HCI are known to liberate chlorine above a critical HCI
concentration, and Cly will convert the remaining peroxo complex
into the superoxo complex. These processes are summarized in
Egs. (1.1)—(1.4). There is precedent in the literature both for the decom-
position of peroxo complexes to generate hydrogen peroxide, and for
the formation of dicobalt(IIl) superoxo complexes from the reaction
of the corresponding peroxo complexes with halogens (55,56).

[(pyN,)Co™-0-0-Co™(pyN,)]Cl, + 2 HCl—
2 [(pyN,)Co™CI1]Cl, + H,0, (1.1)

2 [(pyN,)Co™-0-0-Co™(pyN,)]Cl, + Cly—>
2 [(pyN,)Co™-0-0-Co™(pyN,)ICl; (1.3)

3 [(pyN,)Co™-0-0-Co™(pyN,)]ICl, + 4 HCl—
2 [(pyN,)Co™'-0-0-Co™(pyN,)ICl; + 2 [(pyN,)Co™
ClICl, + 2 H,0 (1.4)

The ESR spectrum of 26 (DMSO, 120 K) is in accord with the formu-
lation as a singly bridged dicobalt(IIl) superoxo complex (g=2.0629).
No hyperfine splitting from coupling with the *Co nucleus is observed
(56,57). In the Raman spectrum, 26 shows an intense absorption at
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1075 cm ™, a value typical of the O—O stretching vibration in ps-n'n’
superoxocobalt(IlT) complexes (58). The UV/vis spectrum has bands of
varying intensity at 208, 307, 464, and 698 nm, and is thus in good
qualitative agreement with spectra of the ammine complex [(NHg)5Co—
0-0-Co(NH3);5]Cl5 -4 Hy0 (59). As expected, the cyclic voltammogram
of 26 is identical to that of the peroxo complex 25 (see above).

The pH-dependent reactivity of 25 and 26 resembles that of related
complexes with other polyamine ligands (55) and may be summarized
as follows: The peroxo complexes may be transformed into the dinuclear
superoxo complexes plus a mononuclear halo species by addition of
a suitable acid. In aqueous alkaline solution (pH >12), the peroxo
complexes are stable over several hours, whereas the superoxo com-
plexes will react immediately even with dilute aqueous ammonia to
reform the peroxo complexes.

An unexpected result was obtained upon reaction of the penta-
amine ligand 1 with Nas[Co(COs3)s] -3 H,O in water in the presence of
sodium dithionite and sodium hydrogencarbonate. The experiment
aimed to answer the question whether, in the presence of an external
reducing agent such as Nay,S,0,, the starting materials and aerobic
oxygen would produce a higher yield of dicobalt(IIT) peroxo complex.
The upshot of this was that a reaction without aerobic oxidation pro-
duced the mononuclear S-sulfito cobalt(III) complex [(1)Co(SO5)]Br (27)
and CoyS3 (48). The formation of both products requires the dispro-
portionation of the dithionite anion which, in basic medium and in
the presence of metal ions able to form insoluble sulfides, proceeds
according to Eq. (2).

38,02 +6 OH —5 S02 + 8% +3 H,0 (2)

As there is a paucity of structural data for dicobalt(III) superoxo
complexes and, in particular, of structural comparisons between pairs
of the type [(L)Co-Os-Co(L)]**”°* with identical ligands L (2356,
60,61), a brief discussion detailing crystallographic features appears
appropriate. Structures were determined for the dithionate/chloride
salts [(1)Co—O-0O-Co(1)](S504)Cl5-6 HsO (28) and [(1)Co-O-0-Co(1)]
(S506)2C1-10 H50 (29) (48). The parameters within the square-pyramidal
coordinated {(1)Co} fragments resemble those of the chloro complex
[(D)CoCl](CI)(C10,) - HyO (Table II), but there 1s a distinct difference in
the conformations of the Co—O-0O—Co units (cf. Fig. 3). In the peroxo
complex, this unit is virtually coplanar with the pyridine rings,
whereas 1t is at right angles with the pyridine rings in the super-
oxo complex. The charge on the cation in the peroxo complex (4+)
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Fic. 3. Molecular structures of the cations in the peroxo complex
[D)Co(n-05)Co(1)](S206)Cly- 6 HyO (28) (left) and superoxo complex [(1)Co
(1-02)Co(1)](S20¢)2C1-10 H50 (29) (right); broken lines indicate intramolecular
hydrogen bonds.

indicates the presence of a peroxo bridge, and the bond lengths Co-O
[1.883(3) A] and O-0O [1.467(5) A] as well as the angle Co—O—-O [110.7(3)°]
are within the range of values observed for other Co(N;5) peroxo com-
plexes, including the recently reported “ditame” complex [(12)Co
(1-05)Co(12)]Cl4 -4 HO (B) (23,62). The Co-N bond trans to the 037
group [1.928(4) A] is significantly shorter than the equatorial Co-N
bonds [average: 1.950(3) A]. In the solid state, the Co-O-O-Co central
unit of the peroxo complex maintains four intramolecular hydrogen
bonds with primary amine protons, as indicated by the dashed lines
in Fig. 8. Similar three-point interactions have previously been found in
the complexes [(en)(dien)Co—O-O-Co(dien)(en)](ClO4), (63), [(tren)
(NH3)Co—O-0O—-Co(NH3)(tren)](SCN), - 2 H50 (64) and [(papd)Co—O-0O—
Co(papd)](S206)(NOg)s -4 HyO (65) (papd=1,5,8,11,15-pentaazapenta-
decane).
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In the superoxo complex (Fig. 3), the O, nature of the bridge may
be inferred from the charge (5+) determined for the cation, and from
the O-O bond length [1.325(3) A] which is much shorter than in the
peroxo complex. This value and the Co—O distance [1.915(2) A] as well
as the angle Co-O-O [116.5(2)°] resemble the values determined
for other Co(Nj) superoxo complexes (23,56,60,66,67). The equatorial
Co—N bond lengths in the superoxo cation [average 1.952(2)] are
virtually identical to those in the peroxo cation; given the expected
difference in trans influences of an O, versus an Og_ group, a parti-
cularly striking observation is the fact that the Co-N bond trans to
the superoxo bridge in 29 has the same length within experimental
error as the bond trans to the peroxo group in 28. There are intra-
molecular three-center hydrogen bonds also in the superoxo complex
(Fig. 3), but in this case involving only one primary amine group of
each diaminopropyl sidearm of the pentaamine ligand. Two factors
appear to be responsible for the conformational change upon going
from the peroxo to the superoxo complex: changes in the geometry of
Co-0-0-Co scaffold, and changes in the electrostatics of the crystal
lattice caused by a different set of counterions and increased amount of
lattice solvent. For more structural details concerning this and the
more recently investigated peroxo/superoxo complex pairs, the reader
is referred to the original publications (2348).

The pentaamine ligand 1 also provided new impetus for kinetic stu-
dies of the base-assisted hydrolysis of Werner-type complexes of the
type [(N donor);Co(C1)]*™, as it contains a pyridine ligand trans to the
leaving group as a structural feature that had previously been lacking
in the chemistry of such complexes, despite a number of attempted
syntheses (68,69). In cases where a pyridine ligand is coordinated cis
to the leaving group, rate enhancements for the base-assisted
hydrolysis of such complexes had been observed and a number of
studies had, sometimes controversially, suggested that this is due to
the operation of a pseudo-base mechanism (50). A detailed kinetic
study of the complex [(1)CoCl](CI)(Cl10,)-H,0 (24), which also deter-
mined the pressure dependence of the rate constant, led to second-
order kinetics and supported the operation of the conjugate base
mechanism, Dy, (or better: Iqcp (561)) with intermediate deprotonation
occurring cis to the leaving chloride ion (50). The special structural
features of the pentadentate ligand cause the reaction to be slowed
considerably. The product is a rare example of a mononuclear
cobalt(III) complex with a terminal hydroxo ligand, [(1)Co(OH)](C10,),
(30), which we were able to characterize completely, both spectros-
copically and by means of an Xray structure analysis. The study
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finally provided clear evidence that in the case of [(N donor);Co(C1)]* "
complexes, a trans-coordinated pyridine ligand does not have any
significant labilizing effect on the leaving group, thereby reinforcing
the previously recognized analogy between the pentaamine ligand
1 and the classical pentaammine donor set. By contrast, the base
hydrolysis rate constant for the “ditame” complex [(12)CoCl]*>™ is
250-fold greater than that for the analogous [Co(NH3);Cl** ion.
This difference is attributed to an enhanced trans influence and a
bond-coupled cooperative mechanism that facilitate the Cl~ dissoci-
ation in the conjugate base of [(12)CoCl]*T (22).

In coenzyme B;s (adenosylcobalamin) the cobalt(IIl) center is
octahedrally surrounded by five nitrogen donors and one carbon
atom. The ligand trans to the alkyl group is a benzimidazol residue
which is covalently linked to the corrin macrocycle whose four
nitrogen donors occupy the equatorial positions. The strong trans-
influence of the alkyl group facilitates dissociation of the benzimidazol
ligand from the metal center, which is the key step in the binding of
coenzyme B;, to enzymes such as methionine synthetase (70). The
study of model compounds for coenzyme B;; has revealed the decisive
influence of the ligand trans to the alkyl group on the properties of the
cobalt(IIl)-carbon bond (71). The ¢rans ligand is labile in most cases,
which motivated us to obtain a simple cobalt(III) alkyl complex of the
pentaamine ligand 1, where the axial N ligand is non-dissociable.
The synthesis of the methylcobalt(III) complex [(1)Co(CHs)](NOs), (31)
uses the precursor pentaammine complex [(NH3)5Co(CH3)](NOg)s,
first prepared by Kofod from the reaction of cobalt(I) nitrate
with methylhydrazine in aqueous ammonia in the presence of oxygen
from air (dinitrogen and hydrogen peroxide being the other products)
(7273). When reacting equivalent amounts of this complex and 1
in concentrated aqueous ammonia, complex 31 is formed by straight-
forward ligand exchange (49). Its spectral features resemble those
of the chloro complex 24, with the exception of prominent signals
in the 'H and ®C NMR spectra (DMSO-dg) at $=2.04 ppm and
8 =41 ppm for the Co-CHj3 methyl protons and carbon atom, respec-
tively. The structure of the complex cation (Fig. 4) (determined for the
anion-exchanged dithionate [(1)Co(CH3)]S30g) 31a) is remarkable for
the very long Co-N,, bond [2.018(2) A)], which reflects the strong
structural t¢rans influence of the CHs ligand (the average value
for this bond length in other cobalt(ITI) complexes of 1 is 1.928(4) A
(Table II).

A large number of methylcobalt(III) complexes with unsaturated
ligands has been structurally characterized (74). In compounds where
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Fi1c. 4. Molecular structure of the cation in [(1)Co(CHj3)]S;0¢ (31a).

a pyridine donor is trans to the methyl group, the Co-N,,; bond lengths
range from 2.068(9) A for [Co(Hdmg),(CH3)(py)] (75) to 2.214(9) A for
[Co(OEP)(CH3)(py)] (76) (Hdmg = dimethylglyoximato; OEP = octaethyl-
porphyrin dianion). The Co-N,, bond length in [Co((DO)(DOH)Me,
pn)(CH;)(py)] ™ is 2.105(3) A (77), and it is not significantly shorter in a
related compound having a pyridyl ligand which is covalently linked
to the equatorial donor set (2.07(1) A; (DO)DOH)Me, pn=N2N?.
2,2-dimethylpropanediyl-bis(2,3-butanedione-2-imine-3-oxime)) (78). A
number of reasons is discussed to rationalize the observed variation
of Co-N,, bond lengths. In some cases, the bond length may
depend on the orientation of the pyridine ring relative to the equatorial
ligands (steric factor), and in other cases the macrocyclic ligand
may exert an electronic cis influence. Still, comparison shows that
the Co-N,,, bond in 31 at 2.018(2) A is the shortest of all such complexes.
Apparently, the podand nature of the pentadentate amine ligand
prevents the bond between the metal center and the apical nitrogen
donor atom to be elongated beyond a certain limit.

E. IroN

Iron complexes of the new tetrapodal pentadentate ligands
highlighted in this contribution are probably the most diverse and
depart most strongly from previously established patterns of reacti-
vity (8,21,79).

Only a handful of reports on iron(I) and iron(III) complexes of
open-chain aliphatic polyamine ligands had previously existed in
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the literature, apparently due to the lack of stability of such systems
with respect to hydrolysis and — in the case of iron(II) — oxidation,
which induce decomposition leading to iron oxide/hydroxide species
and Fe(OH);, respectively. By contrast, iron complexes of macrocyclic
aliphatic amines (80-83) are considerably more stable as a consequence
of the macrocyclic effect (84). Furthermore, ligands with imine-
type nitrogen donors (polypyridines, Schiff bases) provide stabilization
by being able to accept electron density from the metal through =
back-bonding (85). The following is a brief list of the previously
known and fully characterized mononuclear iron(II) and iron(III)
complexes of non-macrocyclic aliphatic amines whose nitrogen donor
atoms are to a large part or exclusively primary (including NHaj).

e [Fe(NHs)s]Bro: When an excess of gaseous ammonia is passed
through a freshly prepared solution of elemental iron in hydrobro-
mic acid (40%), the bromide salt of the hexaammine iron(II)
complex is deposited (86). The cation is also found in certain car-
bonyl ferrates, such as [Fe(NHj)g][Fes(CO)q1], which are obtained
from the reaction of triiron dodecacarbonyl with ammonia in an
autoclave (87).

o [Fe(en);]Cly (en=-ethylenediamine): The complex forms when,
under anhydrous and anaerobic conditions, an excess of ethylene-
diamine is added to a solution of iron(II) chloride in ethanol.
The product may be condensed with acetone, producing a
tetraazacyclotetradecadiene macrocycle by way of a metal
template reaction (88). [Fe(en)s]Cls i1s produced in a similar
manner by reacting anhydrous iron(IIT) chloride with ethylenedi-
amine (89).

o [(tetraen)Fe(CO)]I, (tetraen =tetraethylenpentaamine): With air
excluded, an aqueous solution of tetraen is reacted with hydroiodic
acid and iron(II) sulfate, and the pH subsequently raised to
pH 8.5 by addition of NaOH. A stream of CO is passed through
the solution to produce the carbonyl complex which must be
swiftly isolated to avoid decomposition; it is insoluble in all
common solvents except water. In water, however, when no CO is
added and even though air may have been rigorously excluded,
the complex is reported to decompose spontaneously to form
rust-like products (90-92).

e Complexes of the ligand 1,3,5-triamino-1,3,5-trideoxy-cis-inositol
and its derivatives. These ligands act as N3 donors towards
both iron(I) and high-spin iron(IIl), although ring inversion
could make a facially coordinating O3 donor set available (93,94).



TETRAPODAL PENTADENTATE NITROGEN LIGANDS 199

The complexes are obtained in an air-free aqueous solution by
addition of the ligands to a suitable iron salt.

Complexes of iron(II) with nitrogen donor ligands that are not
derived from porphyrins have recently come under intense scrutiny,
both in a search for robust oxidation catalysts (activation of Hs5O,
and O,) and as model compounds for non-heme iron centers in metallo-
proteins (95). The foremost aim is to stabilize intermediates such as
hydroperoxo, superoxo, or oxo species (HOO™, O, 0%7) at such iron
centers in order to control their further reactions (96). In this context,
mononuclear iron(I) complexes with a single labile coordination site
may serve as models for naturally occurring oxygenases and peroxi-
dases whose active sites share these structural features (9597). The
pentaamine ligand 1 may serve as a building block for more complex
ligand architectures, by suitable derivatization of the primary amino
functions, e.g., through imine formation. Iron(I) complexes of 1 have
turned out to be surprisingly stable towards hydrolysis and oxidation,
and preliminary results indicate that the corresponding iron(III)
complexes, such as [(1)Fe(N3)]Xy or [(1)oFeq(1-O)]X,, are also accessible.

The iron complexes of the pentaamine 1 that have been isolated so
far have the bromo complex [(1)FeBr]Br (32) as their common precursor.
Reactivity patterns are shown in Scheme 1. The carbonyl and nitro
derivatives [(1)Fe(CO)]Bry(33) and [(1)Fe(NO,)]Br (34) may be obtained
from 32 simply by ligand exchange. Complex 32 is readily formed as a
yellow microcrystalline solid in an air-free aqueous solution containing
iron(I) sulfate, an excess of sodium bromide, and the pentaamine
ligand, once the pH has been raised to pH 8- --9 by addition of sodium
hydroxide. The determined magnetic moment (p.¢=5.23) indicates four
unpaired electrons and thus a high-spin Fe d° center, in full agreement
with the Mossbauer spectral data. The high-spin character of the metal
center is also evident from the Fe-N bond lengths determined by
single-crystal X-ray diffraction. The average is 2.169(6) A and thus
close to the value of 2.21(1) A reported for the prototypical high-spin
Fe!! complex [Fe(en)s] X, (en = ethylenediamine) (98,99).

The carbonyl complex 33 is obtained in a clean displacement
reaction when carbon monoxide is passed through a solution of 32
in methanol. Due to the increased charge on the cation, the product
precipitates in the process. The rather low frequency of the C-O
stretching vibration in the IR spectrum of the solid (KBr disc) at
1960 cm™' points to a strong Fe-CO interaction (100), as expected
for the highly basic NN, ligand environment. Similarly low values
(1940-1960 cm ™) were reported for the pentaamine iron(II) complexes
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water, pH 8 -9
pyNys - 4 HBr + FeSO,:7 H, O —— > [(1)FeBr]Br
1 NaBr -

[(1)2Fex(u-NO2)IBroPFs, 37

w N"Bu,PF
[(1)Fe(CO)Br,, 33

[(1)Fe(NO,)Br, 36
N

NO (excess) or
NOBF, or
NO, /H"

NO (stoich) or
NO, /H,O

[(1)Fe(NO)Br,, 34 [(1)Fe(NO)IBr;, 35

SCHEME 1.

[(tetraen)Fe(CO)]X, (tetraen = tetraethylenepentaamine; X =Cl, I, C10,)
which have already been mentioned (90-92). In the case of compounds
32 and 33, replacement of bromide by the strong-field ligand CO
causes the product to be low-spin, and hence diamagnetic. Its '"H and
{lH}13C NMR spectra are well resolved, with patterns supporting
a Cy, symmetrical structure of the cation in solution, and overall
similar to those observed for the series of cobalt(III) complexes of the
pentaamine ligand discussed above (48). The *C resonance of the
carbonyl ligand occurs at 22071 ppm (D50O). This is an extreme
value for an Fe'"-CO complex when compared to the range of chemical
shifts found for the CO adducts of hemoproteins and porphyrin-
based model complexes (208-202 ppm) (10I). Compound 33 is unusual
in that it appears to be the first octahedral Fe''-CO complex with
a non-porphyrin N donor environment to have been structurally
characterized. The most striking structural feature of 3 (Fig. 5), when
compared to 2, is the sharp contraction of the Fe-N bonds, in accord
with a low-spin Fe! formulation. The mean length of 2.02(1) A is in the
range of values determined for low-spin Fe'! complexes of macrocyclic
aliphatic amines (102) and podand polyamines with predominantly
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Fic. 5. Molecular structure of the cation in the carbonyl complex
[(1)Fe(CO)]Br; (33).

imine donor sets (6,99,103). The coordination of the carbonyl ligand
is essentially linear ((Fel-C1-01)=166(2)°), and the Fe—C bond
length (1.73(2) A) is similar to values determined for porphyrinato
Fe''CO complexes with aromatic imines in the ¢rans position (e.g.,
1.744(5) A (102)).

The carbonyl complex 33 in particular had thus served to demon-
strate the novel qualities of the pentaamine ligand 1 as a chelating,
“superpodal” analogue of the pentaammine, (NHj)s donor set, and we
extended our ligand exchange experiments to include the NO, species
NO, NO™, and NO,. The reaction of the bromo complex 32 with a
stoichiometric amount of nitrogen oxide, in methanolic solution, pro-
duces the 19 valence electron iron nitrosyl complex [(1)Fe(NO)]Br, (34),
classified as {Fe(NO)}” according to the Enemark-Feltham notation
(Scheme 1) (105). Its low vno stretching frequency (1620 cm™'; KBr
disc) points to an electron-rich metal center, due to the almost exclusive
o-character of the NN, donor set, which enhances M — N-O back dona-
tion. The complex is paramagnetic, with an S=1/2 ground state. In the
ESR spectrum, the observed g tensor is rhombic (g; =2.051, g5 =2.005,
gs= 1966), with N hyperfine coupling due to the nitrosyl ligand
resolved for gy; the coupling constant is A*NO)=22.9 G. The occur-
rence of “N-induced hyperfine splitting suggests the HOMO of the
{Fe(NO)}” unit to retain a substantial amount of NO-based orbital
character (106,107), with the pyN, ligand imposing an overall spacing
of molecular orbitals as predicted for the strong-field limit (106).
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The spectrum resembles that of the tetraphenylporphyrinato nitrosyl
iron complex with piperidine as an axial base (g;=2.080, go=2.040,
g5=2.003; AMNO)=217 G) (108), and a similar set of parameters
was also determined for the nitrosyl derivative of myoglobin (MbNO)
(109). The cyclic voltammogram of 34 shows two redox waves; a
quasi-reversible one-electron oxidation (Ejp= 4018 V) yields the
18 valence electron complex 5 ({Fe(NO)}G, below), whereas an irrever-
sible reduction at —1.06 V is assigned to the formation of a 20 valence
electron species, {Fe(NO)}®, for which there is precedent in the
literature (107,110). When comparing the solid state structural
parameters of the {(1)Fe} fragments in 34 (Fig. 6) and in the carbonyl
complex 33, the only striking difference involves the pyridine—iron
bond lengths trans to the CO and NO ligands, respectively; these are
d(Fe-N)=2.02(1) A in 33, and d(Fe-N)=2.095(5) A in 34. This suggests
the singly occupied molecular orbital in 34 to be antibonding with
respect to Fe-N,, and bonding with respect to the Fe-N,, interactions,
a conclusion borne out by comprehensive theoretical calculations
based on DFT (79). The NO ligand in 34 is coordinated to the iron
center at an angle of 139.4(5). This angle is 10° to 20° smaller than for
other six-coordinate {Fe(NO)}»7 complexes (107,111), possibly due to an
intramolecular hydrogen bond between the nitrosyl ligand and one of
the amine protons. The bond lengths Fe-Nyo and N-O in the case of 34

Fia. 6. Molecular structure of the cation in the 19 valence electron nitrosyl
complex [(1)Fe(NO)]Br; (34).
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(1737(6) A and 1.175(8) A, respectively) agree with previously reported
structural data (107,111).

The 18 valence electron nitrosyl complex [(1)Fe(NO)]Brs (35), which
1s isoelectronic with the carbonyl complex 33, is directly accessible
from the bromo complex 32 by reaction with an NO ™ source such as
NOBF,. There is a strong absorption in the IR spectrum (KBr disc) at
1926 cm ™! (vyo str). We interpret the extreme shift of the NO stretching
vibration upon going from {Fe(NO)!” to {Fe(NO)}° as an indication of
the oxidation being largely centered on the NO ligand, in agreement
with the Mossbauer data and DFT calculations (79). Compound 35 is
diamagnetic, and its '"H and ®*C NMR spectra show no unusual devia-
tions from those of the carbonyl complex 33. The cyclic voltammogram
shows the same redox behavior as the 19 valence electron complex
34, as expected. Preliminary X-ray structural data have established
the connectivity and overall geometry of the cation, in which the
Fe-N-O unit is linear. Approximate lengths of the Fe-N bonds between
the iron ion and the pentadentate ligand are between 1.97 and 2.02 A,
and the values for d(Fe-NO) and d(N-O) are 1.67 A and 1.12 A, respec-
tively. The parameters within Fe-N-O are comparable to those of an
18 valence electron iron nitrosyl complex with an NS, ligand, which
has no podand character (107).

Formation of the NO, complex 36 (Scheme 1) upon addition of
NaNO, to [(1)FeBr]Br in methanol is immediate. The product has
been fully characterized by IR, NMR, UV/Vis spectroscopies and
other methods. Attempts to obtain single crystals of 36, however,
revealed a remarkable transformation into the nitrosyl complex
{Fe(NO)}7 by slow hydrolysis. Complex 36 is diamagnetic with well-
resolved NMR spectra which, similar to the spectra of the carbonyl
and {Fe(NO)}6 complexes, indicate a Cy, symmetrical cation in solution.
The cyclic voltammogram (DMSO solution) has one quasi-reversible
one-electron redox wave at —0.07 V as the only feature, which we assign
to the Fe'l/Fe'™ couple of the mononuclear complex. Addition of water
to methanol solutions of 36 (in sub-stoichiometric or stoichiometric
amounts) under anaerobic conditions leads to the formation of the
19 valence electron complex [(1)Fe(NO)|Br, ({Fe(NO)}", 34) as the
major product. This hydrolysis reaction, in which the nitro ligand is
reduced to coordinated nitric oxide, is remarkable in that it parallels
the reactivity of certain heme cd;-dependent nitrite reductases at
physiological pH (112). It is important to note that the hydrolysis of 36
to give 34 proceeds under neutral conditions (79). The reduction equiva-
lents necessary for the NO, — NO conversion may either be supplied
by the pentaamine ligand (48), or by part of the Fe'! ions, which should



204 A. GROHMANN

lead to the formation of 34 (which contains formal Fe'') and an Fe!!l

species in a 1:1 ratio. We have no indications for either process.
The most likely explanation for the observed reactivity is to invoke
methanol as a reducing agent. When adding H™ to a methanolic solu-
tion of 36, formation of {Fe(NO)}® by loss of water from coordinated
NOj is rapid, and the product is protected against reduction by its
low solubility. When adding HyO to a methanolic solution of 36, the
formation of {Fe(NO)}6 proceeds much more slowly, so that whatever
product is formed can immediately be reduced to {Fe(NO)}’, with no
precipitation of {Fe(NO)}G. Methanol would thus play the same role in
this functional model as do non-physiological reducing agents (such
as ascorbate) coupled with heme c¢ in the case of heme cd;-dependent
nitrite reductase, where such agents have been shown to sustain the
function of the enzyme in vitro (112-114).

Finally, attempts to obtain single crystals of the mononuclear
nitro complex 36 under strictly anhydrous conditions gave a dinuclear
iron(Il) complex instead, containing an N,0-coordinated nitrite bridge
(87, Fig. 7). The po-(m*-N: n'-0)-NO, bridge, which is unsupported
by other ligands, is an unprecedented feature in the coordination
chemistry of iron(II), and the only other instance where this bonding
mode has been found in a non-polymeric compound appears to be a
dinuclear copper(I) complex of macrocyclic ligands derived from triaza-
cyclononane, synthesized as models for the active sites of copper-depen-
dent nitrite reductases (115,116). While the bond angles in the {(1)Fe}
fragment of 37 are similar to those of the other structures, the Fe-N
bonds in 37 are significantly longer than in the other low-spin

C16 \N12 oH12B
H15B (5= A

FI1G. 7. Molecular structure of the cation in the bridged iron(II) nitro/nitrito
complex [(l)zFeg{nl-N: nl-O)-NOZ}]BrZPFG (87); intramolecular hydrogen bonds
are shown as broken lines.
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complexes of the series that have been structurally characterized, 33
and 34. There is, however, no indication of an incipient crossover
to the high-spin configuration in 37. The bond angles at the nitrogen
atom of the NO, ligand deviate from the expected value of 120°, and the
angle N,,—Fe-Nyog is contracted to 169.6(1)° from the expected value
of 180°. These distortions are, to a large part, due to intramolecular
hydrogen bonds between the uncoordinated NOj, oxygen atom and
protons on the primary amino groups of the pentadentate ligand.

The pentapyridyl ligand 2,6-(bis-(bis-2-pyridyl)methoxymethane)pyr-
idine 7 (R=0Me) was used to prepare a series of iron(II) complexes,
a number of which have been structurally characterized (6,9). In much
the same manner as 1, the ligand binds ferrous iron in a square-
pyramidal geometry, leaving a single coordination site accessible for
complexation of monodentate exogenous ligands, such as MeCN,
MeOH, H,0, pyridine, N3, or MeO . Depending on the nature of the
monodentate ligand, high-spin or low-spin electronic ground states
are observed. From a comparison (in methanol solution) of binding
affinities of the monodentate ligands, the charge on the latter
appears to be the major factor in controlling complex formation, and
a preference of anionic ligands over neutral ligands has been observed
for the {(7)Fe} fragment (R=OMe). Amongst possible monodentate
ligands, if charges are equal, strongfield ligands are bound in
preference to weak-field ligands. In methanol solution, strongly basic
ligands preferentially deprotonate coordinated methanol to yield
[(7)Fe(OMe)]* ™, rather than ligate to the ferrous center. Interestingly,
and in contrast to the iron complexes of 1, the formation of iron(III)
complexes of 7 is disfavored; attempted preparations with iron(III)
salts resulted in spontaneous reduction in most cases, presumably
through oxidation of the solvent. One of the accessible ferric complexes
of 7 is [(7)Fe(OMe)](OTf); (R =0Me), prepared from the corresponding
iron(IT) methanol complex by oxidation with hydrogen peroxide or
iodosobenzene, and this complex has been used in modelling studies
for the nonheme iron enzyme lipoxygenase (7,8). Substrates with a weak
C-H bond, such as cyclohexadiene, are reported to reduce the ferric
complex. The iron(IT) methanol complex as well as a radical species
are formed in the process, in a manner similar to the C—H bond
activation step in the proposed mechanism of lipoxygenase.

In the context of model studies of iron enzymes involved in oxygen
transfer, the pentapyridine ligand 7 (R = OMe), the tetrapyridine ligand
11, and a number of other, less symmetrical N5 ligands have been used
to prepare iron(I) complexes that react with hydrogen peroxide to
generate transient low-spin Fe™™OOH intermediates (17,18,21,117), with
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hydroperoxo-to-iron(Ill) charge-transfer bands between 500 and 600
nm. Their resonance Raman frequencies for the O-O stretching vibra-
tion lie near 800 cm™' and are thus significantly lower than those
observed for related high-spin complexes. The hydroperoxo-to-iron(III)
charge-transfer transition shifts to higher wavenumbers and the O-O
stretching frequency of the Fe-OOH unit decreases as the Nj ligand
becomes more electron donating, which indicates progressive weaken-
ing of the O-O bond with increasing electron density at the low-spin
iron(IIT) center. The metal center thus appears to prime the O-O bond
for homolysis prior to substrate attack. This reactivity has been docu-
mented for the complex [(11)Fe!™(n*-O0H)]**, in the oxidation of cyclo-
hexane. The hydroperoxo complex may be converted to its conjugate
base, and the obtained data (ESR, Mossbauer, EXAFS) suggest this to
be a high-spin iron(IIT) complex with a peroxo ligand in side-on coordi-
nation, [(11)Fe™(n2-05)]*. A number of structural parameters (such as
Fe-O and O-O bond lengths) have been extracted from the EXAFS
data, but crystal structures of the complexes have so far not been
obtained.

IV. Conclusion

As is evident from the results obtained so far by our group and
others, there is an emerging rich coordination chemistry of tetrapodal
pentadentate Ny donor ligands, particularly towards iron. “Superpodal”
ligands with primary amino groups, such as 1, have the potential for
further derivatization. In contrast to previous reports of iron complexes
with open-chain aliphatic amine ligands, iron complexes of 1 show
remarkable stability, both with respect to oxidative degradation of
the ligand and to unspecific hydrolysis. The ligand, which may be
construed as a chelating analogue of the pentaammine donor set, has
predominant o-donor character, thereby providing an electron-
rich coordination environment for the metal center. This gives rise to
unusual reactivity, such as the observed reduction of coordinated
nitrite to NO.
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|. Introduction

The transformation of alcohols into aldehydes and ketones is of
paramount importance in organic chemistry, both for laboratory-scale
experiments and in the manufacturing processes (I). Unfortunately,
the vast majority of the common oxidants have to be used at least in
stoichiometric amount. Moreover, they are usually hazardous or toxic
and generate large quantities of noxious by-products (2). Whilst many
ecologically benign processes have been developed for the reduction
of carbonyl derivatives (3), similar procedures have been far less inves-
tigated for the oxidation of alcohols (4).

Despite their obvious economical and ecological importance, few
catalytic systems are available for the transformation of alcohols
into aldehydes and ketones, using molecular oxygen or air as the
ultimate, stoichiometric oxidant (5). Moreover, most of the currently
available catalytic oxidation processes suffer from severe limitations,
being usually only effective with reactive alcohols, such as benzylic
and allylic ones, or requiring high pressures, temperatures, and cata-
lyst loading.

In this chapter, we wish to summarize our work on the discovery
and optimization studies of a novel and ecologically friendly, catalytic
aerobic protocol for the efficient oxidation of alcohols 1 into carbonyl
derivatives 2 (Fig. 1) (6).

During the establishment of the scope and limitations of this useful
catalytic process, some mechanistic studies have been performed that
allowed us to propose a plausible catalytic cycle rationalizing our
observations.

Il. First Generation Copper-Catalyzed Aerobic Oxidation Protocol
A. TESTING THE RIVIERE AND JALLABERT SYSTEM

Our own work in the area of aerobic oxidations was inspired by
the exquisite research performed on the structure and reactivity of
the binuclear copper proteins (7), hemocyanin and tyrosinase, and
by the seminal contribution of Riviere and dJallabert (8). These two
authors have shown that the simple copper complex CuCl-Phen
(Phen =1,10-phenanthroline) promoted the aerobic oxidation of
benzylic alcohols to the corresponding aromatic aldehydes and
ketones (Fig. 2).
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1
R/ Catalyst Rj
H P —
O, or air

R 4 R 2

[R, R = alkyl, aryl, H ]

Fic. 1.

Unfortunately, two equivalents of the copper complex have to be used
to achieve good conversions and the system is severely limited to
benzylic substrates. Aliphatic alcohols proved to be either unreactive
or underwent competing C—C bond cleavage (9).

1
2eqs CuCl phen; PhH !
> oH . >=o
2eqs K,CO5; Oy; reflux
1

R R 2
Entry Substrate Time Yield (GC)
1 benzylalcohol 2hrs 86%

2 1-phenylethanol 4brs 93%
3 4-t-butyl cyclohexanol 2hrs 5%
4 3-nonanol 2hrs 18%

Fic. 2.

Our fascination for the Riviere and Jallabert procedure prompted
us to reinvestigate this system and to modify various parameters
with the hope of achieving catalyst turnover and establishing a
useful and efficient aerobic protocol for the oxidation of all classes
of alcohols into carbonyl derivatives.

Our initial experiments were performed on p-chlorobenzyl alcohol
and employed two equivalents of CuCl:-Phen. It was rather dis-
appointing to find that, beside NaOAc, all the other bases tested
were far less efficient than K,CO; (10). However, during the course of
these optimization studies, a dramatic influence of the solvent on the
reaction rate was uncovered. For example, a 3-4-fold acceleration
was obtained when toluene was substituted for benzene. In contrast,
replacing benzene by m- or p-xylene resulted in a decrease in the rate
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of the reaction. Although it is difficult to offer a rational explanation
for the profound effect displayed by minute changes in the structure
of the solvent, it is quite reasonable to assume that the coordinating
properties of these aromatic solvents may alter significantly the
stability and reactivity of the copper complexes (II). Finally, it was
also discovered that molecular oxygen could be replaced by air, a
more readily available and inexpensive stoichiometric oxidant (12).

B. The FIRST BREAKTHROUGH

The real breakthrough was achieved when it was decided to lower
the amount of the catalyst (Fig. 3). Under the original Riviere
and Jallabert conditions (2 equiv CuCl-Phen; benzene) any attempt
to decrease the concentration of the catalyst resulted in a disastrous
curtailment in the reaction conversion. However, in toluene, reducing
the quantity of the copper chloride-Phen complex did not impair
the oxidation of the benzylic alcohol. Although the reaction took
longer to reach completion, quantitative formation of p-chloroben-
zaldehyde could be accomplished using as little as 0.05 equiv of
the catalyst.

Conversion vs Amount of CuCl.phen

125
100 -
O o a
o é O 2eq
S o
= 75 O leq
o
7]
5 g O 0.5eq
>
c
8 501 O A 0.leq
sl
A 1 0.05eq
25 o
0Lt T T T T T
o — [\l o <t vy O

time (hrs)

FiG. 3.
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Unfortunately, this initial catalytic system proved among other
things, to be severely restricted to benzylic alcohols. Based upon
previous work in the biochemistry of hemocyanins and tyrosinases
(7), a reasonable mechanism for this aerobic oxidation could be envi-
sioned, in which the p®-peroxide 6 occupies a cardinal position (Fig. 4).
This intermediate 6 can be formed by two different pathways: (I) either
by the displacement of the chloride ion in complex 3 by the alcohol
nucleophile (13), followed by dimerization in the presence of O, or (2)
by the initial formation of a chloro bis-copper peroxide 4 followed by
the exchange of the chloride substituent for the alcohol ligand.
The loaded p?-peroxide 6 can then undergo homolytic cleavage of the
labile O-O bond and generate the reactive species 7. Intramolecular
hydrogen abstraction leads to the copper-bound carbonyl derivative
8 with concomitant reduction of Cu™* (or Cu'™) to Cu'. Finally, ligand

0, Cl
Phen—Cu—ClI —_— Phen—C(
3 4 \o_)?g
1 1
KoCOs |-|o—{R K2COs |-|o—<R
R R
1 1
] \]
R1
' O, 0——<
Phen—C > Phen—C<o R
R
R1
Ho—< H,0 \A
R |
1
R1
C 0‘6
Phen—Cu—OH Phen—c( I
9 oA
A 1 / 7
R' S
o==< Phen—CU R
R “OH
2 8

FI1G. 4.
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exchange with the starting alcohol and release of H,O completes
the catalytic cycle (Fig. 4).

Such a simple mechanistic proposal accomodated the observation
that highly activated, benzylic alcohols were good substrates due
to the enhanced lability of their o-hydrogen atoms. In contrast,
aliphatic alcohols are far less reactive towards H-radical abstraction
and, accordingly, poor conversions should ensue. However, it was rather
disturbing to note that allylic alcohols, such as geraniol and nerol,
displayed poor reactivity in this system. Furthermore, it was observed
that the aerobic oxidation of aliphatic alcohols invariably resulted
in the rapid formation of a green copper(Il) salt, with concomitant
deactivation of the catalyst.

[ll. Second Generation Copper-Catalyzed Aerobic Oxidation Protocol

A. UNusuAL REACTIVITY OF HYDRAZINES. THE SECOND
BREAKTHROUGH

The previous observation strongly suggested that the regeneration
of the active copper(I) species was a serious predicament in the
oxidation of aliphatic alcohols. It was therefore decided to test
the effect of various reductants in this aerobic oxidation reaction.
Naturally, we turned to the hydrazine family of reducing agents
(Table 1) (14).

Remarkably, addition of hydrazine or N,N-dimethylhydrazine (20
mol%) to the reaction mixture resulted in a significant enhance-
ment in the rate of the oxidation reaction. The presence of electron-
withdrawing groups on the hydrazine led to an even more
dramatic improvement both in yield and reaction rate; the oxidation
of 10 being virtually complete within 15 min using DEAD-H,
(Entry 3). Although the efficiency of the hydrazine additive depended
to a small extent on steric hindrance, it was largely affected by
electronic factors. For example, whilst a small methyl ester substituent
proved less efficient than the bulkier ethyl group, a more sterically
demanding isopropyl ester only reduced slightly the rate of the
reaction; complete conversion being observed in 30 min (Table I,
Entries 2, 3, and 4). More importantly, if the ester substituent is
replaced by an acyl function, such as acetyl or benzoyl, virtually no
oxidation took place, regardless of the s-cis or s-trans conformation
of the acyl group (Table I, Entries 5-7). Having found that
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TABLE 1
EFFECT OF THE HYDRAZINE ADDITIVES

5mol% CuCl.Phen

OH toluene; H,0; 90°C CHO
200mol% K,C O,
¢ C

25mol% additive

10 11
Entry Additive Conversion (%)“
15 min 30 min

1 M62 NNH2 10 39
2 (MeOZCNH7)2 31 56
3 (EtO,CNH-); (DEAD-H,) 98 >99
4 ("PrO, CNH-), (DIAD-H,) 70 99
5 (MeCONH-), 5 5
6 (PhCONH-), <1 <1
7 phthalhydrazide <1 <1

“The conversions were determined by "H NMR spectroscopy and/or capillary GC analysis.

optimum conversions could be achieved using as little as 25 mol% of
DEAD-H,, we then applied these conditions to the oxidation of a
range of representative alcohols. Some pertinent results are collected
in Table II.

As can be seen from the Table, both benzylic and allylic alcohols
underwent smooth and quantitative transformation into the corre-
sponding aldehyde or ketone within 1 to 4 h. It is noteworthy that the
catalyst tolerates sulfur heterocycles (15). The stereochemical integrity
of the C—C double bond of the starting allylic alcohols is also retained
in the final products, with geraniol giving solely geranial (Table II,
Entry 5). Remarkably, trifluoromethyl alcohols and a-ketols are excel-
lent substrates, affording the corresponding trifluoromethyl ketone
and 2a-diketone respectively, in high yield (Table II, Entries 3 and 6).

Interestingly, the corresponding azo dicarboxylate (DEAD) could
be substituted to the hydrazide derivative (DEAD-H,) with equal
efficiency. Unfortunately, both primary and secondary aliphatic
alcohols proved to be poor substrates and only modest conversions
could be achieved under these conditions, even when a larger
amount of the CuCl-Phen catalyst was employed (Table II, Entries
7 and 8).
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TABLE II

CoPPER-CATALYSED AEROBIC OXIDATION OF ALCOHOLS USING DEAD-H,

1 1
5mol% CuCl.Phen; toluene; 90°C
> OH > >=0
25mol% DEAD-H,; 2eqs K,CO3; O,

R 4 R 2

Entry Substrate Product Conversion“

1 100%
Dm0
s s~ “CHO
2 N/Iﬁ (Ko 100%
P NOH p
F3 F3
3 n/Lo 100%
p OH P

4 P X" 0H P X~ CHO 100%

5 )\/\/K/\OH )\/\)\/CW 80%"

Ph Ph
6 Pn/ﬁ\[ PK% 100%
H
H
8 /ﬁ\ 44%°
CoHyg CH CoHig CH

3 3

“The conversions were determined by "H NMR spectroscopy and/or capillary GC analysis.
®Neral was not detected in this reaction.

€20 mol% CuCl - Phen was employed in this reaction.

930 mol% CuCl - Phen was employed in this reaction.
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B. A MECHANISTIC HYPOTHESIS

A plausible mechanism, involving both the azo and hydrazide deriva-
tives can be formulated as shown in Fig. 5.

In the presence of DEAD-H, 12 and base (K,COj;), displacement
of the chloride ligand by the hydrazide nucleophile takes place,
affording the hydrazino copper(I) complex 13 (I6). A rapid reaction
with oxygen then ensues, leading to the p*-peroxo-bis-copper(Il)
derivative 14. It is believed that upon heating, this complex undergoes
homolytic cleavage of the labile O-O peroxidic bond resulting in
the generation of the copper-alkoxy radical 15. Intramolecular
hydrogen atom abstraction ensues, affording the capto-datively
stabilized nitrogen-centered radical 16, which is nothing other than
the azo-substituted copper(I) hydroxyl species 17. This particular
sequence 1is thus responsible for the reduction of the copper (II)
species to the catalytically active copper(I) complex. Ligand exchange
with the alcohol and concomitant release of HyO then results in the
formation of the ternary loaded catalyst 18. In this complex, both the
alcohol and azo-substituents are held together in close proximity

. Phen—CuCl
Phen—CuCl 3
3 K, K»COs | DEAD-H; (12)
1 \j 0,
DEAD (19)
3—0H K2C03 Phen—Cu—hE—NH—E
R 4
13

Phen—Cﬁ ) Phen—C<

Sota A

Phen—C 0®
’N=t\ Phen—Cﬂ
17 E E\ / N {
OH /
Phen—C{) 15
N—N®

FIG. 5.
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by coordination to the copper center. An intramolecular hydrogen
shift, akin to the Meerwein—Pondorff—Verley—Oppenauer reaction (I18),
then takes place affording transiently a carbonyl-bound hydrazido-
copper derivative (19).

The aldehyde or ketone can now desorb, leading to the initial
copper(l) hydrazide complex 13 which re-enters the catalytic cycle. The
replacement of DEAD-H, 12 by DEAD 19 can be easily understood
when considering this catalytic cycle. Indeed, several entries to the
main catalytic cycle are possible, either via the hydrazino copper
species 13 or via the direct formation of the ternary loaded complex
18 from the azo-derivative 19, Phen-CuCl 3 and the alcohol 1. The
key-role played by the hydrazine or azo compounds can also be
readily appreciated when considering the proposed mechanistic
rationale. The hydrazide, not only helps in reducing the copper(Il) salt
to the copper(l) state but, by virtue of its easy passage into the azo
derivative, it also acts as a hydrogen acceptor, allowing the efficient
oxidation of the alcohol into the carbonyl compound.

Moreover, we believe that the azo form helps in stabilizing several
of the reactive copper complexes involved in this catalytic cycle
such as the hydroxy copper complex 17. Thus, we surmise that
this novel catalytic, aerobic oxidation procedure for alcohols into
carbonyl derivatives proceeds via a dehydrogenation mechanism
and relies on the effective role of hydrazine or azo compounds as
hydrogen shuttles and stabilizing ligands for the various copper
complexes (20).

C. SUPPORTING EXPERIMENTS

Further evidence for the occurrence of this dehydrogenation
mechanism can be gathered from the following experiments. The
hydrazido—copper complex 13 can be independently prepared by react-
ing Phen-CuCl 38 with the sodium salt of DEAD-H,. Addition of an
alcohol in the absence of O, results in no oxidation to the corres-
ponding carbonyl compound. However, when oxygen is admitted into
the reaction medium, rapid and quantitative conversion into the
desired product is achieved. Moreover, combining an alcohol with
Phen - CuCl and DEAD under anaerobic condition led to the rapid oxi-
dation of the starting material and the simultaneous generation of
equimolar amounts of DEAD-H,. The proportion of aldehyde/ketone
and hydrazine formed is equivalent to the quantity of starting azo
derivative. Independent reaction of the alcohol with DEAD and K,COs4
in the absence of air and copper salts results in the quantitative
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recovery of the starting alcohol (21). Although we have not yet been
able to obtain direct evidence for some of the intermediates postu-
lated in this catalytic scheme, we believe that the above-mentioned
experiments lend credit to the involvement of complex 13, 14, and 18
and strongly support our proposed mechanism.

D. TUNING THE HYDRAZINE STRUCTURE

At this stage, two major observations still need to be accounted
for: the lack of reactivity of aliphatic substrates and the need for a
five-fold excess of DEAD or DEAD-H, over CuCl-Phen to achieve
quantitative oxidations of benzylic and allylic alcohols.

An interesting clue to these questions was provided when moni-
toring the fate of the reagents and products involved in the aerobic
catalytic oxidation of undecanol to undecanal (Fig. 6) (22).

Whereas the decay of the alcohol follows the expected kinetic
course, the formation of the aldehyde shows an abnormal behavior.
In the early part of the reaction, the aldehyde formation matches
almost perfectly the disappearance of the alcohol. However, after c.a.
50% conversion, it reaches a maximum and then slowly begins to

Variation of the Reagents as a Function of Time
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decrease. Clearly, a side reaction is consuming the alcohol substrate as
soon as the aldehyde concentration attains a critical value. The fate of
the DEAD-H, additive is even more interesting. In strong contrast to
our expectation, the concentration of DEAD-H, does not remain con-
stant throughout the course of the reaction but gradually decreases
over time. The disappearance of DEAD-H, corresponds exactly to
the point of maximum aldehyde formation. Thus, the destiny of the
aldehyde and the DEAD-H, additive are intimately linked and, as the
hydrazide is removed from the reaction mixture, the formation of
the aldehyde simultaneously stops and its concentration decreases
after the hydrazide has been totally consumed. A similar pattern is
observed for the related DEAD compound. In this case, however, an
initial and extremely rapid transformation of DEAD into DEAD-H,
takes place. Only the hydrazide can be observed later in the reac-
tion medium. Closer examination of the reaction by-products using
stoichiometric DEAD under anaerobic conditions led to the isolation
of unexpectedly large quantity of the mixed carbonate 20 (Fig. 7).
Thus, the hydrazide or its azo analogue not only plays a key-role in
the catalytic cycle as a hydrogen acceptor and a reductant for the
copper catalyst, but it also acts as an acyl transfer reagent generating
competitively the undesired mixed carbonate 20. This by-product
presumably originates from the inter- or intra-molecular nucleophilic
attack of the alcohol on either the copper-hydrazide or azo complexes
13 or 18 respectively, resulting ultimately in the deactivation of the
catalyst. To minimize this undesired trans-acylation reaction, steri-
cally demanding azo-derivatives were tested (Fig. 7). Whilst di-isopropyl

5mol% CuCl Phen

CHO
OH toluene; 90°C
c 1eq RO,CNNCO,R c

Ko CO3, 02

10 11
+
Ent| R Ratio11/ 20
1 Et 30:70 c
; 20
2 Pr 47 . 63
3 '‘Bu >99 : <1

FI1G. 7.
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azodicarboxylate (DIAD) produced a more favorable aldehyde/
carbonate ratio (Fig. 7, Entry 2), we were gratified to find that the
corresponding di-tertbutyl azo-dicarboxylate (DBAD) led solely to the
formation of the desired oxidation product with no trace of the mixed
carbonate contaminant (Fig. 7, Entry 3).

Under these optimized conditions, the aerobic oxidation of alcohols
can be efficiently achieved using as little as 5 mol% of the DBAD or
DBAD-H, additives (Table III).

Using this improved protocol, a variety of allylic, benzylic,
and secondary alcohols are now smoothly oxidized to the corres-
ponding carbonyl derivatives in high yield. Unfortunately, primary
aliphatic alcohols still appear to be poor substrates and a conversion
of only 65% can be achieved before catalyst deactivation (Table III,
Entry 9).

Careful analysis of the reaction products revealed the absence of
a mixed carbonate akin to 20 even though gradual decomposition of
DBAD was again observed (23). This observation suggested that
the rather basic reaction conditions might be responsible for the
degradation of the azo derivative and that a decrease in the amount of
K,;COj3 is mandatory if better conversions and longer catalyst lifetime
are to be attained.

IV. Third Generation Copper-Catalyzed Aerobic Oxidation Protocol

The stringent requirement for 2 equivalents of Ky;COs in toluene
was puzzling and we initiated some studies in order to understand
the role(s) of this heterogeneous base. In particular, we wondered if
suitable reaction conditions might be found in which smaller quanti-
ties of base could be employed in order to transform our original
system into a more ecologically friendly protocol.

A. VARIATION IN THE STRUCTURE OF THE BASE

A variety of other bases (Na,COs, Li,COj; Na,HPO,, NaH,PO,,
Al,O3, NaOAc, KOAc, KOH, and CuCOs) were tested in this aerobic
oxidation system. Surprisingly, none proved to be as efficient as
K;CO3 (24). Examination of the postulated mechanism of this trans-
formation (Fig. 5) suggested a number of possible roles for K;CO3 (25).
First, K,CO3 should act as a base and react with the HCI formed
during the initial replacement of the chloride ligand of 3 by the alcohol
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TABLE III

CoPPER-CATALYZED AEROBIC OXIDATION OF ALCOHOLS USING DBAD-H,»

1
! 5moi% CuCl.Phen; toluene; 90°C
> OH - >=0
5mol% DBAD-H,; 2egs K,CO3; O,

R 4 R 2
Entry Substrate Product Yield”
0
S CHO
CHO
2 | N OH | X 81%
~
N N/

MeS MeS

4 899
P X"0H P X~ CHO o

5 MMOH )\/\)\/CHO 1%

NS
6 X )\/\/% 739%¢
HO
‘Bu—( —0

84%¢

H
8 /ﬁ\ 88%°
CoHyg CH; CoHys CH,

C9H1 9—CH20H C9H19—CHO
9 65%

¢ All yields refer to pure, isolated compounds.

®Neral was not detected in this reaction.

“Geranial was not detected in this experiment.

910 mol% CuCl - Phen and 10mol% DBAD were used in this reaction.
¢5 mol% DBAD was employed instead of DBAD-H,.



EFFICIENT, ECOLOGICALLY BENIGN, AEROBIC OXIDATION OFALCOHOLS 225

1 or the hydrazine 12. However, if this was the sole purpose of
KyCOs, then only 5 mol% should actually be necessary in the reaction
to fulfill the requirement of catalyst formation.

Second, examination of the oxidation in toluene revealed its
heterogeneous nature. Filtration of the dark-brown suspension gave a
filtrate devoid of oxidizing activity and a solid material which, once
re-suspended in toluene, smoothly oxidized alcohols to the correspond-
ing ketones and aldehydes. It thus appears that K,CO3; may also serve
as a solid support on which the copper catalyst can be adsorbed.
Finally, since water is released during the oxidation process, K;CO4
might also be acting as a water scavenger.

The importance of the dehydrating properties of K,CO35 was clearly
revealed by performing the oxidation reaction using only 10 mol%
K,COj; in the presence of an excess of 4 A MS. Although 4 A MS proved
to be less efficient than Ky;COj5 in trapping the released water (larger
loading and longer reaction time are required), the oxidation went
smoothly to completion.

B. A UNIQUE SOLVENT EFFECT

A major breakthrough was accomplished while studying the influ-
ence of the solvent on the amount of KyCOj3 required for the aerobic
oxidation of 2-undecanol into 2-undecanone (Table IV) (26).

Whereas in toluene, 2 equivalents of K5CO3 are necessary to achieve
complete conversion of alcohol 21 into ketone 22 (Table IV, Entries
1-3), we were quite surprised to find that only a mediocre yield of
the desired ketone was obtained in fluorobenzene (Table I, Entry 4)
under comparable conditions (27). Unexpectedly, lowering the
amount of K,COj3 dramatically increased the conversion of 21
into 22, reaching a 100% conversion even when only 25 mol% of
the base was employed (Table IV, Entry 7). Under these conditions,
2-undecanone 22 could be isolated in up to 99% yield. These optimized
conditions were then applied to the aerobic oxidation of a variety of
structurally representative alcohols. The results are summarized in
Table V.

It is quite remarkable that essentially every type of alcohol is
smoothly oxidized into the corresponding carbonyl derivative in high
yield and with good to complete conversion. Under these conditions,
primary aliphatic, allylic, and benzylic alcohols afford the expected
aldehydes and secondary alcohols are smoothly transformed into
ketones. Geraniol produces geranial and nerol gives neral with no
detectable loss of the geometric integrity of the C-C double bond
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TABLE IV

SOLVENT AND BASE EFFECTS IN THE AEROBIC OXIDATION OF 2-NONANOL

H 5mol% CuCl.Phen; 5moi% DBAD
CoHyg CH, 0,; K,CO3; solvent, 80°C CoHqg CHj
21 22
Entry Solvent KyCO4 Conversion® Yields®
1 CH3CgHs 2 equiv 90% 88%
2 CH3CgH; 1 equiv 70% 61%°
3 CH3CGH5 0.5 equiv <20% 11%
4 FCeH; 2 equiv 50% 44%7
5 FCeH; 1 equiv 100% 94%
6 FCgHj5 0.5 equiv 100% >99%
7 FCeH; 0.25 equiv 100% >99%
8 FCeH; 0.1 equiv 60% 58%°

“The % conversion was measured by "H NMR spectroscopy and by capillary GC analysis.
® All yields are for pure, isolated compounds.

“The reaction was stopped after 5 h.

9The reaction was stopped after 3 h.

“The reaction was stopped after 8 h.

(Table V, Entries 5 and 6). The catalyst tolerates both sulfur and nitro-
gen substituents (Table V, Entries 2, 4, and 8). Protected B-amino-
alcohols are smoothly converted into the corresponding aldehydes
without detectable racemisation (Table V, Entries 4 and 8) (28). It is
also noteworthy that the reaction conditions are sufficiently mild as
to be compatible with the Boc protecting group (Table V, Entry 8).

Interestingly, both endo- and exo-borneol are oxidized to camphor
at the same rate, despite the enormous difference in the steric
environment of these two alcohols (Table V, Entries 9 and 10).

Using our new protocol, only 25 mol% of K,COjs is required for
optimum activity. This unexpected breakthrough thus provides us
with a novel system which is completely catalytic in all its ingredients.
Such a low loading of the heterogeneous base appears to be highly
specific to fluorobenzene as the solvent (compare Table IV, Entries 1-3
with Entries 4-8). The property of fluorobenzene which is responsible
for its unequalled behavior is not yet known (29,30) although we
believe that it is a combination rather than a single factor that gives
fluorobenzene its uniqueness.

When less than 25 mol% of K;CO3 was employed in this protocol
(Table IV, entry 8), the reaction became rather sluggish and proved
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TABLEV

AEROBIC, CATALYTIC OXIDATION OF ALCOHOLS IN FLUOROBENZENE

Entry Substrate Product Yield”

CyH,,CH,0H CyH,,CHO 65%?°

©\/°” Q\%’ 85%
c»—@—cmorc cn—@—
/‘\l/\OH )\l/\

N(Bn), N(Bn),

MH N\ AN Xo 86%d

M /K/\)ﬁ\ 80%
OH X0
o}

CHO 7%
o

85%°

(':( Q/ 5%
I N
H 80%°
Boc Boc
93%
H 0
]§ /; ]E; 90%
(o]

OH

“All yields are for pure, isolated compounds. Complete conversions were achieved unless specified.
®In this case, the reaction was stopped after 70% conversion. The recovered alcohol amounted
to ~30%.

¢No racemisation was observed in this oxidation reaction. The aldehyde was reduced to the alcohol
(LiAlH, in THF) and the ee of the resulting amino alcohol was measured by HPLC analysis: Daicel
chiralpak column; 2% ‘PrOH in hexane; 1 mL/min; T =20°C; A =254 nm; (R)-BnyValinol: 11.16 min;
(S)-BnyValinol: 12.70 min; ee >99%.

9No double bond isomerisation took place under these conditions.

“No racemisation was observed in this oxidation reaction. The ee was measured by chiral GC (CP-
Chiral-Dex CB, 25m; ¢ =0.25 mm, DF = 0.25y1, 130°C for 12 min then 1°C per min) of the derived bis-
Boc-prolinol obtained by LiAlH, reduction of Boc-prolinal followed by derivatisation with BocyO
(R¢(R)-enantiomer: 43.1 min, R((S)-enantiomer: 43.6 min).
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to be difficult to transpose to other alcohols. The search for an alter-
native to K;,CO3 then became one of our prime objectives.

V. Towards a Truly Efficient, Aerobic, Catalytic Oxidation Protocol
A. 'BuOK: A UNIQUE BASE

After screening unsuccessfully a number of different additives, we
were gratified to find that ‘BuOK uniquely satisfied our requirements.
Interestingly, we also noticed that the mode of addition of the various
reaction partners played a crucial role in the success of this new
procedure (Fig. 8).

Thus, it appeared that addition of the base to the pre-formed
CuCl- Phen/DBAD complex resulted in rapid deactivation of the sys-
tem, as demonstrated by the poor conversion of 2-undecanol 21 into
the corresponding ketone 22 (Fig. 8, Entry 1) (31). On the other hand,
adding ‘BuOK to CuCl-Phen, in the presence of 2-undecanol,
followed by the addition of DBAD and heating under a gentle stream
of oxygen led to complete conversion of 21 into 22 (Fig. 8, Entry 2).
This efficient, catalytic, procedure was then applied to a range of repre-
sentative alcohols. Some selected examples are shown in Table VI.

As can be seen from Table VI, secondary aliphatic, allylic, and
benzylic alcohols are all quantitatively converted into the correspond-
ing carbonyl derivatives. It is interesting to note that no epimeriza-
tion of menthone takes place under these conditions (Entry 3).
Furthermore, rather hindered decaline derivatives (Entry 5) are also
smoothly oxidized.

5 mol% CuCl.Phen
OH

5mol% KOBut/ FCgHs j\
Colyg 5mol% DBAB / O,/ 80°C  CgHig
21 22
Order of addition Conversion
CuCl.Phen /DBAD /tBUOK /21 /A 40%
CuCl.Phen/21/tBuOK/ DBAD/ A 100%

FiG. 8.
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TABLE VI

AEROBIC OXIDATION OF ALCOHOLS USING ‘BuOK*“

Entry Substrate Product Yield®®

X X o
CoHyg CgoHyg
H
2 93%
P P
3 ﬁ‘“‘\Of'OH w‘m‘qo 92%

-
/]\(\OH

0 849"
N@Bn) NBn)

Oon
|N (o
7 Boc Boc 97%"

“The reaction conditions are described in Ref. (32).

b All yields refer to pure, isolated products.

“Unless otherwise stated, all the conversions are quantitative.

9The oxidation was performed on a 80/20 mixture of borneol and iso-borneol.
“The oxidation was effected on a 30/70 mixture of axial and equatorial isomers.
"The conversion amounted to 95% in this case.

& After silica gel column chromatography.

" No racemisation was detected.

Q

8
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These observations imply that the Cu oxidant is little sensitive to the
steric surroundings of the hydroxyl function. The scope of the reaction
can be further extended to protected primary B-amino alcohols with
equal efficiency. The oxidation of dibenzyl valinol (Entry 6), which con-
tains a tertiary nitrogen atom, proceeds in excellent yield. Moreover,
the involvement of a neutral medium is ideally demonstrated by the
lack of racemization of both dibenzyl valinal and Boc-prolinal
(Entries 6 and 7). Purification of this latter product, which was
prepared on a gramm-scale, necessitated only a simple filtration (32).

It is important to note that this new protocol operates under com-
pletely neutral conditions. Indeed, addition of ‘BuOK to the copper
chloride - Phen/alcohol mixture generates the corresponding copper
alkoxide. From that point onward, the oxidation proceeds under
neutral conditions since all the base has been consumed. It 1is
noteworthy that sensitive substrates do not undergo epimerization or
racemization.

B. The PROBLEM OF ALIPHATIC PRIMARY ALCOHOLS

Unfortunately, even using this optimized procedure, we were not
able to improve the conversion of primary alcohols into the corres-
ponding aldehydes. However, close examination of the oxidation beha-
vior of several primary aliphatic alcohols revealed intriguing features
(Table VII). Whilst poor conversion of 1-decanol 23 to decanal 24 was
achieved (Table VII, Entry 1), dibenzyl leucinol 25 and Boc-prolinol 27
were quantitatively transformed into the corresponding aldehydes
(Table VII, Entries 2 and 3). The enhanced reactivity of 25 and
27 could be due either to an increased steric effect at the a-carbon
center, to an electronic influence of the a-nitrogen substituent or to
a combination of both. To test the importance of steric hindrance,
the aerobic oxidation of cyclohexane methanol 29 and adamantane
methanol 31 was carried out. Much to our surprise, oxidation of
29 afforded 30 in 70% conversion (Table VII, Entry 4) and transforma-
tion of 31 to 32 proceeded with 80% conversion (Table VII, Entry 5).
Clearly increased substitution at the a-position favors the oxidation
of primary aliphatic alcohols, although the conversions are still not
optimum.

C. REMARKABLE EFFECT OF HETEROCYCLIC AMINES

In order to improve this transformation, a variety of selected addi-
tives were tested in the aerobic oxidation of 1-decanol 23. The high
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TABLE VII

CoPPER-CATALYSED AEROBIC OXIDATION OF SELECTED PRIMARY ALCOHOLS

Entry Substrate Product Yield®?

L CoHie TOH 283 CoHy Do 24 (60%) 51%

)\l/\o
N 26 (100%) 84%

25
B™ “Bn Br” “Bn

3 Q\ 27 % 28 (100%)97%
l  OH e}

4 OH =0 (70%) 64%
29 30

5 EJH @\/} (80%) 7%
31 32

“Values in parentheses refer to the percentage conversion of the starting material.

affinity of heterocyclic amines for copper salts, coupled with their
ubiquitous presence as ligands in biologically-active copper-containing
proteins (33), prompted us to investigate them initially. Some selected
results are collected in Table VIII.

As can be seen from Table VIII, the conversion of 1-decanol 23 to
the desired aldehyde 24 proceeded poorly in the absence of additive
(Table VIII, Entry 1). In the presence of 5 mol% of 4-DMAP (4-dimethyl-
aminopyridine), a significant increase in the transformation of 23
to 24 was observed (Table VIII, Entry 2) and complete conversion
was eventually reached using 10 mol% of 4-DMAP (Table VIII, Entry
3). Interestingly, only 7 mol% of NMI (/N-Methyl imidazole) was
required to transform 23 completely into 24 (Table VIII, Entry 4).

These conditions were next applied to the aerobic oxidation of
a variety of primary alcohols. A selection of pertinent examples is
displayed in Table IX.

As can be seen from Table IX, all the primary alcohols employed
were quantitatively converted into the corresponding aldehydes
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TABLE VIII

INFLUENCE OF ADDITIVES ON THE AEROBIC OXIDATION OF 1-DECANOL

5 mol% Phen.CuCl, 5 mol% DBAD, FC¢Hy

x
CoHyg™ ~OH >
5 mol% BuOK, O, additive, 70-80°C CoHyg 4 H

3
Entry Additive Amount Conversion®
1 none none 60%
2 N@,{ 5 mol% 80%
3 N2 v 10 mol% 100%
— \
4 N7 SN 7 mol% 100%
\—/

“The conversions were measured by capillary gas chromatography using the internal standard
method.

with 100% selectivity. It is noteworthy that no trace of carboxylic
acid was observed under these aerobic conditions. The reaction
tolerates both simple aliphatic primary alcohols (Table IX, Entry 1)
and more hindered derivatives (Table IX, Entries 2 and 3) as well as
various protecting groups (Table IX, Entries 4 and 8). Simple alkenes
are unaffected (Table IX, Entry 5) and base-sensitive substrates are
smoothly oxidized (Table IX, Entry 6). It is interesting to note that
under these neutral conditions, highly acid sensitive substrates are
also quantitatively converted into the corresponding aldehydes
(Table IX, Entry 7). Finally, a significant impediment pertaining to
all the other reported aerobic oxidation protocols is their inability to
oxidize alcohols possessing a chelating function, a nitrogen atom or a
sulfur substituent. Such is not the case for the copper catalyst which
transforms the strongly coordinating substrate 41 quantitatively into
the aldehyde 42 (Table IX, Entry 8) and tolerates both heteroatoms
(Table IX, Entries 9 and 10).

The remarkable effect of 4-DMAP and NMI on the ability of the
copper catalyst to oxidize efficiently a wide range of primary alcohols
is surprising and the origin of this effect was investigated, initially
using the mechanistically simpler anaerobic system. In the absence of
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EFFICIENT, AEROBIC, CATALYTIC OXIDATION OF PRIMARY ALCOHOLS

TABLE IX

Entry Substrate N° Product N° Yield*
1 23 24 95%
CH,s” OH CoHi S0
2 O/\OH 29 OAO 30 93%
3 E\/OH 31 E\/} 32 95%
4 TBSO" NOH 33 TBSO/WO 34 94%
HO, Q
5 : f 35 : \5 36 94%
Cl Cl
6 : 37 : 38 83%
)/\OH fo
a 1y P! aw 11,
Ph\\\ O " h\\\ O 03
H 0
7 39 ‘<:///_< 40 82%
8 Bro” ><"oH 4 Bro” ><No 42 9%
9 N OH 43 NS0 44 93%
® (-
N
10 45 46 95%

o
MeS

“All yields are for pure, isolated products.

oxygen and NMI, 1-decanol was smoothly and quantitatively oxidized
to decanal. Addition of 7 mol% NMI did not improve the conversion,
nor the rate of the reaction; rather, NMI had a slightly retardating

effect (34).
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D. A FuLLy INTEGRATED M ECHANISM

In order to reconcile these observations with the previously
established catalytic cycle for the aerobic oxidation of alcohols using
the CuCl-Phen/DBAD system, a new catalytic manifold has to be
operative in the presence of NMI (Fig. 9).

The productive catalytic cycle begins with the ternary loaded
complex A. Intramolecular hydrogen transfer from the alkoxy substi-
tuent to the azo ligand generates copper(l) hydrazide B. Subsequent
release of the aldehyde produces complex C, which is rapidly captured
by oxygen, affording Cu(Il) hydrazide derivative D. Reorganisation
of D under the thermal conditions of the reaction leads to the
hydroxy copper(I) species E. Finally, ligand exchange and elimination
of water regenerates the active, loaded complex A and a new catalytic
cycle ensues. Amongst the various active species involved in this
system, complex C, bearing an empty coordination site, appears to be
the most likely candidate to suffer a competitive deactivation by the
primary alcohols (35).

Indeed, whilst C usually reacts rapidly with oxygen, it can
occasionally undergo competitive coordination to an alcohol, produ-
cing the copper derivative F that might undergo hydrogen trans-
fer and loss of the hydrazine substituent, resulting in the inactive
complex G (36,37).

In the case of secondary alcohols, competitive coordination of
the OH function and oxygen to C largely favors the latter and the

o=
Phen.le H
/
. N
/0—< ‘BuooC”  COOBU!
PhenCy  H B QR
Ny \T/
[ SN { H H
BuOOC COO0Bu R N-N

A Buooc”  COOBU'

R OH r
K B Fhen CU\O M E O~ /
N-N Phen.ClI\N N/H Phen.Cu—0" R

R OH ‘Buooc”  CooB' NN
oH c 'Bu0OC” _ COOBY G

/
F
PhenvC;’i{/ \ NMI
"N=N AN
‘Buooc”  toosd o o,
E M|

§ Phen.Cy” N
Phen.Cd H n.C
\ A ) S
‘Bu0OC”  COOBU! ‘Buooc”  COOBY
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Z

Fic. 9.



EFFICIENT, ECOLOGICALLY BENIGN, AEROBIC OXIDATION OFALCOHOLS 235

bis-copper peroxide D is formed. However, when primary aliphatic
alcohols are employed, coordination of the less hindered OH
group now becomes competitive. The formation of inactive complex G
gradually depletes the catalytic cycle in the active oxidizing species
and the reaction comes to a halt. This mechanistic proposal also
explains the observed increased conversions when employing more
hindered aliphatic primary alcohols.

The role of NMI and 4-DMAP would thus be to bind rapidly to
copper complex C, generating intermediate H which is probably in
equilibrium with C. Such coordination would preclude the competitive
addition of the alcohol and suppress the undesired formation of the
inert derivative G (38).

In summary, we have discovered a simple and environmentally
friendly, catalytic aerobic protocol for the efficient oxidation of a wide
variety of alcohols into aldehydes and ketones. This novel catalytic
system uses oxygen or air as the stoichiometric oxidant and releases
water as the sole by-product. We have also shown that the use of the
simple and inexpensive additive NMI, strongly modified the course of
the copper-catalyzed aerobic oxidation of primary aliphatic alcohols.
Under these novel conditions, a wide range of primary substrates
could be transformed efficiently into the corresponding aldehydes with
no trace of over-oxidized carboxylic acids being detected. Moreover,
the neutral conditions employed are compatible with base and acid
sensitive substrates. Furthermore, these results have shed some light
on an unsuspected decomposition pathway, the inhibition of which
held the key to a highly successful aerobic oxidation procedure for
primary alcohols. To the best of our knowledge, the copper-catalyzed
aerobic system 1is thus far the only catalytic procedure that is able to
oxidize, with equal efficiency, substrates belonging to all the different
classes of alcohols.

Although much remains to be done, we believe that a genuine
leap has been realized in the establishment of mild and functionally
tolerant, ecologically benign, catalytic systems for the oxidation of
alcohols into carbonyl derivatives.
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the reaction mixture containing 13 and alcohol 1 restored the catalytic activity and
good yields of aldehyde 2 were again obtained.
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The relative solubility of Oy in toluene is 8.77 as compared to 15.08 for FCgHjy
(Naumenko, N. V.; Mukhin, N. N.; Aleskovikii, V. B. Zh. Prikl. Khim (Leningrad)
1969, 42, 2522). Furthermore fluorobenzene possesses unusual solvent property para-
meters and is more polar than toluene.

Parameters® Toluene Fluorobenzene
Gutmann donor number 0.1 3.00
Dipole moment 1.0 4.90
Dielectric constant 2.38 5.42
Er(30) 33.9 37
Solvatochromic 7* 0.54 0.62

“These data were measured at Zeneca Ltd.

Like most aromatic solvents fluorobenzene is highly flammable (Fp=—12°C). It is
irritant to the skin and can cause serious damage to the eyes. It is only weakly toxic
by inhalation (rat; LC50 = 27 mg/l) and even less by ingestion (rat; LLC50 = 4000 mg/1).
On large-scale experiments it can be easily recycled by drying and distillation

It is possible that the greater polarity of flurorobenzene, which can lead to a higher
concentration of soluble base, might be responsible in part for the improved yields
and rate of reaction observed in this medium. Moreover, the amount of oxygen dis-
solved in boiling fluorobenzene might be greater than in toluene, leading to a more
efficient reoxidation of the active copper species. In this regard, it is noteworthy
that finely divided oxygen or air bubbles (obtained by passing the gas through a
glass frit) results in enhanced reaction rate.

The deactivation of the catalyst could arise from base-catalysed decomposition of
copper-coordinated DBAD by ‘BuOK in the absence of added alcohol.

Aerobic Oxidation of Boc-prolinol. 1,10-Phenanthroline (45 mg, 0.25 mmol,
5 mol%) was added to 45 mL of dry FCgH; followed by solid CuCl (25 mg, 0.25 mmol,
5 mol%). After stirring for 5 min at room temperature, (L.)-Boc-prolinol (1.0 g,
4.97 mmol) was added followed by solid KOBu’ (28 mg, 0.25 mmol, 5 mol%). The
resulting yellowish solution was stirred at room temperature for 10 min before
DBAD (57.5 mg, 0.25 mmol, 5 mol%) was added. The reaction mixture was refluxed
under a gentle stream of Oy during 4.5 h. After cooling to 20°C, celigel (1 g, 80/20 w/w
mixture of celite and silica gel) was added and stirring was continued for 2 min.
Filtration, washing off of the solid residue with 100 mL of ether and evaporation of
the solvents in vacuo afforded pure (L)-Boc-prolinal as a colorless oil (960 mg, 97%).
"H NMR (CDCls, 200 MHz). 8 =9.55 (brs, 1 H, rotamer 1), 9.45 (brd, J =3 Hz, 1H, rota-
mer 2), 4.3 (m, 1H, rotamer 1), 4.0 (m, 1H, rotamer 2), 3.6-3.3 (m, 2H), 2.2-1.8 (m, 4H),
1.45 (brs, 9H, rotamer 1), 1.40 (brs, 9H, rotamer 2). **C NMR (CDCl;, 75 MHz).
6=199.5, 199.3, 79.5, 64.4, 46.2, 28.1, 27.6, 24.4, 23.8. The ee was measured by chiral
GC (CP-Chiral-Dex CB, 25 m; F'=0.25 mm, 130°C for 12 min then 1°C per min) of the
derived bis-Boc-prolinol obtained by LiAlIH, reduction of Boc-prolinal followed by
derivatisation with BocyO (tg (R)-enantiomer, 43.1 min; tg (S)-enantiomer, 43.6 min).
(a) Karlin, K. D.; Gultneh, Y. Progr. Inorg. Chem 1987, 35, 219; (b) Sakharov, A. M.;
Skibida, I. P. Kinet. Catal 1988, 29, 96; (c) Kitajima, N.; Fujisawa, K.; Fujimoto, C.;
Moro-oka, Y.; Hashimoto, S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, A.
J. Am. Chem. Soc. 1992, 114, 1277; (d) Solomon, E. I.; Sundaram, U. M.
Machonkin, T. E. Chem. Rev. 1996, 96, 2563.
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Whereas quantitative conversion of 23 into 24 occurred in the absence and presence
of 7mol% of NMI, the oxidation of 23 proceeded more slowly in the presence of this
additive. The coordination of NMI to copper results in a slower exchange with the
excess DBAD and hence, in a longer reaction time.

Studies performed on the anaerobic version of this catalytic system revealed that
aliphatic primary alcohols were oxidized with the same efficiency as all the other
classes of alcohols, thus ruling out complexes A, B, and E as the culprit for the
decomposition pathway. Whilst we could not experimentally disgard complex D,
coordination of an alcohol to D should involve the participation of a pentacoordi-
nated copper species. Whilst these are not uncommon, their formation requires
a higher activation energy than the coordination to C.

This hydrogen transfer is essentially an intramolecular acid-base reaction. The
hydrogen of the coordinated alcohol function is acidified by coordination to the
copper center whilst the hydrazine ligand possesses basic properties. The elimina-
tion of the hydrazine substituent is irreversible under these neutral conditions.
Indeed, in the absence of excess base, DBADH, is unable to displace the alkoxide
ligand from the copper complex G.

We have previously demonstrated that G was not a competent catalyst in the aerobic
oxidation protocol when R = alkyl.

Marko, I. E.; Tsukazaki, M.; Giles, P. R.; Brown, S. M.; Urch, C. J. Angew. Chem. Int.
Ed., Engl. 1997, 36, 2208.
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|. Introduction

Supporting a soluble metal complex catalyst onto an inorganic car-
rier is a well known method in thermal catalysis. As a consequence
thereof, the catalyst becomes easily separable from the reaction
products while retaining in most cases its over-all catalytic activity.
In the following an opposite case observed in the field of photocatalysis
is reported. Here an inactive homogeneous transition metal complex
becomes active when supported onto an inorganic carrier. A further
difference is that, depending on the reaction conditions, the carrier
itself may also exhibit photocatalytic activity. Hexachloroplatinic acid
in solution only induces a stoichiometric visible light photooxidation
of the ubiquitous water pollutant 4-chlorophenol (4-CP) whereas the
reaction becomes photocatalytic when the complex is supported onto
titania. It was found that the most active catalyst was obtained when
the complex was covalently attached to titania. Thus, the titania
support can be considered as an unconventional semiconductor ligand
in a heterogeneous transition metal complex.
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Both in fundamental and applied aspects of semiconductor
photocatalysis, titania is the most commonly employed material (7).
However, a serious problem in technical applications is the fact that
it absorbs only 3% of solar light. Accordingly, extensive efforts have
been made to sensitize titania for visible light induced photocatalytic
reactions. In general, doping by transition metal ions is not connec-
ted with a shift of the photocatalytic activity into the visible but
rather with promotion of photocorrosion and charge recombination.
Exceptions are Cr®* (2), Fe®* (34), and V** (5) volume-doped materials
prepared by rather sophisticated methods like ion implantation or
chemical vapor deposition. The vanadium doped titania was present as
a monolayer and enabled the photooxidation of gaseous ethanol with
light of A =396—450 nm as indicated by solid-state NMR analysis (5).
Although a semiconductor photocatalysis mechanism was invoked
for this and the reactions in the presence of the Cr®* and Fe®* doped
titania, no photoelectrochemical experiments were performed to
experimentally support this hypothesis. We have shown that simple
inorganic compounds like Nay[PtClg], AuCls, and RhCl; introduced
into the bulk of amorphous microporous titania (6-8) by sol-gel
methods induce the photomineralization of 4-chlorophenol (4-CP) with
visible light. In the platinum modified material, isolated PtCl, units
are present without any bonding interactions with the titania
matrix. However, when these are introduced through the application
of an alternative synthetic method, a photocatalyst of the type
{[Ti04]-O-PtCLLL}"", L=H,0, OH™, n=1, 2, is obtained having a
much higher activity (9-1I). In this heterogeneous transition metal
complex titania plays the role of an unconventional ligand. Herein
we briefly summarize how the photoredox properties of titania are
changed by the covalent attachment to chloroplatinate and how the
primary photoprocesses of charge separation and interfacial electron
transfer can be described. Detailed information is available from
recent original publications.

Il. Preparation and Characterization of Photocatalysts
A. PREPARATION
Upon stirring a suspension of titania powders in an aqueous

solution of Hs[PtClg] in the dark, different maximum amounts were
adsorbed. Whereas 4.0 and 1.1% were taken up by the anatase and
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anatase/rutile samples TH and P25, respectively, only traces were
adsorbed onto the rutile material Ald. The almost four times larger
amount of hexachloroplatinic acid adsorbed by TH corresponds with
the about four times larger surface area of TH as compared to
P25 (vide infra). Surface modification may be performed also by
simple grinding with PtCl,, as in the case of [PtCl]/P25, but the
resulting photocatalysts are of lower photocatalytic activity and
lower stability (9,11).

B. CHARACTERIZATION

Transmission electron microscopy and X-ray powder diffraction
of 4.0% H,[PtClg]/TH revealed the presence of about 200 nm large
aggregates consisting of 2-4 nm sized anatase crystallites (12).
Specific surface areas of unmodified P25 (50 m?/g) and Ald (3 m?%/g)
were not changed upon modification whereas the area of TH decreased
from 334 m%/g to 260 m?/g.

Dark desorption experiments were conducted with potassium
fluoride in various concentrations since it is known that fluoride
irreversibly adsorbs onto titania through displacement of surface hydro-
xide (18-17). When 4.0% H,[PtClg]/TH was suspended in water, a pH
value of 34 was generated. No desorption of [PtClg]*~ was observable
upon stirring this suspension for four days in the presence of 0.01 M
KF. Only at a ten-fold higher fluoride concentration considerable
desorption up to 21% took place. When the suspension was neutrali-
zed before, the amount of desorption decreased to 2% although the
fluoride concentration employed was as high as 0.5 M. This suggests
that chemisorption has occurred according to Eq. (1) (L= CI, OH) and
that desorption is an acid catalyzed process

[TiO,]-OH + PtCl;L" — {[Ti0,]-O-PtCL,L}"" + HCl 1)

which may occur also in the absence of fluoride ions. Accordingly,
prolonged stirring of a suspension in the dark, brought to pH 1 by
addition of hydrochloric acid, induced complete desorption of [PtClg]*~
as indicated by UV spectroscopy. The remaining TH sample upon
irradiation with visible light exhibited negligible photocatalytic
activity. From this and the amount of chloride released into solution
after stirring 4.0% H,[PtClg]/TH in NaOH in the dark, it is estimated
that the surface complex has the composition {[Ti]-O-PtCl,L}",
L=H,0, OH, n=1, 2 (I18). Since only 1% was desorbed in nitric acid
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and 0% in sodium chloride solution, it follows that both the pres-
ence of protons and chloride ions favor an efficient photodesorption
process. It is known that chloride dark adsorption onto titania is
favored at low pH values (15,16).

In the corresponding photodesorption experiments (A >455 nm)
with 4.0% H,[PtClg]/TH suspended in water no desorption occurred
within 24 h of irradiation time, whereas in the presence of 0.1 M HCI
desorption of [PtClg]?>~ was almost complete.

The diffuse reflectance spectra (19-21) of P25, TH, 1% [PtCl,]/P25
and 4.0% H,[PtClg]/TH are compared in Fig. la. The pronounced
absorption of the modified material in the visible region was
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Fic. 1. (a) Diffuse reflectance spectra of P25 (thin line), TH (thick line),
3% [PtCl,]/P25 (dashed line) and 4.0% Hy[PtClg]/TH (dotted line). The
Kubelka-Munk function, F(R.), is used as the equivalent of absorbance.
(b) Transformed diffuse reflectance spectra of P25 (thin line), TH (thick
line), 3% [PtCl4]/P25 (dashed line) and 4.0% Hy[PtClg]/TH (dotted line).
The bandgap energy was obtained by extrapolation of the linear part.
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tentatively assigned to a ligand-field transition of the platinum(IV)
chloride, by analogy with the solution spectrum of Nay[PtClg] (9,22,23).
Below 400 nm a sharp increase in the absorption of the modified
sample indicates bandgap absorption of TiO,, as inferred from the
absorption features of unmodified TiO,. For an indirect crystalline
semiconductor the bandgap energy is obtained by extrapolation of
the linear part of the plot of (F(Rs)hv)’? vs. hv (24). All given
values are the arithmetic means of three independent measurements
(Fig. 1b, Table I), the bandgap absorption of the titania matrix in
platinum(IV) modified TH is slightly red-shifted whereas it is blue-
shifted in modified P25. In addition, these materials show significant
absorbance within the visible region down to 620-650 nm corre-
sponding to 2.0 and 1.9 €V for 3% [PtCl,]/P25 and 4.0% H,[PtClg]/TH,
respectively.

Different from a single crystal electrode, it is more difficult to
measure the flatband potential of a semiconductor powder, which is
necessary to estimate the absolute positions of the valence and
conduction band edges. However, the “suspension method” developed
by Bard and co-workers (25,26) and modified by Roy et al. (27), allows
to obtain this important potential. The method is based on the
pH-dependence of the flatband potential of TiO, [Eq. (2)].

Eg,(pH) = Eg,(pH = 0) — & pH @)

where Eg(pH) is the flatband potential at a given pH and % is usually
equal to 59 mV (28). Bard et al. measured the photocurrent generated
in the presence of methyl viologen (MV?") and a reducing agent,
whereas Roy recorded the photovoltage in the absence of a reducing

TABLE I

BANDGAP ENERGIES OF SOME TITANIA-BASED CATALYSTS CALCULATED FROM
TRANSFORMED DIFFUSE REFLECTANCE SPECTRA

Material Bandgap energy“/eV Bandgap/nm

P25 3.03 409

3% [PtCl,]/P25 3.17 (ca. 2.0)° 391 (ca. 620)

TH 3.27 379

4.0%H,[PtClg]/TH 3.21 (ca. 1.9) 386 (ca. 650)
“+ 0.05eV.

Values in parentheses correspond to the absorption onset.
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agent. In the latter case the shape of the sigmoidal voltage/pH curve
depends on the potential of the reference electrode, the [MVZ*]/
[MV ] ratio, the pH value, %, and on Ep. At the pH value of the
inflection point (pH,) the flatband potential is equal to the potential
of methyl viologen. From this the potential at any pH can be calcula-
ted according to Eq. (3) (27).

Eq(pH) = E°\py2e+ + R(pHy — pH) 3)

This is only possible if the factor k is known. Roy et al. obtained it
from the slope of the voltage/pH plot above the inflection point
whereas Bard et al. calculated it from the slope of the onset of photo-
current vs. pH (26). However, only poorly reproducible values were
obtained by the former and latter method due to high voltage fluc-
tuations and too low photocurrents, respectively. We have determined
the k& value by a new method through variation of the redox couple
(A2 T/A;T*). In this case a linear relation between the pH, value
and the redox potential of the pH-independent redox couple is
expected [Eq. (4)].

k = (E°pp+/ve — E°ppprsn)/(PH(; — pHyy) (4)

Table II summarizes structures and potentials of the bipyridinium
compounds employed as redox couples. A plot of the pH, values, as
measured for P25 (the reference material) and 4.0% Hy[PtClg]/TH
in the presence of appropriate redox systems, versus the redox
potential affords straight lines (Fig. 2). From the corresponding
slope the k values of 50 and 60 mV for P25 and 4.0% H,[PtClg]/TH
are obtained, respectively. This is in good agreement with the value
of 59 mV reported for TiOs, SnO,, and SrTi0;5 electrodes (28).

The plots of photovoltage vs. pH for TH and a series of Hy[PtClg]/
TH materials are summarized in Fig. 3. Upon increasing the pH
value a blue color is developed when approaching inflection points
(pHy), due to formation of the MV ™* radical cation, as indicated in
the figure and summarized in Table III. Observed pH, values of 4.45
and 54 for P25 and TH, respectively, are significantly lower than
that of 6.72 as reported by Bard et al. for commercially available
MCB anatase (25). The corresponding apparent flatband potentials at
pH =7, as obtained via Eq. (3) assuming £=0.059 V are —0.58 V (P25),
—0.54 V (TH), and —046 V (MCB). The value for a single crystal of
anatase was reported to be —-0.59 V (pH =17) (29).
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TABLE IT

REDOX POTENTIALS OF VARIOUS ELECTRON ACCEPTORS MEASURED IN
AQUEOUS SOLUTIONS

Compound Structure of cation Epzii+./ Vvs. NHE®

(HEV)(PFy), o~/ N\ 0.399
\ 7/ \_/ >"ou

(HiBV)Br o \.. 0414
(MV)Cly — )\ 0450

(BQ)Br, U —0.640°
(DP)Br, o o —0.268"
7/ N/
__/

¢4 0010 V.
®Trreversible.

Relative to the value of TH (—0.54 V) the apparent flatband potential
shifts anodically by 0.05, 0.09, and 0.26 V in the case of 1, 2, and 4.0%
H,[PtClg]/TH, respectively (Table III). Accordingly, the anodic shift
becomes higher with increasing concentration of the surface
platinum(IV) complex. Since the absorption onset of the TiO, part of
the 4.0% Hy[PtClg]/TH spectrum remains nearly unchanged (compare
Fig. 1 and Table I), the anodic shift of the conduction band edge
1s accompanied by an anodic shift of the valence band edge. This
should improve the oxidation potential of holes generated upon
UV-light irradiation. In accord with this postulate, significant differ-
ences 1n the photocatalytic activities of TH and 4.0% H,[PtClg]/TH
were observed (vide infra).

Photocurrent measurements performed for unmodified P25 point
to an n-type semiconductor behavior. Calculated IPCE values for P25
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Fic. 3. Photovoltage recorded for TH (squares), 1.0%
(triangles) and 4.0% Hy[PtClg]/TH (stars) suspensions in 0.1 M KNOj in the
presence of MV2" irradiated with full light of an XBO-lamp. The position

of the inflection point pH, is marked with a dotted line.

(circles), 2.0%

are presented in Fig. 4a. The onset of photoactivity is localized at
ca. 420 nm. This value, too high as compared to 409 nm obtained
from the diffuse reflectance spectrum of P25 (compare Table I), is
caused by relatively broad bandwidth of light at the exit slit of the
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TABLE III

APPARENT FLATBAND POTENTIAL VALUES AND RELATED DATA

Material pH, k/mV Eq(pH=0)/ Ea(pH=T7)/

V vs. NHE V vs. NHE
P25 445+ 0.05 50¢ —0.23+0.01 —0.58 +£0.01
TH 54401 59° —0.13 +£0.02 —0.54 £0.02
1.0%H,[PtCls]/TH 6.240.1 59° —0.08+0.02 —0.49 4+ 0.02
2.0%H,[PtClg]/TH 70+01 59° —0.04 £ 0.02 —0.45 £+ 0.02
4.0%H,[PtClg]/TH 10.2+0.1 60" +0.13+002 —0.28 4+ 0.02

“Measured as described in the text.
®Values taken from Ref. (28).

monochromator. The photocurrent action spectrum of 3% [PtCl,]/P25
exhibits photoactivity even upon visible light irradiation down
to 550 nm. Therefore, the corresponding photocurrent must be
generated by electron injection from the chloroplatinum surface
complex into the conduction band of titania. In the presence of
methanol or formate the current-doubling effect leads to 6-10 times
higher currents.

Ill. Photocatalytic Degradation with Artificial Visible Light (A > 455 nm)

Curves A-C of Fig 5 illustrate the photodegradation of 4-chloro-
phenol (4-CP) with visible light (A >455 nm) in the presence of the
three photocatalysts. 4.0% H,[PtClg]/TH induced also a fast minera-
lization as indicated by the TOC/TOC, values represented by curve
D. Reaction rates increased with increasing catalyst concentration,
reaching a constant value at 0.5 to 0.8 g/L.

Large differences in the visible light (A >455 nm) induced catalytic
activity are observed for the three photocatalysts. Whereas the
rutile based H,[PtClg]/Ald was inactive (Fig. 5, curve A), in accord
with the very small surface area and the trace amounts of adsor-
bed chloroplatinate, 1.1% H,[PtClg]/P25, and 4.0% H,[PtClg]/TH
were active, inducing 50% degradation after 95 min and 15 min,
respectively (Fig. 5, curves B, C). 4.0% H,[PtClg]/TH also initiated a
fast mineralization as indicated by curve D in Fig. 5.

Since the mineralization process produces CO, H,0, and HCI,
the initial pH value of 34 decreased to 3.0 at 120 min irradiation
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Fic. 4. Dependence of incident photon to current efficiency (IPCE) on
excitation wavelength and presence of current-doubling agent. ITO electrodes
were covered with P25 (squares) or 3% [PtCly]/P25 (circles) and biased at
a constant potential of 0.7 V vs. Ag/AgCl in 0.1 M NaOH solution (a)). After
addition of 01 M HCOONa the IPCE values increased (open circles, (b)).
The inserts show the zoomed visible region.

time. These conditions should favor photodesorption (vide supra) and
therefore a long-term irradiation was conducted in the presence of
NaHCO; to neutralize the generated acid. In this experiment the
concentration of 4-CP was readjusted to its original value when the
¢/co values approached zero (Fig. 6). Whereas in the absence of bicar-
bonate the activity decreased to 50% of its original value already
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Fic. 5. 4-CP degradation upon visible light irradiation; A>455 nm.
(A) Hy[PtClg]/Ald, (B) 1.1% H,[PtClg]/P25, (C) 4.0% H,[PtClg]/TH, (D) 4-CP
mineralization as catalyzed by 4.0% H,[PtClg]/TH (10).
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Fic. 6. Long term visible light degradation of 4-CP at 4.0% H,[PtClg]/TH in
the presence of 0.01 M NaHCOs3; A > 400 nm (10); for details see text.

at the third cycle, it changed only little even after 19 cycles when
bicarbonate was present. Whereas in the sixth cycle an irradiation
time of 7.5 h was required to obtain 98% degradation, in the 16th
cycle only half an hour longer was necessary to reach a value of
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Fic. 7. Photodegradation of cyanuric acid (CA) at 4.0% H,[PtClg]/TH
upon irradiation through the cut-off filter of 320 nm as monitored by
disappearance of cyanuric acid (squares) and by the change of total organic
carbon content (circles) and formation of NOj (triangles). Initial parameters:
pH =9, [CA]o=0.25 mmol L "

95% (Fig. 6). This clearly proves the catalytic nature of the photo-
degradation reaction.

Other pollutants like atrazine, dichloroacetic acid, lindane, and
trichloroethylene also wundergo almost complete mineralization
(A >455 nm). The degradation of atrazine in general affords cyanuric
acid as the final product when the photocatalyst is an unmodified
titania material (30). The same was observed for TH. However, when
4.0% Hy[PtClg]/TH was employed, even cyanuric acid was minerali-
zed by UV (A>320 nm) and visible (A >455 nm) light as indicated by
TOC and nitrate determinations (Fig. 7). After 6 h about 60% of the
starting material was completely mineralized.

IV. Photodegradation with Natural Indoor Daylight

The superior photocatalytic activity of 4.0% Hy[PtClg]/TH became
even more evident, when the reaction was conducted in diffuse indoor
laboratory daylight. Under these conditions both unmodified P25
and TH are inactive whereas the 11% and 4.0% surface modified
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Fia. 8. Diffuse indoor daylight induced degradation of 4-CP in the presence
of TH, P25, 1.1% H,[PtClg]/P25 (B) and 4.0% H,[PtClg]/TH (C).

counterparts exhibited 10% degradation after 420 and 120 min,
respectively (Fig. 8).

V. Photodegradation with Sunlight

In the photodegradation with sunlight a significant difference
between the photocatalysts prepared by adsorption from solution and
by grinding (9) becomes apparent. Contrary to the ground material 2%
[PtCl4]/P25 which is less active than P25, the sample 1.1% H,[PtClg]/
P25, as prepared by adsorption, induced a slightly faster reaction as
illustrated in Fig. 9a (curves B and P25). The strong and positive influ-
ence of surface complexation is more significant for the TH based
photocatalyst (curves C and TH, Fig. 9a).

As expected, the higher photocatalytic activity of modified TH
materials as compared to P25 was even more pronounced when the
solar irradiation was replaced by artificial UV light. 2.0% Hs[PtClg]/
TH induced 90% degradation already after 12 min, the time by
which only 50% were degraded by P25 (curves D and P25, Fig. 9b).
Under these reaction conditions the ground material 2% [PtCl,]/P25
led to only 30% degradation (curve E, Fig. 9b). In the case of 4.0%
H,[PtClg]/TH only traces of 4-CP could be detected after this period
of time (curves C, Fig. 9b).
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Fic. 9. (a) Sunlight induced degradation of 4-CP in the presence of TH,
P25, 1.1% Hy[PtClg]/P25 (B), and 4.0% Hy[PtClg]/TH (C). (b) 4-CP degradation
upon UV irradiation; A > 320 nm. 4.0% Hy[PtClg]/TH (C), 2.0% H,[PtClg]/TH
D), 2% [PtCly]/P25 (E).

VI. Mechanism

As mechanistic hypothesis it was proposed (9-11) that the excited
platinum complex undergoes homolytic Pt-Cl cleavage affording a
Pt intermediate and an adsorbed chlorine atom (Scheme 1), by
analogy with the known photochemistry of hexachloroplatinate in
homogeneous solution (23,31). Electron injection from the platinum(III)
complex into the titania conduction band reforms Pt'. Thus, the
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SCHEME 1. Schematic representation of primary photoprocesses upon
visible and UV excitation. The bold lines correspond to the potentials of
conduction and valence band edges.

reductive and oxidative centers become spatially separated and
charge recombination should be inhibited. The trapped conduction
band electron reduces oxygen to superoxide and finally hydroxyl
radicals as evidenced by scavenging experiments with benzoic acid
and tetranitromethane (9). The adsorbed chlorine atom was assumed
to oxidize 4-CP to the corresponding oxyl radical which is eventually
converted to CO, and HCI, in analogy with the photomineralization
catalyzed by unmodified titania (32,33). Intermediate chlorine atoms
were evidenced by formation of chlorinated phenols when unsubsti-
tuted phenol was used as substrate (9). Adsorbed chlorine atoms were
also proposed as intermediates in the photodegradation of trichloro-
ethylene (34). It is noted, that the alternative mechanism, i.e., electron
injection from the excited chloroplatinate resulting in a platinum(V)
intermediate cannot be completely ruled out.

To estimate the redox potential of the intermediate surface species,
the following considerations are made. As summarized above, excita-
tion of the surface complex {[Ti]-O-PtCl,L}"" leads to formation of
two new redox centers. The oxidative one can be described as a kind
of Cl/CI” pair coordinated weakly to a metal center. It is reasonable
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to assume that this oxidant is weaker than the free CI/Cl™ pair
(E°cyc1-=26 V, value for aqueous solution (35)), but stronger than
%012/017 (E°1201,y01-=1.3 V (36)). In addition, the required potential
has to be higher than 1.18 V, the oxidation potential of 4-CP, and
lower than 24 V, the estimated redox potential of “OH/OH™ couple,
because no hydroxyl radical formation could be observed in scaveng-
ing experiment with benzoic acid (9). Thus, the potential of the
oxidative center should be in the range of 1.3-24 V.

Unfortunately, the redox potential of the Pt**/2* couple is not
known in literature. Although some stable Pt'! compounds have been
isolated and characterized (37), the oxidation state III is reached
usually only in unstable intermediates of photoaquation reactions
(385-40) and on titania surfaces as detected by time resolved diffuse
reflectance spectroscopy (4I). To estimate the potential of the reduc-
tive surface center one has to recall that the injection of an
electron into the conduction band of titania (TH) occurs at pH =7,
as confirmed by photocurrent measurements. Therefore, the redox
potential of the surface Pttt couple should be equal or more
negative than —0.28 V, i.e., the flatband potential of 4.0% H,[PtClg]/
TH at pH ="7. From these results a potential energy diagram can be
constructed as summarized in Scheme 2 for 4.0% H,[PtClg]/TH at
pH =7 It includes the experimentally obtained positions of valence
and conduction band edges, estimated redox potentials of the excited
state of the surface platinum complex and other relevant potentials
taken from literature. An important remark which should be made
here is concerned with the error of the estimated potentials. Usually
they are measured in simplified systems — for instance in the absence
of titania — while adsorption at the surface, presence of various redox
couples and other parameters can influence their values. Therefore
the presented data may be connected with a rather large error.

As described above the oxidation potential of the platinum(III)
species should be equal or more negative than —0.28 V. This is
supported by the pH dependence of 4-CP photodegradation in
presence of 4.0% H,[PtClg]/TH (10). The reaction is slowed down in
basic media and almost suppressed at pH=11-12. Since Bahnemann
et al. observed a contrary tendency, i.e., a slight increase in 4-CP
degradation rate with increasing pH for unmodified P25 (42), our
observation may be connected with a too cathodic position of the
flatband potential and therefore the electron injection should be
much slower in basic suspensions. This supports the estimation of
the redox potential of Pt**/* couple to be at ca. —0.3 to —04 V, i.e.,
around the flatband potential of the catalyst at pH=7-8. However,
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SCHEME 2. Potential diagram for 4.0% Hy[PtClg]/TH at pH = 7. All potentials
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the pH-dependence of the reaction may also be caused by rather slow
substitution of Cl” ligands with OH™ (43,44).

The difference between the redox potentials of reductive and
oxidative surface centers cannot be higher than the absorbed light
energy divided by the elemental charge. In the case of irradiation
near to the absorption onset (620-650 nm) this difference is ca. 2 V.
Epicycr-) can be estimated as described above at ca. —04 V+2.0
V=1.6 V (Scheme 2).

Whereas the results obtained for the photodegradation with
visible light (A >455 nm, “Vis” in Scheme 1) can be rationalized
within the proposed mechanism, this is not possible for the observa-
tions made during the UV experiments (A > 320 nm, “UV” in Scheme 1).
As mentioned above, surface modification of P25 by grinding produced
a catalyst more active in the visible but less in the UV, as compared
to P25. This was rationalized by an “inner filter effect” of the metal
complex, thus diminishing band-to-band excitation of the unmodified
P25 surface and therefore the steady-state concentration of the
reactive e /ht pairs. The same argument should hold also for the
comparison of 2.0% H,[PtClg]/TH, prepared by adsorption from
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solution, with TH. However, in this case the modified material is more
active also upon UV irradiation. This significant difference can be
rationalized by first recalling that unmodified TH is much less
active than P25 (curves TH and P25 in Fig. 9b), suggesting that
electron-hole recombination is much stronger in TH. Accordingly, the
inner filter effect should be much less pronounced and may be
overruled by a more efficient electron transfer arising from an
additional contribution of the higher excited states of the platinum
component (Scheme 1).

VII. Summary

Chemisorption of Hy[PtClg] onto high surface anatase powder
leads to formation of the surface complex {[Ti]JOPtClL,L}"", L=H,0,
OH , n=1, 2, in which titania acts as a ligand. Depending on the cover-
age, the chloroplatinate group induces an anodic shift of the band
edges by up to 260 mV, thus changing the photoredox properties of
the semiconductor substantially. Efficient charge separation upon
visible light excitation most likely occurs through initial Pt—Cl bond
homolysis followed by fast electron injection into the titania conduc-
tion band. The resulting spatial separation of the charges should
disfavor recombination. This novel semiconducting surface metal
complex is an excellent photocatalyst for the mineralization of various
pollutants by artificial visible and even natural indoor daylight.
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Acetone
{(-H)(u-pdt)[Fe(CO)(PMeg)]o} *
reaction with, 20-22
{(w-H)(p-pdt)[Fe(CO)o(PMes)]o} [ *1[PFe] ™
reactions with, 4-5
Acetone complex, 22
Acetonitrile complex, 20
Acidic Hy complex, 143
Adenosylcobalamin, 196
Agostic complexes, 137
Alcohols
aerobic oxidation, 211-240
transformation into aldehydes and
ketones, 212
Aldehydes, transformation of alcohol into,
212
Aliphatic primary alcohols, 230
Alkyl C-H bond activation, 157
Ammonia, dinitrogen conversion to,
27
Anions, proton transfer to, 149-150
Arg425, 105
Aryl diimine complexes, 156
Asp490, 113
ATP formation via ATPase, 101
ATPase, ATP formation via, 101

B3LYP, 104-105, 108, 119, 121, 123
Back donation, 129-130
Bandgap energies, 245
B(CsF)s, 149, 167
Benzene, 214
B-H bond, 131

heterolytic cleavage, 168-171
BINAP-Ru chemistry, 148
Binuclear reductive elimination, 17
Bis(dinitrogen) complex, 51
Bond dissociation energies, 9
bonding, non-classical, 129

C. vinosum, 102

Catalytic H/D scrambling, 141

Catalytic hydrogenation, 140
mechanism for, 147

Catalytic potential, 78-80
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Cationic diimine palladium complexes,
156-158
Cationic diimine platinum complexes,
156-158
Cationic iridium complexes, 154-156
Cationic rhenium complexes, 154-156
Cationic silane complexes, 154
C—H bonds, heterolytic cleavage of, 168-171
C-H cleavage, 131
C-H vibrations, 84
CH,Cly, 161, 164
lability of, 138
Chelate ligand modification, 85-88
Chemisorption of Hy[PtClg], 258
p-chlorobenzaldehyde, 214
Chlorocopper(II) complex, 182
4-Chlorophenol (4-CP), 241-242
Closed-shell systems, 94
CN-H bond, 113
CO binding, 108
CO ligands, 144-145
lability of, 7
CO/CH3CN exchange, 21
Cobalt, tetrapodal pentadentate
coordination modes, 189-197
Cobalt complexes, comparison of bond
lengths, 190
[Co(CH3)]S506, 197
Compressed dihydride, 130
Coordinated didazene, photoisomerization,
82-88
Coordinated Hy
heterolytic cleavage and acidity, 132-150
intermolecular heterolytic cleavage,
136-140
Coordination number, 136
Copper, tetrapodal pentadentate
coordination modes, 184-186
Copper-catalyzed aerobic oxidation
protocol
first generation, 212216
mechanistic hypothesis, 219-220
second generation, 216-223
supporting experiments, 220
‘BuOK, 228-230
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Copper-catalyzed aerobic oxidation
protocol (cont.)

third generation, 223-228

tuning the hydrazine structure, 221-223

unique solvent effect, 225-228

using DBAD-H,, 224

variation in structure of base, 223-225
Copper(I) complex, molecular structure

of cation, 185

Copper(II) polyamine complexes, 184
[CpFe(CO)(PRy)(Hy)] ¥, 167
[CpFe(CO)(PR3)(HSiEts)] T, 166
CpMoH(CO)3, 139
[CpRu(PMejy),(HSiCl3)][BAry], 164
CuCl-Phen/DBAD complex, 228, 234
Cyanide ligands, 144
Cyanuric acid, photodegradation of, 252
Cys70, 109, 114
Cys492, 109-110, 114-115, 122-123
Cys495, 109, 111, 114-115, 118
CysSe492, 106, 109

D. fructosovorans, 102
D. gigas, 102, 104
D. vulgaris, 102
Dark desorption experiments, 243
D-D bond, 18
DEAD-H,, 216-222
1-Decanol, 232
Dehydrogenation mechanism, 220
Density Functional Theory (DFT), 3, 6,
23, 29, 32, 44, 57, 59-60, 62, 93,
104, 123
Desulfomicrobium baculatum, 103
Dewar—Chatt-Duncanson, 129
Dy/p-H exchange, 20
D,/H™ exchange, 64
Dy/H,0 mixtures, 7, 23
H/D exchange, 4, 12
D,/H50 scrambling, 17-19
Diatomic ligands, 2
cis-diazene
coordination process, 70
energy difference of coordinated, 76
stabilization effects, 69-70
trans-diazene, 67-69, 73
coordination process, 70
electronic coordination energy of, 77-78
energy difference of coordinated, 76
stabilization effects, 6970

Diazene complexes, 65, 74
Lewis structures, 71
Diazene-coordinating complex, 82
Diazene isomers, 76
Dichloromethane, 13
Dielectric constant, 105
Dielectric continuum, 105
Diffuse reflectance spectra, 244
Dihydride complex, 17
Dihydrogen
activation, 105, 108-109
heterolytic cleavage, 101
insertion of, 13
water-assisted activation, 15
water-free activation, 15
Dihydrogen binding, 108
Dihydrogen bonding, 140-149
Dihydrogen cleavage, 106
Dihydrogen complexes, 13, 17, 130
Dihydrogen coordination, 10, 127
Diiron complexes, 5
Diiron(IT) complexes, 3
Di-isopropylazodicarboxylate (DIAD),
222223
N,N-dimethylacetamide, 167
N,N-dimethylhydrazine, 216
Dinitrogen
conversion to ammonia, 27
end-on terminal reduction pathway of,
27-53
end-on versus side-on binding, 75-76
reduction energetics, 79
Dinitrogen complexes, 74
MO scheme, 44
QCA-NCA, 30-35
vibrational spectroscopy, 3035
Dinuclear complexes, hydrogen bonding in,
70-74
Dinuclear N, complex, 88-92
Di-tertbutylazodicarboxylate (DBAD),
223
Dm. baculatum, 102
4-DMAP, 232, 235

Electron acceptors, 247
Electron affinity, 118-119
Electron pair, 171
bonding, 128
non-bonding, 128
2-Electron—2-proton transfer, 64-74
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Electron transfers in [NiFe] hydrogenase,
101-125

Electronic absorption spectroscopy,
43-50

Electronic coordination energy of
trans-diazene, 77-78

Electronic properties, 2

Electronic structure, 43-50

Electrophilic cationic centers, 154-166

Electrophilic metal centers, 127-177

End-on terminal reduction pathway of
dinitrogen, 27-53

EPR spectroscopy, 102

(Et3S1),0, 157

Et3SiCl, 157

Et3SiON, 142

n2-H,, 143-144, 162

Fe-CO bond, 13
Fe—CO bond dissociation energies, 11
FeFe nitrogenase, 62
FeHz(Hz)(PRg)Z, 134
[Fe]Hsase active site, CO-inhibited
oxidized form, 3
[Fe]Hsase active site models
chemistry, 2
H/D exchange activity assays in, 1
[Fe]Hoase enzyme, redox levels, 2
Fe'Fe! catalyst, 4, 19
Fe'Fe! precursors, 6
Fe(II) centers, 74-82
Fe(IT) complexes, hydrogen bonds in,
65-69
Fe''Fe! complexes, 6-7
functional models, 3
FeMo-cofactor (FeMoco), 27, 56-61
new structure, 58, 62
resting states, 60
X-ray diffraction, 58
FeMo nitrogenase, 56, 62
Fe-NCMe bond, 13
[Fe(“NHS,")]2(n-NoHp) 145
[FeNi] hydrogenases, 144
Fe-only hydrogenase, 8
Fe-S based catalytic transition metal
complex, 93
Fe-S bond, 13
Fe-S clusters, 102, 112, 116, 119
Fe—S complexes, 59-60, 65
Fe(IT)-S complexes, 92

FeV nitrogenase, 62

Flatband potential values, 249
Fluorobenzene, 227

Fuel cell development, 1

Gauge-Independent Atomic Orbital (GIAO)
method, 6

GAUSSIAN, 93

Glu23, 106, 109, 114

'H NMR spectroscopy, 10, 21-22, 167-168
H NMR spectroscopy, 3, 7, 10, 18-19
H,
activation of, 132
cleavage, 2, 109
exchange without ligand loss, 12
intermolecular heterolysis of, 150
intramolecular heterolytic cleavage of,
140-150
H; complexes, highly acidic species, 135
Haber-Bosch process, 56
[HB(CF5)s] , 167
HBF,, protonation with, 29
HD complex, 143
H/D exchange
activity assays in [Fe]Hsase active site
models, 1
catalysis, 8
general mechanism, 18
inhibition, 13-14
into p-H position, 16-17
reaction, 23-24
H/D isotopic scrambling process, 23
H,/Dy mixtures, H/D exchange, 12
H,/D50 mixtures, 23
H/D exchange reactivity in, 4
H/D scrambling, 7
Heterocyclic amines, 230233
Heterolytic cleavage, 131
B-H bonds, 168-171
C-H bonds, 168-171
Si—H bonds, 150-153
silanes, 154-166
Heterolytic splitting, 127-177
Hexachloroplatinic acid, 241
Hexafluorophosphate salts, 187
H-H bond, 18, 127-128
H-H bond cleavage, 14-16, 120-123
in [NiFe] hydrogenase, 110-111
His72, 106
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His77, 109, 111-115, 117-121, 123
charged, 118-121
uncharged, 106-118
His430, 113
HO3SCF3, 139
HOD formation, 19
Homolytic cleavage, 131
H,[PtClg], chemisorption of, 258
H-S bonds, 70
H-S distances, 74
Hydrazidium complexes, 29
MO schemes, 45
Hydrazines, unusual reactivity,
216-218
Hydride transfer, 119
Hydrogen, binding energy, 112-113
Hydrogen bond energy, 67, 73-74
Hydrogen bonds
in dinuclear complexes, 70-74
in Fe(I) complexes, 6569
in trans-2(N,H,), 67
unconventional, 142
Hydrogenase enzymes, 1-2, 101
Hydrogenases, main classes, 101-102

Incident photon to current efficiency
(IPCE), 247-248, 250

INDO method, 59

Infrared spectroscopy, 29

Intermolecular heterolysis of Hsy, 150

Intermolecular heterolytic cleavage, 133

Intramolecular heterolytic cleavage, 133

of Hs, 140-150

cis-[Ir(CF3)(CO)(dppe)(DIB)] ", 148

[TrHy(CO)y(dppe)] *, 148

[IrHo(HS(CHy)3SH)(PCys)s] *, 144

Iridium complexes, 166-167

Iron, tetrapodal pentadentate coordination
modules, 197-206

Iron complexes, 166-167

Iron—molybdenum cofactor see FeMo-
cofactor (FeMoco)

Isomerization mechanisms, 76

Jahn-Teller axis, 113
Jup values, 134-135

K5COg, 223, 225-228
Ketones, transformation of alcohol
into, 212

Kinetic acidity, 135-136
Kohn-Sham method, 59, 94

Lewis bases, 82
Lewis structures, 83
Ligand bonding energies, 77-78

Manganese complexes with tied-back
phosphites, 158-168
[MCI(NNHj)(depe)s]Cl, experimental
and calculated transition
energies, 49
[M(diphosphine),] systems, Ny protonation
in, 45
Meerwein—Pondorf-Verley—Oppenauer
reaction, 220
Metal-H, complexes, 127
Methylcobalt(III) complexes, 196
[MF(°N'°NHz)(depe)o] (BFy)s, 41
[MF(NNH;)(depe)a](BF4)s
experimental and calculated transition
energies, 49
observed and calculated frequencies, 41
[Mn(CO)3{P(OCH3);CMe}5(CH,Cly)]
[BAry], 162-164
[Mn(CO)3(P)2(CHCly)] [BArr], 165
[Mn(CO)4{P(OCH3)3CMe}(CH,Cly)]
[BArg], 164
trans-[Mn(CO)s(P)s(CH5Cly)] *, 160
M-N force constants, 42
[MoF(NNHs)(depe)s](BF,)s, solid-state
UV/Vis absorption spectra, 48
Molecular orbitals of Ny upon conversion
to NNH;, 43
Molybdenum complexes, 27-53
Molybdenum triamidoamine complex, 28
Mo—N stretch, 39
Mo/NoH, complexes, 30
Mo-NNHj; complex, 40
UV/Vis spectra, 47
Mo/W-N, complexes, 30
Mo/W-N, depe complexes, vibrational
spectroscopic properties, 35
{(W-H)(p-pdt)[Fe(CO)o(PMey)]s} T, reaction
with acetone, 2022
{(u-H)(u-pdt)[Fe(CO)x(PMeg)]o} [T 1[PFq] 7,
reactions with acetone, 4-5

Nj protonation in [M(diphosphine)s]
systems, 45
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mechanism of, 27
N, species, metal-ligand bonding
properties, 43
N,H, species, metal-ligand bonding
properties, 43
Na " [RuH(PCys)(Sy)]~, 143
Naz[Ptcle], 245
N-H stretching modes, 84
N-H stretching vibrations, 36, 39
MN-TI infrared spectra, 33
®N-T infrared spectra, 33
N-N force constants, 42
N-N stretch vibration, 84
Ni-A, 106
Ni-C-0 bond angle, 108
Ni-CO dehydrogenase, 102
Nickel, tetrapodal pentadentate
coordination modules, 186-189
Nickel(IT) complexes, 186
Ni-Fe bond, 109, 113, 123
Ni-Fe dimer, 102, 108
NiFe complex, 109
NiFe(L,IT), 114
NiFe(ILIT), 108, 111, 123
NiFe(ILII) oxidation state, 105
NiFe(IIL,II), 106-107, 111-113
[NiFe] hydrogenase
catalytic cycle, 117, 120-121, 123
crystal structure, 102
electron transfers in, 101-125
first electron transfer in, 112
H-H bond cleavage in, 110-111
molecular hydrogen complex, 107
proton transfers in, 101-125
second electron transfer, 116
[NiFeSe] enzymes, 102, 121
Ni—H bond, 109
Ni—SCys495, 109
Nitrogen fixation
concept of activation, 28
quantum chemical investigations,
55-100
Nitrogenase, 27
Thorneley/Lowe kinetic scheme of, 28
Nitrogenase active site, 5761
X-ray structure, 56-57
NMI, 232-233, 235
NMR sample tubes, 5
NMR shielding tensors, 6, 2223
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NMR spectra, 138
NNH,; complex, MO scheme, 45-46
2-Nonanol, 226

Open site capture process, 14
Open site creation, 10-12

Peroxo complex, molecular structures, 194
Photocatalysts
characterization, 243-249
preparation, 242-243
Photocatalytic degradation with artificial
visible light, 249-252
Photochemical reduction mechanism,
89-92
Photocurrent measurements, 247
Photodegradation
of cyanuric acid, 252
with natural indoor daylight, 252-253
with sunlight, 253
Photodesorption experiments, 244
Photoisomerization of coordinated
didazene, 82-88
Photovoltage vs. pH, 246
n-complexes, 128-129
pK,, 134-135, 139
Platinum complex, homolytic Pt—Cl
cleavage, 254
Platinum(IIT) complex, 254
Platinum(IV) chloride, 245
PMe; ligands, 3, 8
Poisson-Boltzmann solver, 105
Polarization functions, 105
Polymeric phosphazene metal adducts, 182
Primary alcohols
copper-catalysed aerobic oxidation, 231
efficient, aerobic, catalytic oxidation, 233
Protein crystal structures, 1
Proton transfer
in [NiFe] hydrogenase, 101-125
to ancillary ligands, 140-149
to anions, 149-150
Protonation
of anionic Ru hydride, 143
with HBF,, 29
Protonation reduction step, 63
Pt-Cl bond homolysis, 258

QCA-NCA, 29
dinitrogen complexes, 30-35
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Quadratic Synchronous Transit (QST3) Steric repulsions, 153
method, 6 Sulfur substitution, 122-123
Quantum chemical methodology, 93-96 Superelectrophilic metal centers, 132
Quantum Chemistry Assisted Normal Superoxo complex, molecular structures,
Coordinate Analysis see QCA-NCA 194
Raman scattering factors, 96 TDDFT (time-dependent DFT), 29, 47, 49
Raman spectroscopy, 29 Terminal-ligand dissociation, 11
Raman vibrational frequencies, 87 2,2,6,6-Tetrakis(aminomethyl)-4 -
[Re(CO)3{P(OCHy);Cme}5(CH,Cly)] +, 163 azaheptane, 186
[Re(CO),(P)] T, 165 Tetrapodal pentadentate coordination
[Re(Co)4(PR3)(n2—H2)] + 145 modules, 183-206
cis-Re(CO)4(PR3)H, 149 cobalt, 189-197
Re-CH,Cl,, 164 copper, 184-186
Redox potential, 119, 247, 255-256 iron, 197-206
Resonance Raman methods, 82 nickel, 186-189
Rhenium complexes with tied-back zinc, 183-184
phosphites, 158-166 Tetrapodal pentadentate nitrogen ligands,
[RhH(PCy5)(*"S,-H)] *, 143 179-210
Riviere and Jallabert system, 212-214 Tetrapodal pentadentate topology, 180
Ru(Il) catalysts, 147 Thorneley/Lowe kinetic scheme of
Ru(II)-S complexes, 92 nitrogenase, 28
trans-RuCly[(S)-binap][S,S)-dpen], 146 Thr448, 106
Ru(DMSO)(PCys)(Sy), 143 Tied-back phosphite ligands, 165
Ru(Hy) complexes, 146 Tied-back phosphites, 158-166
[Ru(H,)(CNH)(L),][OTf],, 149 manganese complexes with, 167-168
RuHX complex, 147 Titania transition metal complex, 241-259
{[Ru(Plpl'g)(NzMeZsz)]zNg}, 88 Toluene, 214, 223
Ruthenium hydride, 147 Transmission electron microscopy, 243
Triflic acid, 149
Secondary alcohols, 234-235 Tungsten complexes, 27-53
Selenium substitution, 121-123 TURBOMOLE, 93-95
Sellmann-type Fe(II) complexes, 75 Type I ligands, 180
Sellmann-type metal complexes, 61-64 Type II ligands, 180181
Sellmann-type metal diazene complexes, 70 ~ Type III ligands, 182
Semiconductor photocatalysis, 242 Tyr442, 113
Shared-electron number (SEN) method,
66-67, 85, 95 UV spectroscopy, 243
o bonds, 137 UV/Vis absorption spectroscopy, 44
o complexes, 128-129 UV/Vis spectra, Mo-NNH; complex, 47
Sigmoidal voltage/pH curve, 246
Si—H bonds, 131 Vanadium doped titania, 242
heterolytic cleavage, 150-153 Vibrational spectroscopy, 29
Si-H cleavage, 172 dinitrogen complexes, 30-35
Silanes W-N,H, complexes, 35-43
alcoholysis, 166-168 Visible light photocatalysis, 241-259
heterolytic cleavage, 154-166 mechanism, 254-258
reaction of, 153
Silylium bonds, 131 [WCI(NNH,)(depe)s](BF,)s, solid-state

Spin barriers, 81-82 UV/Vis absorption spectra, 48
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W(CO)3(PCys)2(Hy), 135
W(CO)g(PlPl‘g)Z(Hz), 127-128
W(CO)3(PR3)2(Hy), 134
W(CO)5(BH3 - PMes), 168
Werner-type complexes, 128, 195
[WEF(NNHs;)(depe)s](BF,)s, solid-state
UV/Vis absorption spectra, 48
[WEF(NNH)(dppe)s], observed and
calculated frequencies, 38
W-N.H, complexes, vibrational
spectroscopy, 35-43
[W(Ny)o(dppe)o] *N-I), IR spectra, 32
[W(Ng)z(dppe)s]
force constants, 34
observed and calculated frequencies, 34

W(Ny)o(P)4 complexes, 146

[W(®Ny)s(dppe)o] (*°N-I), IR spectra,
32

W-NNH; complexes, 51

Xenon binding experiments, 108

X-H bonds, 131

X-ray crystallography, 8

X-ray diffraction, FeMoco structure, 58
X-ray powder diffraction, 243

Zinc, tetrapodal pentadentate coordination
modules, 183-184
Zinc-aqua complexes, 183
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PREFACE

This thematic volume focuses on ‘Redox-active Metal Complexes’
and is dedicated to the late Dieter Sellmann. The theme of this issue
is taken from a collaborative research program, the so-called
“Sonderforschungsbereich 583” initiated by Dieter Sellmann and
funded by the Deutsche Forschungsgemeinschaft. In this program,
active since dJuly 2001, 16 research groups from different areas in
Chemistry and Physics collaborate at the University of Erlangen-
Nirnberg with the common goal to control reactivity of redox-active
metal complexes through molecular architecture. As part of this
activity an international symposium was organized in April 2003 on
the theme of this volume, and speakers were invited to contribute to
this thematic volume, scheduled to be co-edited by Dieter Sellmann.
Unfortunately, Dieter Sellmann died unexpectedly on 6 May 2003. In
order to acknowledge his important contributions in this area and
his remarkable input to initiate the “Sonderforschungsbereich 5837, it
was decided to dedicate this volume to the memory of Dieter Sellmann.

Dieter Sellmann studied chemistry in Tubingen and Miinchen, and
did post-doctoral work at Princeton University, New Jersey. He com-
pleted his Habilitation in 1972 at the Technical University in Miinchen
on dinitrogen fixation, a topic that fascinated him and his many
collaborators over many years to come. He held his first teaching
position in Paderborn, and in 1980 accepted a call to the University of
Erlangen-Nurnberg as Professor of Inorganic and General Chemistry.
He was a remarkably active researcher and published close to 250
research papers in top international journals. He had many friends
all over the world and was well respected by many inorganic and
bioinorganic chemists.

The present volume includes eight contributions. The first chapter
by Michael Hall, Marcetta Darensbourg and co-workers presents a
detailed account of the synergy between experiment and theory on the

ix
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H/D exchange activity of [Fe]Hsase active site models. In the subse-
quent chapter, Felix Tuczek focuses on the end-on terminal reduction
pathway of dinitrogen at Mo and W centers. Markus Reiher and Bernd
Hess use quantum mechanical calculations to investigate biological
nitrogen fixation in Chapter 3. In another theoretical chapter, Per
Siegbahn describes proton and electron transfer in [NiFe] hydrogenase.
In the following chapter, Gregory Kubas presents a detailed account
of the heterolytic splitting of H-H, Si-H and other ¢ bonds. Subseq-
uently, Andreas Grohmann reports on the development of tetra-
podal pentadentate nitrogen donor ligands and their coordination
compounds. In Chapter 7, Istvan Markd and his co-workers report on
the catalytic aerobic oxidation of alcohols, which is followed by the
final chapter with a contribution from Horst Kisch and co-workers on
visible light photolysis catalysed by titania transition metal complexes.
I sincere appreciate the effective collaboration with all authors in the
preparation of this special issue of the series.

I thoroughly believe that these contributions cover important
advances in inorganic and bioinorganic chemistry with respect to
redox-active metal complexes, and trust that the inorganic chemistry
community will benefit from them.

Rudi van Eldik
University of Erlangen-Nurnberg
Germany
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