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Bio-Inspired Transition Metal–Organic Hydride Conjugates for
Catalysis of Transfer Hydrogenation: Experiment and Theory

Alex McSkimming,[a] Bun Chan,[b] Mohan M. Bhadbhade,[c] Graham E. Ball,[a] and
Stephen B. Colbran*[a]

Abstract: Taking inspiration from yeast alcohol dehydrogen-
ase (yADH), a benzimidazolium (BI+) organic hydride-accept-
or domain has been coupled with a 1,10-phenanthroline
(phen) metal-binding domain to afford a novel multifunc-
tional ligand (LBI +) with hydride-carrier capacity (LBI + +

H�ÐLBIH). Complexes of the type [Cp*M(LBI)Cl][PF6]2 (M = Rh,
Ir) have been made and fully characterised by cyclic voltam-
metry, UV/Vis spectroelectrochemistry, and, for the IrIII conge-
ner, X-ray crystallography. [Cp*Rh(LBI)Cl][PF6]2 catalyses the
transfer hydrogenation of imines by formate ion in very
goods yield under conditions where the corresponding
[Cp*Ir(LBI)Cl][PF6] and [Cp*M(phen)Cl][PF6] (M = Rh, Ir) com-
plexes are almost inert as catalysts. Possible alternatives for

the catalysis pathway are canvassed, and the free energies
of intermediates and transition states determined by DFT
calculations. The DFT study supports a mechanism involving
formate-driven Rh�H formation (90 kJ mol�1 free-energy bar-
rier), transfer of hydride between the Rh and BI+ centres to
generate a tethered benzimidazoline (BIH) hydride donor,
binding of imine substrate at Rh, back-transfer of hydride
from the BIH organic hydride donor to the Rh-activated
imine substrate (89 kJ mol�1 barrier), and exergonic protona-
tion of the metal-bound amide by formic acid with release
of amine product to close the catalytic cycle. Parallels with
the mechanism of biological hydride transfer in yADH are
discussed.

Introduction

Nature rarely uses molecular hydrogen for hydrogenation reac-
tions.[1] Rather, throughout terrestrial life, the nucleotide-substi-
tuted nicotinamides NAD(P)H are used to carry and transfer hy-
dride regio- and enantioselectively to an unsaturated substrate
bound and hence activated within the active site of a (de)hy-
drogenase enzyme.[2] In metallodehydrogenases, a metal ion
serves as the substrate binding and activating site.[3] Examples
are the mononuclear zinc centre in yeast alcohol dehydrogen-
ase (yADH) for reduction of acetaldehyde to ethanol by
NADPH in the terminal step of yeast fermentation (see below,
Scheme 2 a),[3c] and the dinuclear magnesium centre for the re-
duction of either 2-acetolactate or 2-aceto-2-hydroxybutyrate
by NADPH catalysed by acetohydroxy acid isomeroreductase
in the biosynthesis of the essential branched-chain amino
acids (isoleucine, leucine and valine).[3d, e]

Inspired by biology, we recently demonstrated that a careful
combination of abutted co-facing organic hydride and metal
centres in one complex led to an efficient catalyst for transfer
hydrogenation. We used the Hantzsch pyridinium (HE+)–rhodi-
um conjugate [Cp*Rh(LHE)Cl]2 + (Scheme 1) as the catalyst for
transfer hydrogenation of imine substrates in air, at ambient
temperature, by 1:1 formic acid/sodium formate.[4, 5] Subse-
quent study revealed that the pyridylimine ligand used to
anchor the Hantzsch pyridinium group to the metal is unstable
under the catalytic conditions and slowly hydrolyses, thus lim-
iting the catalyst lifetime.[6] Therefore, to increase the catalyst
lifetime, an organic hydride donor-substituted chelate ligand
with increased stability over the Hantzsch-substituted pyridyli-
mine ligand previously studied was sought.

We describe herein the first multifunctional chelate ligand
(LBIH) with a benzo[d]imidazoline organic hydride-donor
domain (Scheme 2 b and Scheme 3). Ligand LBIH has the fol-

Scheme 1. Hantzsch pyridinium (HE+)–rhodium conjugate [Cp*Rh(LHE)Cl]2+ ,
previously used to catalyse transfer hydrogenation of imines.[4, 5]
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lowing design features: a) A 1,10-phenanthroline metal-bind-
ing domain, employed because it is a robust chelate ligand,
easily and diversely derivatised, that strongly complexes
a wide variety of metal ions;[7–9] b) a 2-(3’,4’,5’-trimethoxyphe-
nyl)benzo[d]imidazoline (BIH) organic hydride domain,[5, 10] pri-
marily chosen because benzimidazolines are amongst the
most powerful known organic donors of hydride. Benzimidazo-
lines simultaneously exhibit the lowest energies for heterolytic
cleavage of the organic hydride C�H bond (i.e. , hydricity, ap-
proaching 170 kJ mol�1) and very high nucleophilicities, which
approach those of more common borohydride reagents such
as NaB(CN)H3;[5, 10] c) a methylene ‘spacer’ between the ligand
and organic hydride domains, providing (i) convenient synthet-
ic access to the ligand and (ii) flexibility while retaining abutted
metal and organic hydride domains.

The new ligand was designed to be integrated into novel
rhodium and iridium target complexes [Cp*MIII(LBI +)X]n + (M =

Rh, Ir), offering enhanced reactivity compared to related
[Cp*MIII(diimine)X] centres. Electrochemical/chemical reduction
of [Cp*MIII(diimine)X] can form the metal hydrides
[Cp*MIII(diimine)H], reported by Steckhan and co-workers to re-
gioselectively transfer hydride to NAD(P)+ .[11] Fish and co-work-
ers reported that coordination of the nicotinamide amide
group to the [Cp*(diimine)MIIIH] intermediate facilitated the re-
gioselective hydride transfer to afford the 1,4-dihydronicotina-
mide product.[5, 12] The [Cp*MIII(diimine)X] (X = halide or solvent)
complexes are now catalysts of choice for regeneration of
NAD(P)H and are often incorporated into multipart systems to
drive enzymatic transformations.[5, 13]

Furthermore, Matsubara, Muckerman, Creutz, and co-workers
recently demonstrated the potential of metal hydrides in inter-
molecular regeneration of benzimidazoline organic hydride
donors.[14] They revealed that [(tpy)Ru(bpy)H]+ (tpy = 2,2’:6’,2’’-
terpyridine; bpy = 2,2’-bipyridine) regioselectively transfers hy-
dride to 1,3-dimethylbenzimidazolium ion in acetonitrile solu-
tion to afford the corresponding 1,3-dimethylbenzimidazoline.
Intramolecular hydride transfer should be kinetically more effi-
cient, since the hydride and acceptor are held in close proximi-
ty. Notably, whereas [(tpy)Ru(bpy)H]+ is readily isolated and
crystallised, [Cp*M(diimine)H]+ (M = Rh, Ir) species are much
more reactive, the Rh�H species being difficult to observe
spectroscopically, let alone to isolate.[15] Therefore, the prospect
of efficient intramolecular transfer of hydride from metal to
benzimidazolium in the target species appeared excellent.

Scheme 2 b depicts the desirable synergic cooperativity be-
tween the metal and organic hydride centres that was antici-
pated for the target complexes. It was expected that if ligand
E in the left-side species were an unsaturated organic sub-
strate, then metal binding would polarise and activate it to hy-
dride addition (the solid arrow) to afford the product anion
(EH�) that would be released upon protonation ([M]�EH�+ H+

![M] + EH2). This is analogous to the catalytic centre of yADH
(Scheme 2 a), in which a zinc ion binds and activates the acet-
aldehyde substrate to transfer of hydride from NADPH; proto-
nation then releases ethanol. It was also envisaged that if EH�

in the right-side species were a donor of hydride, such as for-
mate (HCOO�) or isopropanoate (Me2HCO�), then metal-

centre-mediated back-transfer of hydride from EH� to benzimi-
dazolium (BI+ ; the dashed arrow) would regenerate the benzi-
midazoline (BIH) organic hydride. Such a metal-mediated hy-
dride transfer to the benzimidazolium cation would be akin to
the hydride transfer to a pterin cofactor proposed to take
place in “Fe�S free”, mononuclear [Fe] hydrogenases.[1] Corre-
spondingly, human alcohol dehydrogenase facilitates direct
transfer of hydride from zinc-polarised ethanol to NAD+ , there-
by affording acetaldehyde (leading, in excess, to hangovers)
and NADH.[5, 16] If both of the forward and reverse processes in
Scheme 2 b were coupled in the same reaction mixture, then
the targeted complexes could catalyse the transfer hydrogena-
tion of an organic substrate. Hence we made the target
[Cp*M(LBI)Cl]+ complexes and have tested their abilities as cat-
alysts for the transfer hydrogenation of imines by formic acid/
formate.

Results and Discussion

Synthesis and spectroscopy

The new ligands [LBI][PF6] and LBIH were synthesised by adapt-
ing established methods (Scheme 3). Aerobic condensation of
1,2-phenylenediamine with 3,4,5-trimethoxybenzaldehyde af-
forded 2-(3’,4’,5’-trimethoxyphenyl)-benzimidazole,[17] which
was N-methylated in good yield using methyl iodide and
sodium hydride.[17] Reaction of the N-methyl benzimidazole
with 2-bromomethyl-1,10-phenanthroline[18] in anhydrous ace-

Scheme 2. The zinc-catalysed hydride transfer step in yeast alcohol dehydro-
genases (a), which provided the inspiration for the reactivity targeted in the
new metal-organic hydride conjugates made in this study (b), E = bound un-
saturated substrate (e.g. , imine, ketone, CO2).
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tonitrile followed by anion metathesis using K[PF6] afforded
[LBI][PF6] in good yield (60 %) as a white crystalline solid. The
corresponding phenanthroline-substituted benzimidazoline
(LBIH) was obtained in near-quantitative yield from the reduc-
tion of [LBI][PF6] with Na[BH4] in acetonitrile. Representative
1H NMR spectra of [LBI][PF6] and LBIH, and the X-ray crystal
structure of [LBI][PF6] are presented in the Supporting informa-
tion.

The complexes [Cp*M(LBI)Cl][PF6]2 (M = Rh, Ir) were obtained
in excellent yield (ca. 90 %) by reaction of [LBI][PF6] with the
corresponding [Cp*MCl2]2 precursor in acetonitrile, followed by
anion metathesis using K[PF6]. The complexes were character-
ised by 1H and 13C{1H} NMR spectroscopy, FT-IR spectroscopy,
ESI-HRMS, and microanalysis (see the Experimental Section).
The 1H NMR and 13C{1H} NMR spectra of the Rh and Ir com-
plexes are very similar. The data for [Cp*Ir(LBI)Cl]2+ are repre-
sentative; of note are the doublets at d= 6.89 and 6.34 ppm
for geminally coupled, inequivalent methylene protons in the
1H NMR spectrum, which also shows broadened, inequivalent
2,6-phenyl and 3,5-OMe resonances of the 3,4,5-trimethoxy-
phenyl group at d= 7.71 and 7.60 ppm and at d= 3.96 and
3.93 ppm, respectively (see the Supporting Information, Fig-
ure 3S). The 13C{1H} NMR spectrum shows corresponding ineq-
uivalences and peak broadenings, collectively consistent with
restricted rotation of the BI+ group with respect to the adja-
cent bulky metal domain. In UV/Vis spectra of [Cp*Rh(LBI)Cl]2 +

and [Cp*Ir(LBI)Cl]2+ , the characteristic, intense, p(phen)!
p*(phen) bands appear at 279 and 282 nm, respectively, and
obscure all other bands (see the Supporting Information, Fig-
ure 4S).

X-ray crystallography

X-ray crystal structures were determined for [LBI][PF6] and
[Cp*Ir(LBI)Cl][PF6]2. In the structure of the [LBI]+ cation (see the
Supporting Information, Figure 5S), the interplanar angle be-
tween the benzimidazolium and phenanthroline groups is 778.

Interestingly, the geometry ap-
parently minimises the
C2(BI)···N2(phen) distance at
2.909(2) � (cf. sum of van der
Waals radii �3.25 �[19]), sugges-
tive of a stabilising (electrostatic)
interaction between the posi-
tively charged imidazolium ring
and the phenanthroline lone
pairs.

The crystal structure of
[Cp*Ir(LBI)Cl][PF6]2 is centrosym-
metric with both enantiomers of
the axially chiral cation present.
In the [Cp*Ir(LBI)Cl]2 + cation
(Figure 1), the [Cp*Ir(phen�)Cl]+

and benzimidazolium centres
appear splayed apart, thus mini-

mising intramolecular electrostatic and steric interactions, and
the rotamer with the 3,4,5-trimethoxyphenyl ring oriented
toward the chlorido co-ligand is observed. However, the Cl-
Cphenyl distances range 3.662(7)–4.617(7) � and are outside the
sum of the van der Waals radii (ca. 3.45 �).[19] In contrast, disso-
ciation of chloride from [Cp*Rh(LHE)Cl]2 + , our previously report-
ed Rh catalyst for imine hydrogenation, is promoted by close
intramolecular aryl–chlorido ligand steric interactions.[4] The
bond lengths and angles within the [Cp*Ir(diimine)Cl]+ core
are within reported ranges.[15c, 20, 21] The Nphen-Ir-Nphen bite angle
is 77.3(2)8. Notably, the Ir�Nphen bond lengths differ significant-
ly, at 2.085(5) and 2.148(5) �, with the longer Ir�N bond being
that to the more sterically encumbered benzimidazolium-sub-
stituted pyridyl ring.

Scheme 3. Syntheses of [LBI][PF6] and LBIH.

Figure 1. The dication from the X-ray crystal structure of [Cp*Ir(LBI)Cl][PF6]2

(thermal ellipsoids are set to 50 % probability at 150 K; [PF6]� anions and all
H atoms are omitted for clarity). Selected distances (�) and angles (8): Av. Ir�
C(Cp*) 2.176(7), Ir�N1 2.085(5), Ir�N2 2.148(5), Ir�Cl 2.4031(16), C2(BI)···Ir
5.614(7) ; N1-Ir-N2 77.3(2), N1-Ir-Cl 85.92(15), N2-Ir-Cl 84.00(14).
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Catalytic transfer hydrogenation of imines

Complexes [Cp*M(LBI)Cl]2 + (M = Rh, Ir) and [Cp*MIII(phen)Cl]+

(M = Rh, Ir) were screened as catalysts for the transfer hydroge-
nation of imines by formate/formic acid at ambient tempera-
ture (295 K). Table 1 presents the reaction conditions and the
yields of amine product for each catalytic reaction attempted.

The results are revealing. First, [Cp*Rh(LBI)Cl]2 + catalysed the
hydrogenation of most imines examined with yields of amine
product typically >70 %. The clear exception was the secon-
dary ketimine (Table 1, entry 4). This was likely due to the in-
creased steric bulk at the imine carbon atom hindering hydride
transfer. Reactions catalysed by [Cp*Rh(LBI)Cl]2 + did not require
addition of AgOTf (e.g. , Table 1, entry 1 c), perhaps suggestive
of a labilising steric interaction between LBI + (or LBIH) and the
chlorido coligand. The longer Ir�Nphen bond for the benzimida-
zolium-substituted pyridyl ring (in comparison to that to the
unsubstituted pyridyl ring) in [Cp*Rh(LBI)Cl]2+ (see above) is
perhaps noteworthy in this regard. Since LBIH showed only
slight degradation (<5 % by 1H NMR spectroscopy) following
prolonged storage (>24 h) in air in acetone or in MeCN solu-
tions and [Cp*Rh(LBI)Cl]2+ is air stable, the pronounced air sen-
sitivity of the catalytic reactions (Table 1, entries 1 b and 5 b)
suggests a Rh�H intermediate, such as [Cp*RhIII(diimine)H]+ ,
that persists long enough to be destroyed by molecular dioxy-
gen.

In contrast to [Cp*Rh(LBI)Cl]2+ , the control complex
[Cp*Rh(phen)Cl]+ performed extremely poorly under identical
conditions, with yields of amine typically <10 %. Addition of
1,3-dimethyl-2-(3,4,5-trimethoxyphenyl)-benzo[d]imidazolium
hexafluoridophosphate to reactions catalysed by
[Cp*RhIII(phen)Cl]+ decreased, rather than increased, the yield
of amine (Table 1, entry 1 d).

No imine reduction occurred
when using either [Cp*Ir(LBI)Cl]2 +

or [Cp*Ir(phen)Cl]+ as catalysts.
This result concurs with expecta-
tions that the IrIII hydride
complexes should be more
stable than their rhodium
analogues, consistent with
[Cp*MIII(diimine)H] species being
isolable for iridium, but not for
rhodium.[15] The results also
agree with the expectations
from experiment and from
theory that the hydricity—the
free energy required for hetero-
lytic cleavage of the M�H
bond—should be less for
a second-row metal hydride
compared to its third-row metal
congener,[22] and this assertion
provides an explanation for the
spectroelectrochemical observa-
tions that are presented below.

Possible catalytic mechanisms

Two mechanisms that reconcile the catalysis results for the Rh
complexes are diagrammatically depicted in Scheme 4:

Pathway A is an indirect intramolecular hydride transfer mech-
anism. In this pathway, substitution of the chlorido ligand in
pro-catalyst [Cp*Rh(LBI)Cl]2+ by formate ion to afford
[Cp*Rh(LBI)(OCHO)]2 + initiates the cycle. Elimination of CO2

then gives [Cp*Rh(LBI)H]2+ , which then transfers hydride intra-
molecularly to the benzimidazolium substituent to afford
a benzimidazoline (BIH) group. The intramolecular hydride
transfer opens a vacant site for coordination of imine sub-
strate, which becomes polarised and activated on coordination
to the RhIII centre. This is followed by back transfer of hydride
from the benzimidazoline group to the bound imine substrate.
Protonation of the RhIII–amido product complex by formic acid
and binding of the thus-produced formate would close the
catalytic cycle. Such a mechanism is unavailable, obviously, to
reactions catalysed by [Cp*Rh(phen)Cl]+ .

Pathway B is a direct metal-to-substrate hydride transfer
mechanism. The initial steps, from precatalyst [Cp*Rh(LBI)Cl]2 +

to [Cp*Rh(LBI)H]2 + , are identical to those in pathway A. Then
follows binding of the substrate, which could be accelerated
by breaking of the longer phenanthroline�Rh bond, thereby
avoiding a 20-electron intermediate. Hydride transfer to the
substrate would follow, with the catalytic cycle closed by pro-
tonation of the amido product complex by formic acid and
binding of the thus-formed formate, as in Pathway A.

In pathway A, the benzimidazolium/benzimidazoline group
has a functional role as an organic hydride acceptor/donor. In

Table 1. Yields for the transfer hydrogenation of imines to afford the corresponding amine using formic acid/
formate as the hydride source and [Cp*RhIII(diimine)] or [Cp*IrIII(diimine)] complexes as the catalysts.

Entry Substrate Yield [%] of product using catalyst[a]

R1 R2 R3 [Cp*Rh(LBI)Cl]2 + [Cp*RhIII(phen)Cl]+ [Cp*Ir(LBI)Cl]2 + [Cp*IrIII(phen)Cl]+

1 a

Cl H (4-Me)Ph

71 7 <1 <1
1 b 15[b] – – –
1 c 76[c] – – –
1 d – 3[d] – –
2 Me H (4-Me)Ph 88 13 <1 <1
3 OMe H (4-Me)Ph 93 4 – –
4 Cl Me (4-Me)Ph 17 3 – –
5 a

Cl H Cy
85 <1 – –

5 b 11[b] – – –
6 Cl H nBu 65 8 – –

Product yields were ascertained by 1H NMR spectroscopy and are for 16 h reactions. Unless otherwise indicat-
ed, each reaction was performed under a dinitrogen atmosphere in 10 mL of solvent with 0.24 mmol of imine
substrate. [a] Hexafluoridophosphate salts; [b] performed in air ; [c] no AgOTf added; [d] 5 mol % 1,3-dimethyl-
2-(3,4,5-trimethoxyphenyl)-benzo[d]imidazolium hexafluoridophosphate added. In all cases, no further conver-
sion was observed upon extending the reaction time to 36 h.
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contrast, in pathway B, the benzimidazolium group serves to
provide the steric bulk to weaken the Rh�phenanthroline
binding. The sensitivity of reactions catalysed by
[Cp*Rh(LBI)Cl]2 + to air indicates that, overall, reduction of an
imine substrate by [Cp*Rh(LBI)H]2 + is not fast relative to reac-
tion of this Rh�H species with molecular oxygen. This does not
help to identify the major reduction pathway but does suggest
that the RhIII�H species forms in the reaction mixture.

Cyclic voltammetry

Metal hydride formation and stability and the likelihood of hy-
dride transfer to the benzimidazolium group were further
probed by (spectro)electrochemical experiments. The cyclic
voltammograms (CVs) of [Cp*Rh(LBI)Cl]2 + and [Cp*Ir(LBI)Cl]2 +

under anhydrous conditions reveal an irreversible primary re-
duction process at �0.79 and �0.92 V, respectively, which
gives rise to a small anodic peak in reverse sweeps at �0.63
and �0.53 V, respectively (Figure 2). CVs of [Cp*MIII(phen)Cl]
[PF6] (M = Rh, Ir) were also recorded and show the primary re-
duction process at �0.85 and �0.97 V, respectively. The elec-

Figure 2. CVs of [LBI][PF6] (thin trace), [Cp*Rh(LBI)Cl][PF6]2 (bold trace), and
[Cp*Ir(LBI)Cl][PF6]2 (dotted trace) in MeCN/0.1 m [NBu4][PF6] . Other conditions:
1.0 mm diameter glassy carbon minidisk working electrode, scan
rate = 100 mV s�1, nitrogen atmosphere, T = 295 K; E1=2

(FeII/III) = + 0.48 V for
ferrocene standard, which is + 0.63 V vs. SHE.[24]

Scheme 4. Alternative possible mechanistic pathways for the formate-driven hydrogenation of imines catalysed by [Cp*Rh(LBI)Cl]2 + .
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trochemical behaviour is characteristic for [Cp*MIII(diimine)Cl]+

(M = Rh, Ir) complexes and arises from 2-electron reduction
concerted with M�Cl bond cleavage, to afford the correspond-
ing MI species and Cl� ion [Equation (1)] .[15] The peak in the re-
verse scan corresponds to 2 e�-oxidation of the MI species,
concerted with re-binding of a chlorido ligand, the reverse of
Equation (1), or with binding of solvent S [Equation (2)] . The
positive shifts in the primary reduction potential of
[Cp*M(LBI)Cl]2 + compared to the corresponding
[Cp*M(phen)Cl]+ complex (by ~60 mV) result from the in-
creased charge on the BI+-substituted complexes.

½Cp*MIIIðLBIÞCl�2þ þ 2e� Ð ½Cp*MIðLBIÞ�þ þ Cl� ð1Þ

½Cp*MIðLBIÞ�þ þ S! ½Cp*MIIIðLBIÞðSÞ�3þ þ 2e� ð2Þ

CVs of [Cp*Rh(LBI)Cl]2+ and [Cp*Ir(LBI)Cl]2+ scanned to more
negative potentials reveal a chemically irreversible, 1e�-reduc-
tion process at �1.59 V, Figure 2. These waves are not ob-
served in the CVs of [Cp*MIII(phen)Cl][PF6] (M = Rh, Ir). CVs of
LBI + over the range �1.8 to + 0.5 V show a comparable irrever-
sible reduction process at �1.63 V, Figure 2. Thus, the reduc-
tion processes at approximately �1.6 V are BI+-centred. The
chemical irreversibility may be attributed to rapid homocou-
pling of the neutral benzimidazole radical (BIC) to a dibenzimi-

dazole dimer [LBI�LBI ; see the Supporting Information,
Scheme 1S, and Equations (3) and (4)] . Unmediated electro-
chemical reduction of benzimidazolium cations under anhy-
drous conditions is known to afford dibenzimidazole dimer.[23]

In CVs of [Cp*Rh(LBI)Cl]2+ and [Cp*Ir(LBI)Cl]2 + scanned to more
negative potentials, consecutive reversible 1 e� couples are ob-
served at E1/2 =�2.10 and �2.41 V (Rh) and at E1/2 =�2.14 and
�2.46 V (Ir ; see the Supporting Information, Figure 6S), which
correspond to successive reductions of the phenanthroline
ligand to the radical anion then dianion.[15]

½Cp*MIðLBIÞ�þ þ e� Ð ½Cp*MIðLBI�Þ� ð3Þ

2 ½Cp*MIðLBI�Þ� ! ½Cp*MIðLBI�LBIÞMICp* � ð4Þ

CVs of the [Cp*M(LBI)Cl]2 + and [Cp*M(phen)Cl]+ complexes
(M = Rh and Ir) before and after addition of 10 % v/v triethanol-
amine (TEOA)/TEOAH[BF4] MeOH

H2 OpH 7 buffer[25] in MeOH
(100 mm) are presented in Figure 3. In each case, addition of
buffer causes the first cathodic peak, which corresponds to the
MIII�Cl/MI process [Equation (1)] , to broaden and the associat-
ed anodic peak to drop in current or disappear, which is indi-
cative of a loss of chemical reversibility. The loss of reversibility,
in turn, suggests that the MI species are consumed under the
more protic conditions, presumably by hydride formation

Figure 3. CVs of (a) [Cp*Rh(phen)Cl][PF6]2, (b) [Cp*Rh(LBI)Cl][PF6]2, (c) [Cp*Ir(phen)Cl][PF6]2 and (d) [Cp*Ir(LBI)Cl][PF6]2 in MeCN/0.1 m [NBu4][PF6] before and after
addition of TEOA/TEOAH MeOH

H2 OpH 7 buffer in MeOH. Other conditions are as listed in the caption to Figure 2.
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[Equation (5)] , within the CV timescale (ca. 0.1 ms). For the Ir
complexes, the CVs show new cathodic peaks at approximately
�1.5 V for formation and reduction of the corresponding
metal hydride centre, [Cp*Ir(phen�)H]+ . In contrast, the Rh
complexes show large catalytic waves consistent with catalysis
of hydrogen evolution.[15c, 15f, 15 g, 15j] This observation is consis-
tent with the RhIII�H species being produced, but unstable to
protonation and loss of molecular hydrogen in the buffered
solutions on the timescale of the CV experiments.

½Cp*MIðLBIÞ�þ þ Hþ ðbufferÞ ! ½Cp*MIIIðLBIÞH�2þ ð5Þ

UV/Vis spectroelectrochemistry

UV/Vis spectra were acquired during electrolyses of
[Cp*Rh(LBI)Cl]2 + and [Cp*Ir(LBI)Cl]2+ at the potential for the
metal-centred first reduction process in the presence of trace
water (ca. 1.0 equiv added) and, in different experiments, in
the presence of the TEOA/TEOAH pH 7 buffer in MeOH. The
UV/Vis spectra acquired during electrolysis are presented in
Figure 4 and UV/Vis spectroscopic data for complexes and
electrolysis products are given in Table 2.

Upon reduction in the presence of 1 equivalent of water,
UV/Vis spectra for [Cp*Rh(LBI +)Cl]2 + (Figure 4 a) and [Cp*Ir(LBI +

)Cl]2 + (Figure 4 b) transform to those for new species with
peaks at 278 and 450 nm and at 285 and 461 nm, respectively.
Shoulders are observed at 269 and 300 nm and at 300 and
337 nm for the reduction products of [Cp*Rh(LBI)Cl]2+ and
[Cp*Ir(LBI)Cl]2+ , respectively. Constant absorbance points, os-
tensibly isosbestic points (see below), are observed at 213,

Figure 4. UV/Vis spectra acquired using an optically transparent thin-layer electrolysis cell during reduction of [Cp*Rh(LBI)Cl]2 + at �0.75 V (a, c) and of
[Cp*Ir(LBI)Cl]2 + at �0.85 V (b, d) in MeCN/0.1 m [NBu4][PF6] containing approximately 1.0 equivalent of water (a, b) or 10 % v/v TEOA/TEOAH[BF4] , MeOH

H2 OpH 7
buffer in MeOH (c, d). Arrows mark the direction of change.

Table 2. Wavelength and extinction coefficient data for [Cp*Rh(LBI)Cl]2+

and [Cp*Ir(LBI)Cl]2 + and the primary product(s) of exhaustive reductive
electrolysis in acetonitrile/0.1 m [NBu4][PF6] .

lmax [nm] (emax [103 � M�1 cm�1])
[Cp*Rh(LBI)Cl]2+ [Cp*Ir(LBI)Cl]2+

Starting complex 206 (71), 279 (38), 303
sh (15)

207 (71), 282 (34), 305,
sh (17), 338 sh (5)

Reduction product
(1 equiv water pres-
ent)

216 sh (61), 278 (33),
269 sh, 300 sh, 450 br
(6.7)

205 (62), 285 (26), 300 sh
(21), 337 sh (8), 461 (5.1)

Reduction product
(MeOH

H2 OpH 7 buffer
added)

274 (34), 364 sh (1.2) 250 sh (38), 283 (30), 334
sh (9), 454 (4.0)
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231, 244 and 268 nm and at 232, 260, 293 and 357 nm, respec-
tively. The UV/Vis spectroscopic changes were accompanied by
a change in the colour of the solutions from yellow to deep
orange, which is consistent with the product species contain-
ing a MIII centre and not a {Cp*MI(diimine)} centre, as these dis-
play an intense absorption band at >500 nm and exhibit a dis-
tinctive deep blue colour.[15] The broad visible absorption
bands at around 400–450 nm for the Rh reduction product(s)
and at around 430–480 nm for the Ir reduction product(s) are
characteristic for a metal hydride species of the type [Cp*M(dii-
mine)H]. That the bands are very weak for the Rh reduction
suggests the more reactive Rh�H species decomposes as the
electrolysis proceeds. Protonation by water and evolution of
molecular hydrogen is likely, and in the unbuffered solution
would lead to build-up of the hydroxo–RhIII product species ac-
cording to Equations (6) and (7):

½Cp*RhIðLBIÞ�þ þ H2O! ½Cp*RhIIIðLBIÞH�2þ þ OH� ð6Þ

½Cp*RhIIIðLBIÞH�2þ þ H2O! ½Cp*RhIIIðLBIÞðOHÞ�2þ þ 1=2H2 ð7Þ

Protonation of [Cp*Rh(LBI)(OH)]+ and substitution of the re-
sulting aqua species by solvent would lead to a product mix-
ture that also contains [Cp*Rh(LBI)(S)]2 + (S = H2O, MeCN) spe-
cies, which could account for the obvious shoulders to the
phenanthroline-centred p–p* band at approximately 280 nm.
The same reactions likely also occur, but to a lesser extent, for
the less reactive IrIII�H product, which builds in the solution
and gives rise to the more intense visible band(s) between 400
and 500 nm. Thus, the primary reduction appears to ultimately
afford a mixture of [Cp*MIII(diimine)X] products that includes
far less MIII�H species for Rh than Ir.

The reduction of [Cp*Rh(LBI)Cl]2+ and [Cp*Ir(LBI)Cl]2+ in the
presence of TEOA/TEOAH MeOH

H2 OpH 7 buffer to prevent accumula-
tion of hydroxide ion was also monitored by UV/Vis spectros-
copy (Figure 4 c, d). The UV/Vis spectroelectrochemistry for
[Cp*Rh(LBI)Cl]2 + (Figure 4 c) reveals clean conversion to
[Cp*Rh(LBI)(MeCN)]3+ without any build-up of intermediates
such as [Cp*RhIII(phen�)H] or
{Cp*RhI(phen�)} species.[15] The
final UV/Vis spectrum after ex-
haustive electrolysis (i.e. when
no further changes were ob-
served) at the potential for
metal-centred reduction was in-
distinguishable from that of
[Cp*Rh(LBI)(MeCN)]3+ (generated
in situ by addition of AgOTf to
an acetonitrile solution of
[Cp*Rh(LBI)Cl]2 +) recorded under
the same conditions. The results
clearly reveal that
[Cp*Rh(LBI)H]2 + is unstable to
protonation and release of mo-
lecular hydrogen in MeOH

H2 OpH 7
buffer. UV/Vis spectra recorded
during electrolysis of

[Cp*Ir(LBI)Cl]2+ in buffered solution at the potential for metal-
centred reduction, on the other hand, are very similar to those
recorded in the presence of trace water. This result is consis-
tent with [Cp*IrIII(diimine)H]+ complexes being more stable to-
wards protonation than the corresponding RhIII�H spe-
cies.[15c, f, g, j]

The UV/Vis spectrum of LBIH alone exhibits an intense phe-
nanthroline p–p* transition at 266 nm and a less intense, but
still prominent, band at 316 nm from the benzimidazoline
group (see the Supporting Information, Figure 4S). The LBI +

cation (as the hexafluoridophosphate salt) also exhibits a phe-
nanthroline p–p* transition at 266 nm with a prominent
shoulder at 279 nm from the benzimidazolium group. Conse-
quently, the growth of the band at around 330–340 nm band
in the UV/Vis spectroelectrochemistry for reduction of
[Cp*Ir(LBI)Cl]2+ (marked by the bold arrows in Figure 4 b, d) is
consistent with the formation of a benzimidazoline group; that
is, with a [Cp*Ir(LBIH)X] product species forming, presumably
by transfer of hydride from metal to the benzimidazolium
group. In the UV/Vis spectra of the reduction product(s) of
[Cp*Rh(LBI)Cl]2 + (Figure 4a, c), clear growth of a 330–340 nm
band is not observed, thus the spectra afford no information
about the state of the tethered benzimidazolium/benzimida-
zole group. Chemical reductions of [Cp*Rh(LBI)Cl]2+ lead only
to decomposition (see the Experimental Section). Therefore,
possible catalytic pathways, and the precise role of the teth-
ered benzimidazolium group (if any), were addressed by a DFT
study.

Density functional theory calculations

The condensed-phase free energies for the catalytic cycles
shown in Scheme 4 were modelled using DFT. We initially fo-
cused on the thermodynamic aspect of the proposed steps
(Scheme 5). Pathways A and B share the same first and last
steps [Equation (a1) = equation (b1); Equation (a5) = Equa-
tion (b4)] of the catalytic cycle. This last step involves the sub-
stitution of the reduction product by formic acid and is highly

Scheme 5. DFT condensed-phase reaction free energies (kJ mol�1) for the steps shown in Scheme 4. Imine = PhN=

CHPh; amide = PhNCH2Ph� ; amine = PhHNCH2Ph.
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exergonic, which provides a strong thermodynamic driving
force for the overall reaction. For pathway A, all of the other
steps are only mildly exergonic or mildly endergonic. In con-
trast, pathway B involves the formation of the relatively high-
energy intermediate [Cp*Rh(LBI)(H)(imine)]2+ (+ 113 kJ mol�1).
The formation of this intermediate requires partial detachment
of either the cyclopentadienyl (by h5–h3 ring slippage[26, 27) or
the phenanthrolinyl donors,[28] in order to avoid a 20-electron
intermediate (Figure 5). We find that it is the latter that gives
rise to a lower energy complex. This step is then followed by
the highly exergonic reduction of the coordinated imine by

the metal hydride. Overall, it appears that pathway A is ther-
modynamically more viable, and the benzimidazolium group is
vital by serving as the active hydride carrier.

Furthermore, the transition states were computed, and the
full free energy reaction profile is shown in Scheme 6. The mi-
gration of the hydride from the formato ligand to the RhIII ion,
which is common to both pathways A and B, has a barrier of
91 kJ mol�1. Figure 6 a shows the transition state for this step,
in which the Rh�H bond has appreciably formed and the for-
mato O�C�O unit has straightened. Notably, this “formally” 20-
electron transition state is stabilised by partial detachment of
the phenanthrolinyl donor, which may also feature in the
mechanism of formate-driven regeneration of NAD(P)H cata-
lysed by [Cp*Rh(bpy)(H2O)]2 + and its close analogues.[5, 11, 13]

The calculations suggest that the subsequent migration of the
hydride from Rh to LBI + (Figure 6 b) is determined by thermo-
dynamics only, with no additional barrier above the
+ 61 kJ mol�1. An alternative pathway to generate
[Cp*Rh(LBIH)]+ is the direct hydride transfer from the formato
ligand to LBI + (pathway A’ in Scheme 4). This step has an even
larger barrier of 124 kJ mol�1 and is therefore less favourable.
After the coordination of the imine substrate, its reduction by
the LBIH moiety has a barrier of 89 kJ mol�1 (at 87 kJ mol�1 on
the reaction profile). In the transition state for this step (Fig-
ure 6 c), the imine substrate and benzimidazoline group are
aligned for direct hydride transfer. The final step is the exer-
gonic displacement of the amine product by a formic acid
molecule to regenerate the initial formato-metal complex, thus
closing the catalytic cycle. In contrast, pathway B, subsequent
to the generation of [Cp*Rh(LBI)H]2+ , has a highest energy spe-
cies at 108 kJ mol�1 on the reaction profile for the transition
state for the intramolecular hydride transfer from the metal to
the imino ligand within the [Cp*Rh(LBI)(H)(imine)]2+ complex.
Importantly, this transition state represents the highest point
on the relevant parts of the free energy profile shown in
Scheme 6. Thus, pathway A is likely to be the more favourable
route for the reduction of the imine.

Conclusion

Transfer hydrogenation has gained popularity as a reduction
protocol because the use of hydrogen gas is avoided.[4, 21, 27, 29]

Herein we have demonstrated that a novel bioinspired catalyst
design leads to catalysis of formate-driven reduction of imines
under mild conditions (ambient temperature, 1:1 formate/
formic acid buffer). Scheme 2 depicts both the inspiration, the
zinc-catalysed hydride transfer step in yeast alcohol dehydro-
genase (yADH), and its realisation, the key features of the cata-
lyst system based on the [Cp*Rh(LBI)Cl]2+ precatalyst. Provided
the imine substrate is not bulky at nitrogen, good to excellent
yields of clean amine product were obtained.

Notably, the iridium congener, [Cp*Ir(LBI)Cl]2 + , and the corre-
sponding [Cp*M(phen)Cl]+ (M = Rh, Ir) analogues without
a tethered benzimidazolium hydride acceptor, were inactive as
transfer hydrogenation catalysts under identical conditions.
The inactivity of the iridium complexes is due to the higher
stability and lower reactivity of the Ir�H compared to the Rh�

Figure 5. Optimised structures of the “formally” 20-electron
[Cp*Rh(LBI)(H)(imine)]2 + intermediates (pathway B) with partial detachment
of either (a) the cyclopentadienyl ring (bound p-allyl, off-ene structure) or
(b) the phenanthrolinyl chelating ligand (the Rh···N2 distance is 3.32 �). The
calculations predict species (b) is more stable than species (a) by
45 kJ mol�1. The C atoms of the diphenylimine substrate are coloured
orange and all other C atoms are green. The double-headed arrows indicate
offset inter-ring p–p stacking interactions.
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H species. This was confirmed by
UV/Vis spectroscopy of the Ir�H
species in pH 7 buffer, conditions
under which the Rh�H species
rapidly decomposes (by H2 evo-
lution[15c, f, g, j]). Spectroelectro-
chemistry also revealed that the
[Cp*M(phen�)X] cores are stable
under highly reducing condi-
tions; the spectra indicated that
the Cp* and LBI +/LBIH ligands are
retained. In contrast, Crabtree
and co-workers recently report-
ed that [Cp*Ir(L2)H]+ (L2 = 2,2’-bi-
pyridine or two 1,3-dimethylimi-
dazolylidene NHC ligands) catal-
yses transfer hydrogenation of
ketones driven by isopropanol

Scheme 6. DFT condensed-phase free energy reaction profile (kJ mol�1): Pathway A is indicated by solid connec-
tions between species, with the alternative pathway A’ shown by thin dashes; the thicker hashed connections in-
dicate pathway B. Energies relative to the initial formato species [Cp*Rh(LBI)(HCO2)]2 + set to 0; imine = PhN=CHPh.

Figure 6. Optimised structures of the transition states in the key hydride transfer steps: a) From Rh-bound formate to metal (common to pathways A and B);
b) from Rh to the tethered benzimidazolium group; c) back from benzimidazoline to metal-activated diphenylimine substrate. Key distances (�) and angles (8)
in the transition states: For formato (yellow C atom)-to-Rh hydride transfer, view (a): Rh···N2 3.30, Rh�O1 2.20, O1�C 1.20, C�O2 1.16, C<C�>H 1.44, Rh<C�
>H 1.74; O1-C-O2 146.4; for Rh-to-benzimidazolium hydride transfer, view (b): Rh···H = 2.03 � and dist. H···C2(BI) = 1.22 �; for benzimidazoline-to-imine (im)
substrate (orange C-atoms) hydride transfer, view (c): C1(im)···C2(BI) 2.78, C1(im)�H 1.39, and C2�H 1.46. Double-headed pink arrows indicate offset inter-ring
p–p stacking interactions.
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under highly basic conditions (KOH) at elevated temperatures
(60–80 8C).[21] They cautioned that the active catalyst under the
more forcing, basic conditions may be formed by Cp* loss.[27]

The inactivity of [Cp*Rh(phen)Cl]+ identifies the tethered
benzimidazolium group in [Cp*Rh(LBI)Cl]2+ as being essential.
The DFT calculations suggest the crucial active role for the
benzimidazolium group is as a novel multi-functional “hydride-
borrowing” ligand[5, 30] that advantageously endows the Cp*Rh
complex with new catalytic reactivity. Hydride transfer from
Rh�H to the tethered benzimidazolium centre opens a site for
coordination of the imine substrate, and polarisation of the
imine by the metal ion activates it to back-transfer of hydride
from the tethered benzimidoline donor (Scheme 2, Scheme 4
(pathway A), and Scheme 6). Interestingly, DFT calculations sug-
gest that avoidance of 20-electron species as intermediates
through the partial detachment of the diimine ligand, in this
case the bulkily substituted phenanthrolinyl donor, could be
a key design feature to consider in pathways for processes cat-
alysed by such complexes.

The picture that has emerged from the DFT calculations of
hydride transfer from organic hydride donor to metal-activated
substrate is congruent with that for formation of the hydride
transfer “tunnelling ready state” (TRS) in yADH.[16] In yADH, vi-
brational modes reorganise the enzyme–NADPH cofactor–acet-
aldehyde substrate complex so that a short hydride donor–ac-
ceptor distance (<3.1 �) is reached in the TRS and tunnelling
facilitates the transfer of hydride to the acetaldehyde acceptor.
Tunnelling of hydride, although not explicitly considered in the
present calculations, may enormously accelerate intramolecular
hydride transfer reactions compared to expectations based on
classical analyses of barrier heights.[16] In this regard, an inter-
esting finding revealed by the DFT calculations of the inter-
mediates and transition states in the present catalytic cycle is
that they are stabilised by intramolecular, offset p–p stacking
between the dimethoxyphenyl and methylene-substituted
phenanthrolinyl rings that are almost mutually parallel, with
the eclipsed portions separated by 3.3�0.2 � for all species
shown in Figures 5 and Figure 6. The offset inter-ring p–p

stacking preorganises the tethered benzimidazolium/benzimi-
dazoline group for hydride transfer from the metal hydride to
it (Figure 6 b) or to the metal-activated substrate from it (Fig-
ure 6 c).

Despite the preorganisation in the present system, the barri-
er for hydride transfer from the 2-aryl-benzimidazoline to
metal-bound substrate is high (ca. 89 kJ mol�1, according to
the DFT calculations), principally because the reorganisation
energy for conversion of a 2-aryl-benzimidazoline to a 2-aryl-
benzimidazolium cation is inherently large.[5, 10] The high barrier
for the back transfer of hydride may throttle catalyst turnover.
Currently underway are attempts to address and circumvent
the issue of large reorganisation energy for the organic hy-
dride and to introduce ligand-centred chirality into the metal
catalyst.

Experimental Section

General methods

Solvents were taken from an Innovative Technology Pure Solvent
Dispenser immediately prior to use. Commercially available re-
agents were used as received. 1H and 13C NMR spectra were record-
ed using a Bruker DPX 300, Bruker Avance III 500 or Bruker Avance
III 600 spectrometers. High-resolution positive-mode ESI mass
spectra were acquired on a Thermo-Fisher Orbitrap LTQ XL ion trap
mass spectrometer using a nanospray ionisation source. Cyclic vol-
tammograms were measured using a Pine AFCBP1 bipotentiostat.
Potentials given in the text are relative to a Ag/AgCl reference
electrode; the standard couple for ferrocene measured in situ gave
E1=2

(FeII/III) = + 0.48 V, which is + 0.63 V vs. SHE.[24] An airtight quartz
cuvette fitted with a transparent Pt-gauze working electrode and
with auxiliary and reference electrodes outside the light path was
used for the spectroelectrochemical experiments. The UV/Vis spec-
tra were recorded with a Varian Cary 50 UV/Vis spectrometer. Full
details of the methods for the (spectro)electrochemical experi-
ments can be found elsewhere.[4, 31] Elemental analyses were per-
formed by the Microanalytical Unit of the Research School of
Chemistry, Australian National University, Canberra.

Syntheses

Ligand LBI + : 2-Bromomethyl-1,10-phenanthroline[32] (1.00 g,
3.66 mmol) and 1-methyl-2-(3,4,5-trimethoxyphenyl)-1H-benzo[d]i-
midazole[17] (1.20 g, 4.03 mmol) were heated at reflux with stirring
in dry, anaerobic acetonitrile (50 mL) overnight. The acetonitrile
was removed in vacuo and the residue redissolved completely in
the minimum methanol. K[PF6] (sat. , aq.) was added to give a red-
brown amorphous precipitate. The mixture was extracted with sev-
eral portions of dichloromethane. The combined organic extracts
were dried over sodium sulfate, filtered and loaded directly onto
a neutral alumina column. Elution with dichloromethane was con-
tinued until no more starting benzimidazole was detected by TLC
analysis. Further elution with dichloromethane/acetone (4:1) af-
forded [LBI][PF6] , which was crystallised from acetonitrile/ether as
almost colourless prisms (1.40 g, 60 %). 1H NMR (300 MHz,
(CD3)2CO): d= 9.15 (dd, J = 4, 2, 1 H, Ar�H), 8.57 (d, J = 8, 1 H, Ar�H),
8.45 (dd, J = 8, 2, 1 H, Ar�H), 8.12 (d, J = 8, 1 H, Ar�H), 8.04 (d, J = 8,
1 H, Ar�H), 8.03 (d, J = 8, 1 H, Ar�H), 7.98 (s, 2 H, Ar�H), 7.86 (s, 2 H,
Ar�H), 7.75 (dd, J = 8, 4, 1 H, Ar�H), 7.71 (td, J = 8, 2, 1 H, Ar�H),
7.63 (td, J = 8, 2, 1 H, Ar�H), 6.22 (s, 2 H, CH2), 4.32 (s, 3 H, NMe),
3.79 (s, 3 H, OMe), 3.66 ppm (s, 6 H, OMe); 19F{1H} NMR (282.2 MHz,
(CD3)2CO): d= 72.60 ppm (J = 700, [PF6]�) ; 13C{1H} NMR (75.5 MHz,
(CD3)2CO): d= 155.03, 154.70, 153.43, 151.39, 146.27, 146.20,
142.58, 138.63, 137.22, 133.46, 132.55, 130.17, 129.35, 128.27,
127.98, 127.84, 127.23, 124.51 122.86, 117.14, 114.32, 114.28, 109.69
(25 � Caryl), 60.72 (CH2), 56.74 (OMe), 51.86 (OMe), 33.63 (NMe); FT-
IR: cm�1 3051 (w), 3006 (w), 2969 (w), 2943 (w), 2836 (w), 1618 (w),
1585 (m), 1557 (w), 1517 (m), 1484 (m), 1484 (m), 1474 (m), 1449
(w), 1434 (w), 1520 (m), 1354 (w), 1331 (w), 1252 (m), 1190 (w),
1130 (s), 1302 (w), 1013 (w), 996 (m), 909 (w), 839 (vs), 793 (m), 757
(m), 740 (m), 733 (w), 559 ppm (s) ; UV/Vis (MeCN): lmax (emax) = 226
(63.8), 267 (38.8), 279 nm (sh, 31 � 103 mol�1 cm�1) ; HRMS (ESI): m/z
calcd for C30H27N4O3 : 491.2078 [M+] ; found: 491.2062; elemental
analysis calcd (%) for C30H27F6N4O3P: C 56.61, H 4.28, N 8.80; found:
C 56.58, H 4.29, N 8.84.

Ligand LBIH: [LBI][PF6] (50 mg, 0.0786 mmol) was dissolved in MeCN
(1 mL) and Na[BH4] (20 mg, 0.529 mmol) was added. The reaction
mixture was stirred for 30 min. and then water (10 mL) was added
to afford LBIH as a pale yellow solid, which was collected by filtra-
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tion (35 mg, 90 %). 1H NMR (300 MHz, (CD3)2CO): d= 9.11 (dd, J = 5,
2, 1 H, Ar�H), 8.42 (dd, J = 8, 1, 1 H, Ar�H), 8.29 (d, J = 8, 1 H, Ar�H),
7.91 (d, J = 8, 1 H, Ar�H), 7.88 (d, J = 8, 1 H, Ar�H), 7.73 (dd, J = 8, 5,
1 H, Ar�H), 7.68 (d, J = 8, 1 H, Ar�H), 7.12 (s, 2 H, Ar�H), 6.63 (td, J =
8, 1, 1 H, Ar�H), 6.57 (td, J = 8, 1, 1 H, Ar�H), 6.49 (d, J = 8, 1 H, Ar�
H), 6.47 (d, J = 8, 1 H, Ar�H). 5.50 (s, 1 H, 2-BIH), 4.63 (d, J = 16, 1 H,
CH2), 4.57 (d, J = 16, 1 H, CH2), 3.80 (s, 6 H, OMe), 3.61 (s, 3 H, OMe),
2.59 ppm (s, 3 H, NMe); UV/Vis (MeCN): lmax (emax) = 223 (86.7), 266
(37.2), 316 nm (br, sh, 9 � 103 mol�1 cm�1) ; HRMS (ESI): m/z calcd for
C30H29N4O3

+ : 493.2240 [M + H+] ; found: 493.2243.

[Cp*Rh(LBI +)Cl][PF6]2 : A solution of [LBI][PF6] (50 mg, 0.0786) in
MeCN (1 mL) was added to a solution of [Cp*RhCl2]2 (27 mg,
0.0437 mmol) in MeCN (2 mL) at which point the colour changed
from red to orange-yellow. The reaction mixture was stirred for
30 min. The crude product was precipitated with K[PF6] (sat. , aq.),
collected by filtration and recrystallised from acetone/methanol to
give [Cp*Rh(LBI +)Cl][PF6]2 as an orange-yellow powder (74 mg,
89 %). 1H NMR (400 MHz, (CD3)2CO): d= 9.62 (dd, J = 5, 1, 1 H, Ar�
H), 9.05 (dd, J = 8, 1, 1 H, Ar�H), 8.86 (d, J = 8, Ar�H), 8.32–8.40 (m,
2 H, 2 � Ar�H), 8.31 (d, J = 8, 1 H, Ar�H), 8.07 (d, J = 8, 1 H, Ar�H),
7.76 (td, J = 8, 1, 1 H, Ar�H), 7.66 (s, br, 1 H, Ar�H), 7.64 (s, br, 1 H,
Ar�H), 7.57 (d, J = 8, 1 H, Ar�H), 7.47 (td, J = 8, 1, 1 H, Ar�H), 6.92
(d, J = 17, 1 H, CH2), 6.43 (d, J = 17, 1 H, CH2), 4.24 (s, 3 H, NMe), 3.96
(s, br, 3 H, OMe), 3.93 (s, br, 3 H, OMe), 3.90 (s, 3 H, OMe), 1.70 (Cp*�
Me); 19F{1H} NMR (376.3 MHz, (CD3)2CO): d= 72.63 ppm (J = 700,
[PF6]�) ; 13C{1H} NMR (100.7 MHz, (CD3)2CO): d= 158.33, 155.76,
155.66, 154.38, 153.19, 147.13, 146.68, 143.20, 141.92, 140.74,
133.49, 132.23, 131.70, 131.21, 129.04, 128.65, 128.49, 128.46,
128.37, 124.83, 116.14, 114.73, 114.60, 108.92 (25 � Caryl), 99.09 (d,
JC�Rh = 4, Cp*) 61.01 (CH2), 57.04 (OMe), 53.87 (OMe), 33.86 (NMe),
9.56 (Cp*�Me); FT-IR: cm�1 2946 (w), 2841 (w), 1629 (w), 1587 (m),
1514 (m), 1495 (m), 1483 (s), 1472 (s), 1430 (m), 1418 (m) 1396 (m),
1378 (w), 1359 (w), 1331 (m), 1249 (m), 1233 (w), 1160 (w), 1129 (s),
1019 (m), 994 (m), 908 (w), 841 (vs), 790 (m), 760 (m), 741 (w), 724
(w), 558 ppm (s); UV/Vis (MeCN): lmax (emax) = 206 (71.0), 279 (37.9),
303 nm (sh, 15 � 103 mol�1 cm�1) ; HRMS (ESI): m/z calcd for
C40H42ClF6N4O3PRh+ : 909.1637 [M2 + + [PF6]�] ; found: 909.1622; ele-
mental analysis calcd (%) for C40H42ClF12N4O3P2Rh.H2O: C 44.77, H
4.13, N 5.22; found: C 44.89, H 3.74, N 5.14.

[Cp*Ir(LBI +)Cl][PF6]2 : A solution of [LBI][PF6] (50 mg, 0.0786) in MeCN
(1 mL) was added to a solution of [Cp*IrCl2]2 (35 mg, 0.0439 mmol)
in MeCN (2 mL) at which point the colour changed from red to
orange-yellow. The reaction mixture was stirred for 30 min. The
crude product was precipitated using K[PF6] (sat. , aq.), collected by
filtration and recrystallised from acetone/methanol to give
[Cp*Ir(LBI +)Cl][PF6]2 as pale yellow microcrystals (84 mg, 93 %).
1H NMR (400 MHz, (CD3)2CO): d= 9.59 (dd, J = 5, 1, 1 H, Ar�H), 9.05
(dd, J = 8, 1, 1 H, Ar�H), 8.87 (d, J = 8, Ar�H), 8.42 (d, J = 8, 1 H, Ar�
H), 8.38 (dd, J = 8, 5, 1 H, Ar�H), 8.35 (d, J = 8, 1 H, Ar�H), 8.22 (d,
J = 8, 1 H, Ar�H), 8.21 (d, J = 8, 1 H, Ar�H), 7.78 (td, J = 8, 1, 1 H, Ar�
H), 7.71 (s, br, 1 H, Ar�H), 7.60 (s, br, 1 H, Ar�H), 7.56 (d, J = 8, 1 H,
Ar�H), 7.50 (t, J = 8, 1, 1 H, Ar�H), 6.89 (d, J = 17, 1 H, CH2), 6.34 (d,
J = 17, 1 H, CH2), 4.25 (s, 3 H, NMe), 3.95 (s, br, 3 H, OMe), 3.90 (s, br,
3 H, OMe), 3.89 (s, 3 H, OMe), 1.67 (Cp*�Me); 19F{1H} NMR
(376.3 MHz, (CD3)2CO): d= 72.63 ppm (J = 700, [PF6]�) ; 13C{1H} NMR
(100.7 MHz, (CD3)2CO): d= 158.38, 156.30, 156.18, 154.12, 153.85,
149.10, 148.37, 143.78, 142.68, 141.26, 134.10, 132.96, 132.22,
131.86, 129.77, 129.50, 129.34, 129.07, 128.98, 125.28, 116.61,
115.25, 115.11, 109.46, 109.31 (25 � Caryl), 91.79 (Cp*), 61.55 (CH2),
57.55 (OMe), 55.21 (OMe), 34.39 (NMe), 9.86 ppm (Cp*�Me); FT-IR:
cm�1 2947 (w), 2846 (w), 1621 (w), 1586 (m), 1514 (m), 1496 (m),
1481 (s), 1472 (s), 1431 (w), 1418 (m), 1359 (w), 1332 (m), 1251 (m),
1232 (w), 1162 (w), 1128 (s), 1029 (w), 995 (w), 909 (w), 841 (vs),

791 (w), 763 (w), 740 (w), 721 (w), 558 (s) ; UV/Vis (MeCN): lmax

(emax) = 207 (70.7), 282 (34.4), 305 (sh, 17), 338 nm (sh, 5 �
103 mol�1 cm�1) ; HRMS (ESI): m/z calcd for C40H42ClF6N4O3PIr+ :
999.2211 [M2 + + [PF6]�] ; found: 999.2189; elemental analysis calcd
(%) for C40H42ClF12N4O3P2Ir.H2O: C 41.33, H 3.82, N 4.82; found: C
41.51, H 3.52, N 4.79.

Chemical reduction

Separate chemical reductions of [Cp*Rh(LBI)Cl][PF6]2 were per-
formed using excess formate ion, sodium cyanoborohydride, and
sodium borohydride in [D4]MeOH and in [D5]MeCN. The reactions
were monitored by NMR spectroscopy. In all cases, the 1H NMR
spectra of the reaction solution revealed complicated mixtures to
have formed, and clear information about formation of rhodium
hydride intermediates or species with benzimidazoline groups was
not obtained. Individual compounds could not be isolated from
the reaction mixtures by crystallisation or, for several reactions on
a larger scale, through use of conventional chromatographic tech-
niques.

Transfer hydrogenation catalysis

A 1:1 sodium formate/formic acid solution was made as follows;
sodium formate (17.95 g, dried at 110 8C for 1 h before use,
0.264 mol) and formic acid (13.81 g, 88 % in water, 0.264 mol) were
placed in a 1.00 L volumetric flask and made up to volume with
MeOH. The solution was shaken until the sodium formate was
completely dissolved.

Imine (0.240 mmol), metal catalyst (0.0024 mmol), and silver triflate
(0.0026 mmol) were combined in a Schlenk flask and dissolved in
MeOH (9.00 mL). The solution was deaerated with a steady stream
of dinitrogen for approximately 10 minutes, at which point a por-
tion of the methanolic solution of 1:1 formic acid/sodium formate
(1.00 mL, 0.530 mmol total) was injected. The solution was purged
with high-purity nitrogen for 5 min. , at which point the flask was
sealed under nitrogen. Aliquots were taken at various intervals, the
MeOH removed, the residue taken up in CDCl3 and analysed by
1H NMR spectroscopy. The NMR spectra revealed the reaction mix-
tures contained no side-products and so yields could be calculated
from the integrals of the NMR signals using the formula:
(% amine)/(% amine + % imine) � 100. Representative NMR spectra
are presented in the Supporting Information, Figure 7S.

X-ray crystallography

The X-ray diffraction measurements for [LBI][PF6] and [Cp*Ir(LBI)Cl]
[PF6]2 were carried out on a Bruker Kappa II CCD diffractometer at
150 K by using graphite-monochromated MoKa radiation (l=
0.710723 �). Symmetry-related absorption corrections using the
program SADABS[33] were applied and the data were corrected for
Lorentz and polarisation effects using Bruker APEX2 software.[34]

The structures were solved by direct methods and the full-matrix
least-squares refinement was carried out using SHELXL.[35] Non-hy-
drogen atoms were refined anisotropically.

Computational methods

Standard density functional theory calculations were carried out
with Gaussian 09.[36] Geometries were optimised with the M06L
procedure[37] in conjunction with the def2-SVP basis set[38] Follow-
ing each geometry optimisation, harmonic frequency analysis was
carried out to confirm the nature of the stationary point as a mini-
mum or a transition state. The reaction profile was examined using
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17 DFT and double-hybrid DFT procedures in conjunction with the
def2-TZVP basis set, and considerable variations in the quantitative
values of individual relative energies were found (see the Support-
ing Information). In particular, for these systems which have rea-
sonably large ligands, the inclusion of dispersion corrections lead
in some cases to large changes in the relative energies. However,
the qualitative picture, in particular the relative favourability of the
two mechanistic pathways, is not altered by a change in the func-
tional. The presented free energies are the average results from
the four DFT procedures we deem to be the most robust for transi-
tion metal reactions, after consideration of the results of several
recent benchmark studies.[39] The functionals are M06L,[37] M06,[40]

PW6-B95[41] and PW6-B95-D3[42] (highlighted in bold in Table 1S,
Supporting Information). To obtain zero-point vibrational energies,
298 K thermal corrections for enthalpies and entropies, M06L/def2-
SVP harmonic vibrational frequencies scaled by 0.978 were used.[43]

Solvation energies were obtained using the IEFPCM continuum
model[44] at the B3-LYP/def2-SVP level. The parameters for metha-
nol were used in the solvation energy calculations to reflect experi-
mental conditions. Calculations were also performed with acetoni-
trile as the solvent. The solvation of the various species and so
their overall free energies were near identical in both solvents (�
2 kJ mol�1; see the Supporting Information, Table 2S).
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& Transfer Hydrogenation

A. McSkimming, B. Chan,
M. M. Bhadbhade, G. E. Ball,
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Bio-Inspired Transition Metal–Organic
Hydride Conjugates for Catalysis of
Transfer Hydrogenation: Experiment
and Theory

Inspired by the yeast alcohol dehydro-
genase-catalyzed reduction of acetalde-
hyde to ethanol, a new catalyst for
transfer hydrogenation of imines, based
on a multifunctional ligand incorporat-
ing a benzimidazolium organic hydride-
acceptor domain and a 1,10-phenan-
throline metal-binding domain, has
been designed and realised. Theory and
experiment suggest hydride transfer
from an organic hydride donor is a key
step in both catalyses.

In the final step……of fermentation, which is catalysed
by yeast alcohol dehydrogenases, hydride ion is trans-
ferred from NADPH to acetaldehyde bound and acti-
vated by the active site zinc ion; the ethanol for fine
beverages results. Inspired by this biological chemistry,
in their full paper on page && ff. , S. Colbran et al.
report an artificial catalyst for the transfer hydrogena-
tion of imines. Experiments backed by theoretical calcu-
lations suggest the mechanism of the new catalyses
parallels that of the natural system.
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