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Liver alcohol dehydrogenase (LADH) catalyzes the biological
oxidation of alcohols to aldehydes and ketones.1 Within the active
site of LADH is a mononuclear zinc center ligated in tetrahedral
array by two cysteine thiolates, a histidine nitrogen, and a water
molecule.1 A mechanistic proposal for alcohol oxidation by LADH
suggests a stepwise reaction pathway in which (1) NAD+ binds
to the enzyme; (2) the alcohol substrate binds to the enzyme via
coordination to the Zn2+ center; (3) deprotonation of the alcohol
occurs, producing a mononuclear nitrogen/sulfur-ligated zinc
alkoxide species; (4) hydride transfer from the zinc-bound
alkoxide to NAD+ yields NADH and a zinc-bound aldehyde or
ketone; (5) the product aldehyde or ketone is released; and (6)
NADH dissociates.2 Notably, a serine residue (Ser48) in the active
site of LADH plays a key role in several steps of this pathway.
For example, X-ray crystallographic analysis of the C6F5CH2-
OH-bound form of LADH shows a strong hydrogen-bonding
interaction between the hydroxyl proton of the zinc-bound alcohol
substrate and the hydroxyl oxygen of Ser48 (O(Ser48)‚‚‚O(alcohol)
2.6 Å).3 This interaction forms a portion of a proton transfer
pathway from the active site of LADH to the solvent. Following
deprotonation of the zinc-bound alcohol in LADH, Ser48 is
proposed to stabilize the reactive zinc alkoxide species via a strong
hydrogen-bonding interaction with the zinc-bound alkoxide
oxygen.4 On the basis of recent theoretical studies, this hydrogen-
bonding interaction is proposed to weaken upon hydride transfer
and formation of the zinc-bound aldehyde or ketone product.5

Notably, X-ray crystallographic analyses of inhibited forms of
LADH, in which the alcohol-binding site is occupied by a neutral
oxygen donor (e.g., a secondary or tertiary formamide6 or
sulfoxide7 derivative), indicate the presence of a hydrogen-bonding
interaction between Ser48 and the zinc-bound oxygen of the
inhibitor.

In efforts toward addressing various aspects of the chemistry
involved in the reaction pathway of LADH, several synthetic
modeling studies have previously been undertaken.8,9 However,

despite these efforts, mononuclear nitrogen/sulfur-ligated zinc
alcohol, alkoxide, and aldehyde complexes relevant to proposed
reactive species in the catalytic cycle of LADH have yet to be
reported. As an approach toward isolating such complexes, we
report herein our initial studies of the zinc coordination chemistry
of a novel ligand system (bmapa,N,N-bis-2-(methylthio)ethyl-
N-(6-amino-2-pyridylmethyl)amine) that combines a mixed nitrogen/
sulfur coordination environment with a single internal hydrogen
bond donor. Significantly, utilizing this ligand we have isolated
and structurally characterized the first examples of mononuclear
nitrogen/sulfur-ligated zinc methanol andN,N-dimethylformamide
complexes that exhibit secondary hydrogen-bonding interactions
akin to those found between zinc-bound molecules and Ser48 in
the active site of LADH.

The bmapa ligand (Scheme 1) was initially isolated as the
product of a zinc-mediated amide cleavage reaction.10 However,
because this reaction involved the use of a zinc perchlorate
complex, an alternative synthetic procedure that employs a zinc
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triflate precursor and is suitable for large-scale preparation of the
bmapa ligand has been developed (Scheme S1, Supporting
Information).11 Treatment of the bmapa ligand with an equimolar
amount of Zn(ClO4)2‚6H2O (Scheme 1) in methanol followed by
crystallization via diethyl ether diffusion into a MeOH:i-PrOH
(2:1) solution at ambient temperature yielded [(bmapa)Zn-
(MeOH)](ClO4)2‚MeOH (1‚MeOH) as colorless crystalline blocks.12

Addition of N,N-dimethylformamide to a reaction mixture identi-
cal to that utilized for the synthesis of1‚MeOH yielded [(bmapa)-
Zn(DMF)](ClO4)2 (2), which deposited from MeOH:i-PrOH:Et2O
as block-type crystals.

X-ray crystallographic analysis of1‚MeOH revealed a mono-
nuclear nitrogen/sulfur-ligated zinc alcohol complex (Figure 1,
left) with all of the donor atoms of the bmapa ligand coordinated
to the zinc center. The five-coordinate zinc ion exhibits a slightly
distorted trigonal bipyramidal geometry (τ ) 0.65)13 with the
pyridyl nitrogen and the thioether sulfur donors in the equatorial
plane. Complex2 (Figure 1, right) exhibits a similar overall
geometry (τ ) 0.73)13 in the solid state with equatorial bond
distances comparable to those found in1‚MeOH. Due to the
pentacoordinate nature of the zinc ion in1‚MeOH, the Zn-
O(MeOH) distance in this complex (2.077(1) Å) is longer than
that found in the four-coordinate tetrahedral C6F5CH2OH adduct
of LADH (2.0 Å) and in a recently reported S3-ligated tetrahedral
zinc complex possessing a single methanol ligand ({[TmMes]-
Zn(HOMe)}ClO4‚MeOH: 1.993(3) Å).3,8a The Zn-O(DMF)
distance in2 (2.049(2) Å) is noticeably shorter than that reported
for the N-formylpiperidine adduct of LADH (2.3 Å),6a but is
comparable to amide oxygen ligation in other synthetic zinc
complexes.10

Complexes1‚MeOH and2 exhibit several hydrogen-bonding
interactions in the solid state, one of which for each complex is
derived from the strategic positioning of the primary amine
hydrogen bond donor in the supporting ligand. Specifically, in
each complex, the primary amine moiety of the bmapa ligand
acts as a hydrogen bond donor to the oxygen atom of the zinc-

bound exogenous molecule. In2, this interaction (N(1)‚‚‚O(1)
2.86 Å, N(1)-H(1A)‚‚‚O(1) 156°) mimics the hydrogen bonding
observed between Ser48 and the oxygen atom of zinc-bound
formamide derivatives in LADH (N-cyclohexylformamide and
N-formylpiperidine, O(Ser48)‚‚‚O(formamide)∼ 2.6 Å), albeit the
heteroatom separation in2 is longer. In1‚MeOH, a comparable
hydrogen-bonding interaction is observed between a primary
amine proton of the ligand and the oxygen atom of the zinc-
bound methanol molecule (N(1)‚‚‚O(1) 2.92 Å, N(1)-
H(N1A)‚‚‚O(1) 147°). Similar to a recently reported model
complex ({[TmMes]Zn(HOMe)}ClO4‚MeOH: O(MeOH)‚‚‚O(Zn-
HOMe) 2.58 Å),8a 1‚MeOH exhibits a hydrogen-bonding interac-
tion between the hydroxyl proton of the zinc-bound methanol and
an additional molecule of methanol (O(1)‚‚‚O(2) 2.58 Å, O(1)-
H(O1)‚‚‚O(2) 169°). This short hydrogen-bonding interaction
involving the zinc-bound methanol mimics the hydrogen bond
network involving Ser48 in LADH (O(Ser48)‚‚‚O(alcohol) 2.6 Å)3

that is responsible for proton transfer from the active site of the
enzyme to the solvent.

The FTIR spectroscopic properties of114 and 2 in the solid
state are consistent with their X-ray crystallographically deter-
mined structures. For example, FTIR spectra of complexes1 and
2 (collected as dilute KBr pellets) contain multiple broad bands
in the 3250-3500 cm-1 region. These spectral features are
consistent with the presence of the NH2 moiety (symmetric and
asymmetric vibrations are found in this region) in both complexes
and the presence of a MeOH molecule in1, all of which are
involved in hydrogen-bonding interactions as determined by X-ray
crystallography. Spectroscopic features of theN,N-dimethylfor-
mamide moiety of2 are indicative of binding of the formamide
oxygen to the metal center. For example, the C-O stretching
vibration of2 is found at 1663 cm-1, whereas the corresponding
vibration in free DMF (neat sample) is found at 1677 cm-1. While
we are currently exploring various aspects of the solution
properties of1 and2, initial 1H NMR spectra in CD3CN (0.0193
M, 22(1) °C) have revealed notable downfield shifts (1, ∼5.8
ppm; 2, ∼6.1 ppm) of the-NH2 resonance compared to that
observed for the free ligand (4.75 ppm) under identical conditions.
This deshielding of the-NH2 resonance in1 and2 suggests that
some degree of hydrogen bonding involving the primary amine
moiety is likely occurring in solution.

In summary, we have utilized a novel nitrogen/sulfur ligand
possessing a single internal hydrogen bond donor to generate
mononuclear zinc methanol andN,N-dimethylformamide com-
plexes that are relevant to substrate- and inhibitor-bound forms
of LADH. Importantly, while the bmapa ligand does not structur-
ally mimic the coordination environment of the mononuclear zinc
center in LADH in terms of overall coordination number (N2S2

vs NS2 in LADH), we have demonstrated that it does enable the
isolation of biomimetic complexes with a predictable hydrogen
bond donor akin to Ser48 in the active site of LADH. With that
in mind, we are currently examining further aspects of the zinc
coordination chemistry of this ligand including its ability to
stabilize mononuclear nitrogen/sulfur-ligated zinc alkoxide and
aldehyde complexes relevant to the active and product-bound
forms of LADH.
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Figure 1. ORTEP representations of the cationic portions of [(bmapa)-
Zn(CH3OH)](ClO4)2‚MeOH (1‚MeOH) and [(bmapa)Zn(DMF)](ClO4)2

(2). All ellipsoids are drawn at the 50% probability level (all hydrogen
atoms except the primary amine, methanol, and formamide protons not
shown for clarity). Selected bond lengths (Å): (1) Zn-O(1) 2.077(1),
Zn-N(2) 2.054(2), Zn-N(3) 2.163(2), Zn-S(1) 2.434(1), Zn-S(2)
2.452(1); (2) Zn-O(1) 2.049(2), Zn-N(2) 2.054(2), Zn-N(3) 2.189(2),
Zn-S(1) 2.434(1), Zn-S(2) 2.441(1).
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