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Abstract

The thiolate ligands of [NiFe]-H,ase enzymes have been implicated as proton-binding sites for the reduction/oxidation of
H*/H,. This study examines the ligand effect on reactivity of NiN,S, complexes with an array of acids in methanol solu-
tion. UV-Vis absorption spectroscopy is utilized to observe the transformation from the monomeric species to a trimetallic
complex that is formed after proton-induced ligand dissociation. Nickel complexes with a flexible (propyl and ethyl) N to
N linker were found to readily form the trimetallic complex with acids as weak as ammonium (pK,=10.9 in methanol). A
more constrained nickel complex with a diazacycloheptane N to N linker required stronger acids such as 2,2-dichloroacetic
acid (pK,=6.38 in methanol) to form the trimetallic complex and featured the formation of an NiN,S,H* complex with
acetic acid (pK,=9.63 in methanol). The most strained ligand, which featured a diazacyclohexane backbone, readily disso-
ciated from the nickel center upon mixture with acids with pK, <9.63 and showed no evidence of a trimetallic species with
any acid. This research highlights the dramatic differences in reactivity with proton sources that can be imparted by minor
alterations to ligand geometry and strain.
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Introduction

From multiple experimental directions, the past two dec-
ades have seen tremendous advances in the characteriza-
tion of hydrogenase enzymes [1, 2]. Such research has
highlighted the evolutionarily perfected routes to deliver
electrons and protons to the active sites of the metalloen-
zymes as well as the reverse of H, oxidation with recovery
of reductive power. The diiron hydrogenase, [FeFe]-H,ase,
active site utilizes a strategically placed amine base, an
azadithiolate (adt), to facilitate catalytic turnover. The
nitrogen of this adt ligand is aptly described as a pen-
dant base, positioning protons in the optimal location to
be transferred to and reduced by the adjacent iron sites as
electron sources to ultimately form H,. The amine serves
as the final proton holding site prior to H*/H™ coupling
and H, formation. Many synthetic proton reduction cata-
lysts have been designed to have an amine pendant base
within a metallo-azacycle, with a notable positive effect
on catalytic performance [2].

In contrast to the [FeFe]-H,ase active site (Fig. 1a), the
likely pendant base within the [NiFe]-H,ase (Fig. 1b) is a
cysteinyl sulfur, held in position on the unusual distorted
Ni(SCys), of the heterobimetallic active site. An impres-
sive high-resolution crystal structure finds a heterolytically
split H,, with proton on a terminal thiolate and a hydride
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Fig. 1 a The active site of an [FeFe]-H,ase. b The active site of a
[NiFe]H,ase. ¢ A Ni-{Fe(NO)2}9 bimetallic complex, previously
reported to be a proton reduction catalyst. d A proposed catalytic
intermediate in which the dissociated thiolate functions as a pendant
base to position a proton near the metal hydride
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bridging the Ni and Fe; it provides support for the basicity
of nickel-bound thiolates [3].

While biomimetic studies of the tetra-cysteinate nickel
binding site of [NiFe]-H,ase are few, the utility of square
planar NiN,S, complexes as ligands to various transition
metal ions has been widely reported for proton reduction
electrocatalysis [4, 5]. Our laboratory has explored a set of
Ni-Fe bimetallic complexes based on [;75-C5H5)Fe(CO)]Jr
and {Fe(NO)z}gm) as receivers of the bidentate MN,S,
metallodithiolate ligands (Fig. 1c) [6]. According to trends
and DFT computational results, induction of hemi-lability
of MN,S, through protonation at sulfur, or increased elec-
tron richness through reduction at the receiver metal site, or
both, is key to the success of the electrocatalyst. As shown
in Fig. 1d, the displacement of one arm of a protonated,
nickel-bound thiolate from iron opens up a site for the gen-
eration of a hydride on iron. Thus, a well-positioned pen-
dant base, needed for efficient proton—hydride coupling, is
generated within the bimetallic by the hemi-lability of the
nickel dithiolate.

A sequel to the above study began to address the scope of
the ligand scaffold, detailing how the N,S, ligand enabled
proton reduction in MN,S,-Fe’ (M=Ni'!, [Fe(NO)]") com-
plexes [7]. With the implication that a metal-bound thiolate
is the precursor to the critical proton-binding site during
catalytic turnover, we deemed it worthwhile to study the
basicity of these nickel dithiolates in greater detail. In this
report, we describe a method that utilizes UV—Vis spec-
troscopy to analyze the protonation of an NiN,S, complex
across numerous acid sources and apply this method to vari-
ously modified N,S, ligands in order to examine structure/
function relationships.

Results and discussion

Correlation of N to N linkers and dithiolate bite
angles in nickel-bound tetradentate N,S, ligands

The metric parameters of NiN,S, complexes based on
diamines with ethanethiol arms reveal that the N to N carbon
linker participates in a “clothespin” effect, i.e., constraints
or pinching the nitrogens together widens the S—Ni—S angle
[8]. Table 1 displays the NiN,S, complexes examined in
this study, along with pertinent metric data. Myriad syn-
thetic applications of the NiN,S, complexes as ligands to
an exogenous metal or metals test chemists’ intuition as this
bite angle grants a significant bearing on the stability of
the formed species. The NiN,S, moiety can function as a
bidentate metallodithiolate ligand in heterobimetallics, or
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Table 1 Relevant bond angles
and reduction potentials of
nickel complexes examined in
this report

Compound Ni(bme-damp) Ni(bme-dame) Ni(bme-dach) Ni(bme-

[INi] [11] [2Ni] [12] [3Ni] [13] dachex)
[4Ni] [14]

N to N Carbon Linker 2 2,3 2,2

N-N Distance (A) 3.006(4) 2.698(6) 2.557(6) 2.392(3)

S-S Distance (A) 2.949(1) 3.173(2) 3.202(2) 3.343(2)

S-Ni-S Angle 85.36(4)° 93.99(6)° 95.40(6)° 101.143)°

Ni**/Ni* (E,, V vs Fc”*)* —2.40[15] —2.32[16] —243[15] —2.35[14]

“Reduction potentials are reported as E,,. from acetonitrile [Bu,N][PF¢] electrolyte solutions at 200 mV/s

as a bidentate bridging ligand in the formation of multi-
metallic, paddlewheel complexes [9]. Early studies based
on the bismercaptoethane-diazacyclooctane ligand, bme-
daco, were plagued by a “thermodynamic sink”, a prevalent
tri-nickel species, [(bme—daco)Ni]zNi2+, that crystallized in
a stair-step conformation [10]. Analogues of this tri-nickel
species are common to most NiN,S, complexes and serve
as an analytical tool in this study. In the presence of certain
acids, monomeric compounds [1Ni], [2Ni], and [3Ni] read-
ily convert into the stair-step trimetallics, the crystal param-
eters of which are in the Cambridge Data Base. However,
the NiN,S, with the largest bite angle, [4Ni], has not been
reported to form a trinuclear species and the data provided

Scheme 1 The four equilibria
observed between NiN,S, com-
plexes 1-4 and acids of varying
pK, values

herein suggest that such a species does not form under any
conditions that were sufficient for the smaller angle spe-
cies. The analytical procedure involved addition of acids of
varying pK, to the monomeric NiN,S, species to bracket
the pK, of the dithiolate. The electronic spectral changes
were interpreted according to the reaction equilibria given
in Scheme 1.

Equilibrium between Ni(bme-dach) [3Ni] and strong
acids

A methanol solution of Ni(bme-dach) (compound [3Ni],
Scheme 1) features a d—d absorption band at 457 nm
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Fig.2 a UV-Vis traces of 2.2 mM solution of [3Ni] (red) and
0.35 mM solution of [32Ni3]2+ (blue) in methanol. b Conversion of
[3Ni] to [32Ni3]2+ by addition of several equivalents of trifluoro-
acetic acid (TFA). When the number of equivalents of TFA exceeds
12, the signal decreases, indicating the decomposition of [3,Ni;]**.
¢ A plot of the absorbance at 404 nm, which correlates to [32Ni3]2+,
versus equivalents of TFA. d UV-Vis traces of [3»2Ni3]2+ generated

with a molar extinction coefficient e,5,=558 M~ cm™!

(Fig. 2a). Upon addition of trifluoroacetic acid (TFA,
pK,=4.7 in MeOH) to the solution at ambient temperatures
(~22 °C), peaks at 404 nm and 478 nm grow with greater
molar absorptivity coefficients, £49,=1950 M~! cm~! and
€475 = 1500 M~ cm™!, corresponding to the trimetallic spe-
cies [Ni3(bme-dach)2]2+ ([32Ni3]2+, Fig. 2b) [17]. An excess
of acid is required to form [32Ni3]2+, but too great an excess
of TFA results in the decomposition of [32Ni3]2+ and bleach-
ing of the solution (Fig. 2c¢).

The requirement for excess acid suggests that the reaction
exists as an equilibrium under these conditions. To test the
reversibility of the [3Ni] to [3,Ni;]** transformation, [3,Ni;]**
was generated with TFA in methanol solution followed by

@ Springer
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from a 1:30 ratio of [3Ni] to TFA in methanol neutralized with ali-
quots of 5.3 M NaOH,,), regenerating [3Ni]. The inset legend reports
the molar ratio of initial [3Ni] to unneutralized TFA. e Addition of
phosphoric acid (H;PO,) to a solution of [3Ni] in methanol, show-
ing the formation of a new species, assigned as the singly protonated
H[3Ni]*

the addition of aliquots of 5.3 M KOH, ). Addition of KOH
regenerated the UV-Vis spectrum of 3 (Fig. 2d). Furthermore,
on titration of independently synthesized [32Ni3,]2+ (in the
form of [Nis(bme-dach),]Br,) with deprotonated bme-dach
(Na,bme-dach), the spectrum of [3Ni] was cleanly regained
upon addition of one equivalent. With these data, we conclude
that protonation of the thiolates of [3Ni] induce dissociation of
the ligand to form [3,Ni5]** and free H,bme-dach. Deprotona-
tion of the free ligand induces the central Ni2* to reenter the
N,S, ligand tetradentate pocket, generating a clean solution
of [3Ni].
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Equilibrium between Ni(bme-dach) [3Ni] and weak
acids

Titration of [3Ni] with weaker acids indicates the formation
of a different product. As an aqueous solution of H;PO,
was added to a methanol solution of [3Ni], a shoulder grew
in at 416 nm (Fig. 2e). As greater excesses of H;PO, were
added (>200), the absorption at 416 nm saturated, i.e., the
equilibrium was pushed to an effective quantitative yield of
product. The trace of this product, however, is completely
distinct from the trace of the trinuclear species. From these
data, we propose that the equilibrium between [3Ni] and
H;PO, is not to form the trinuclear species, but rather a
singly protonated species (Equilibrium a, Scheme 1). This
fits the observations that this species is only observed with
weaker acids but still participates in an equilibrium that can
be saturated at high acid concentrations.

Examining equilibria with various acids

Determination of K, values for the equilibria in Scheme 1
was attempted using the percent conversion of mono-
metallic to trimetallic species after each aliquot of acid was
added. However, the complexity of co-existing equilibria, as
well as the complete overlap of the product bands obscur-
ing any isosbestic point, prevented consistent results. As an
alternative approach to analyzing the nature of the equilib-
ria, [3Ni] was titrated using an array of acids with vary-
ing pK, values (Table 2). Acids with methanol-pK, values
<5.44 participate in equilibrium b, forming [32Ni3]2+ as a
product and, upon further addition, decompose [32Ni3]2Jr
(equilibrium ¢, Scheme 1). Dichloroacetic acid (MeOH
pK,=06.38) and pyridinium p-toluenesulfonate (PPTS,
MeOH pK, =5.44) participate in Equilibrium b, but do not
decompose the product as more acid is added. Acids with
methanol-pK, values above 6.38 but below 10.9 participate
in equilibrium a, forming H[3Ni]*. Acids with methanol-
pK, > 14.3 do not react with [3Ni] at any concentration.

Table2 Reactivity of nickel complexes ligated by 1-4 with an
array of acids in methanol. Equilibria observed correlate with those
describe in Scheme 1. The more flexible ligands (1 and 2) show the
tendency to form the tri-nickel species even with weaker acids. The

When these equilibria were examined in aqueous solution,
no change to [3Ni] was observed, regardless of the acid used.

Equilibrium with Ni(bme-dame) [2Ni]

The Ni(bme-dame) complex ([2Ni], Table 1) has also been
shown to form a trimetallic species, [Ni3(bme-dame)2]2Jr
(compound [22Ni3]2+)[21], thus offering opportunity to
extend our analytical method to explore the ligand effect on
the observed equilibrium.

Addition of TFA to a methanol solution of [2Ni] gener-
ates peaks at 416 nm and 480 nm in a manner reminiscent
of the transformation observed with [3Ni] (Fig. 3a). Also
similar to the equilibrium with [3Ni], as a greater excess of
TFA is added, [22Ni3,]2+ decomposes and the solution begins
to bleach. Compound [2Ni] was titrated with an array of
acids to determine which acids participate in which equilib-
ria (Table 2). No evidence was found for equilibrium a, but
equilibria b and ¢ were observed (Scheme 1).

In comparison to [3Ni], [2Ni] forms the tri-nickel spe-
cies with fewer equivalents of acid and with acids of greater
pK,. We posit that the increased flexibility of the bme-dame
ligand allows for easier dissociation of the ligand from the
nickel; thus, weaker acids are more prone to form the trime-
tallic species over the mono-protonated species.

Equilibrium with Ni-bme-damp [1Ni]

The trimetallic form of Ni(bme-damp) (complex [1Ni],
Table 1) was isolated and characterized by XRD as the
typical stair-step configuration (Fig. 4). The S—Ni-S angle
within the N,S, binding site is 79.97(9)°, a 5.39° contrac-
tion from the angle of the mononuclear species, 85.36(4)°.
This is coupled with a decrease of the S-S distance from
2.949(1) to 2.791(2). The N-N distance, however, remains
at 3.009(7) A, which is within error of the mononuclear N-N
distance, 3.006(4) A. The stair-step angle is 76.55°.

more rigid 3 has the capacity to bind a single proton from weaker
acids without forming the tri-nickel species. The most strained ligand,
4, readily releases the nickel from the N,S, pocket upon protonation,
but is incapable of forming the tri-nickel species [18-20]

pK, (in H,0) HBF, CF;CO,H CCLCO,H PPTS CHCL,CO,H H;PO, CH;CO,H NH, I PhOH CF;CH,0H
—-044 -0.25 0.65 5.21 1.29 2.12 4.76 9.24 9.95 12.5

pK, (in MeOH) - 4.7% 5.6* 5.44 6.38 5.2b 9.63 10.9 14.3 -

Ni(bme-damp) [1Ni] b, c b, c b, c b, c b, c b, c b b b NR

Ni(bme-dame) [2Ni] b, c b, c b, c b, c b, c b, c b b NR NR

Ni(bme-dach) [3Ni] b, c b, c b, c b b a a NR NR

Ni(bmedach,,) [4Ni] d d d d d d d NR NR NR

*Values calculated from linear correlation of carboxylic acids in methanol [19]

®Value determined from interpolation of methanol/water mixtures [20]
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Fig.3 a UV-Vis traces of methanol solution of [2Ni] with decreas-
ing ratios of [2Ni] to TFA. b The absorbance of 416 nm, which cor-
relates to [2,Niz]?* versus equivalents of TFA. ¢ UV-Vis traces of
methanol solution of [INi] with decreasing ratios of [1Ni] to TFA.

Fig.4 Two views of the
XRD-determined structure of
[1,Ni;]**. Nickel atoms shown
in green, sulfur atoms in yellow,
nitrogen atoms blue, and carbon
atoms in gray

The equilibrium of [1Ni] with the array of acids was
examined to probe how further flexibility of the ligand
would affect reactivity (Table 2). Similar to compounds
[2Ni] and [3Ni], addition of TFA to a methanol solution
of [INi] causes the appearance of a two-peak pattern,
with a stronger band at 422 nm and a weaker band around
500 nm, that bleaches upon greater excess of acid (Fig. 3c).
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d The absorbance of 422 nm, which correlates to [12Ni3]2+ versus
equivalents of TFA. e UV-Vis traces of methanol solution of [4Ni]
with decreasing ratios of [4Ni] to TFA. f The absorbance of 467 nm,

which correlates to [4Ni] versus equivalents of TFA

The reactivity of [1Ni] appears to be most similar to that
of [2Ni], with the trimetallic complex forming readily even
with weaker acids. The most notable difference is that [1Ni]
reacts with an excess of phenol, but it is difficult to conclude
whether [1Ni] converts to [12Ni3]2+ or a mono-protonated
species. Compounds [2Ni] and [1Ni] with open-chain N to
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N connections show an appreciable increase in susceptibility
to ligand dissociation as compared to the diazacyclic [3Ni].

Equilibrium with Ni(bme-dachex) [4 Ni]

In contrast to the more flexible N to N connections found
in complexes 1 and 2, the Ni-bmedachex ([4Ni], Table 1)
complex features a cyclohexyl-diazacycle platform which
reduces flexibility of the ligand and substantially increases
the S—Ni-S angle compared to [3Ni] [14]. Addition of TFA
to a methanol solution of [4Ni] yielded spectral results very
different from the other compounds of this study. Rather
than generating a new product with greater absorptivity
coefficients, it simply bleached the solution, causing the d—d
band to decrease in intensity (Fig. 3e). This same result was
observed with weaker acids down to acetic acid (Table 2).

The tri-nickel species with bme-dachex has not been
described previously in the literature [8]. The only
example of the binding of Ni(bme-dachex) to an exog-
enous nickel center comes from the Schroder group who
describe a Ni(bme-dachex) pinwheel type complex,
Niz(Ni(bme-daChex))f, in which the S to S distance of
one binucleating Ni(bme-dachex) ligand maintains its wide
S—-Ni-S angle [22]. The paddlewheel compound of the
Schroder group is described as being dark red in color, so it
is unlikely that it is formed as the acids are added to [4Ni].
Instead, the data are most consistent with the hypothesis that
the acids cause dissociation of the ligand from the nickel
center to generate free bme-dachex and the nickel conjugate
base salt (equilibrium d, Scheme 1).

There is no indication of an intermediate H[4Ni]* spe-
cies when [4Ni] is mixed with ammonium chloride, as was
seen with [3Ni], suggesting that [3Ni] is at least slightly
more basic than [4Ni]. This, however, is somewhat disputed
by the fact that acetic acid does not induce dissociation of
the ligand from [3Ni] as it does for [4Ni]. The model most
consistent with these data is that the bme-dach ligand does
not dissociate from the nickel after a single protonation, and
thus H[3Ni]* is observed, but the hypothetical H[4Ni]*

intermediate rapidly degrades to the free ligand and nickel
salt.

Electrochemical studies

The complexes examined in this study have been previously
characterized by cyclic voltammetry in acetonitrile solu-
tions and all feature reduction of the nickel(IT) at potentials
<=2.3V vs Fc”* (Table 1) [14—16]. In the case of [2Ni],
the complex was found to reduce protons to form hydrogen
electrocatalytically [16]. Although the Ni**/* reductions are
outside the solvent window of methanol, the four complexes
were studied via cyclic voltammetry in methanol solution in
the presence and absence of acetic acid.

The initial scan of [3Ni] from the open circuit potential
in the cathodic direction and in the absence of acid fea-
tures no reduction event, but an irreversible oxidation with
E,,=0.04 V vs Fc”* at 200 mV/s (Fig. 5a). The return
sweep finds that oxidation induces an irreversible reduction
event with an E,,=—1.18 V vs Fc”* at 200 mV/s. These
events are described as the oxidation, and subsequent reduc-
tion, of the sulfur atoms. When acetic acid is added to the
solution, which participates in equilibrium a with [3Ni]
(Table 2), the reduction of acetic acid itself can be observed
at the same potential as a control experiment in the absence
of Ni**. The oxidation event of 3 shifts slightly more posi-
tive to E,,=0.01 V vs Fc”* at 200 mV/s in the presence of
acidic acid (Fig. 5b), but the reduction event shifts signifi-
cantly to E,;.=—1.28 V vs Fc”* at 200 mV/s. The shifts in
potentials of these sulfur-based redox events could be the
result of proton binding to the sulfur sites in solution.

The cyclic voltammograms of [1INi], [2Ni], and [4Ni]
show similar features. Compound 2 displays an irreversible
oxidation with E,,=0.01 V vs Fc”* at 200 mV/s that does not
shift significantly in the presence of acid and the correspond-
ing irreversible reduction event at E,;=—1.13 V vs Fc* at
200 mV/s that shifts to -1.15 V in upon addition of acetic acid
(Figure S8). Compound 1 shows an irreversible oxidation with
E,,=0.01 V vs F¢”* at 200 mV/s that shifts to 0.02 V with

—50 mV/s —1:0
(a) 100 mV/s (b) 1:5
20 200 mV/s 80 19
—400 mV/s :
_ ——800 mV/s —1:13
< 1600 mV/s '<:t: 30 —1:18 < 2
H 3 =
e 20 S -20 @'
= . -
3 =
Q 3
-70 © 70
120 . ; . . . 120 ; ; ; ; ; .
0.5 0 0.5 1 1.5 0.5 0 0.5 1 -1.5 2

Potential (V vs Fc/Fc+)

Potential (V vs Fc/Fc+)

Fig.5 a Cyclic voltammogram (CV) of [3Ni] in MeOH with 0.1 M [Bu,N][PF] electrolyte at various scan rates. b CV of [3Ni] with increasing

ratios of acetic acid in solution with 200 mV/s scan rate
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acetic acid, but only a faintly visible irreversible reduction at
~—1.0Vvs Fc"* (Figure S7). Compound [4Ni] features two
irreversible oxidations with E,,=0.02 V and 0.39 V vs Fc"*
at 200 mV/s, the more positive of which induces an irrevers-
ible reduction at -1.58 V (Figure S9). In the presence of acetic
acid, the more positive reduction shifts to 0.47 V vs Fc¥* at
200 mV/s, but the reduction event becomes obscured by the
reduction of the acid. The shift of the E,,, by +0.08 V could
be the result of the formation of free protonated ligand being
generated in the solution.

Conclusions

The results presented in this manuscript reveal the effects
of ligand flexibility on the behavior of N,S, ligand thiolates
upon protonation. Even in the presence of mild acids such as
phenol and ammonium, highly flexible ligands such as bme-
damp and bme-dame readily release a nickel from its N,S,
pocket, subsequently rapidly scavenging unprotonated NiN,S,
to form the trimetallic complex. The more constrained ligand
of optimal geometric parameters, the diazacycle bme-dach, is
capable of maintaining coordination to the nickel center after
single protonation from modest acids (phosphoric and acetic
acids), but will also form a trimetallic complex upon proto-
nation with stronger acids (pyridinium). If the ligand is very
constrained, as is the case with cyclohexyl-diazacycle bme-
dachex, the ligand will readily dissociate from the nickel center
upon protonation by any acid of sufficient strength to proto-
nate it at all. These findings highlight the importance of ligand
structure when utilizing metalloligands as pendent bases for
catalysis. Even modest adjustments can yield significant vari-
ations to the reactivity, basicity, and stability of the complex
upon protonation.
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