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ABSTRACT: Four derivatives of a hydrogen oxidation
catalyst, [Ni(P“,N®*%,),]** (Cy = cyclohexyl, Bn = benzyl,
R = OMe, COOMe, CO-alanine-methyl ester, CO-phenyl-
alanine-methyl ester), have been prepared to investigate steric
and electronic effects on catalysis. Each complex was
characterized spectroscopically and electrochemically, and
thermodynamic data were determined. Crystal structures are
also reported for the —OMe and —COOMe derivatives. All
four catalysts were found to be active for H, oxidation. The
methyl ester (R = COOMe) and amino acid ester containing
complexes (R = CO-alanine-methyl ester or CO-phenyl-
alanine-methyl ester) had rates slower (4 s™') than that of the
parent complex (10 s™*), in which R = H, which is consistent
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with the lower amine pK,'s and less favorable AGy's found for these electron-withdrawing substituents. Dynamic processes for

the amino acid ester containing complexes were also investigated and found not to hinder catalysis. The electron-donating
methyl ether derivative (R = OMe) was prepared to compare electronic effects and has a catalytic rate similar to that of the
parent complex. In the course of these studies, it was found that water could act as a weak base for H, oxidation, although
catalytic turnover requires a higher potential and utilizes a different sequence of catalytic steps than when using a base with a
higher pK,. Importantly, these catalysts provide a foundation upon which larger peptides can be attached to [Ni(P<,N",),]*
hydrogen oxidation catalysts in order to more fully investigate and implement the effects of the outer coordination sphere.

B INTRODUCTION

Hydrogenases catalyze the production or oxidation of hydro-
gen, reactions which are of widespread interest for the
production and utilization of renewable fuels. Using abundant
metals, Ni and/or Fe, hydrogenases catalyze this reaction with
high rates and low overpotentials.' > Catalysis at the
hydrogenase active site is enhanced by the surrounding protein
scaffold, including the second coordination sphere (amino acids
which interact with but do not bind to the metal) and the outer
coordination sphere (OCS) (amino acids which do not interact
with the metal). The stable secondary and tertiary structures of
the outer coordination sphere are thought to be vital to
enhancing catalysis by stabilizing the active site, controlling the
environment around the active site and mediating the transfer
of H,, protons, and electrons between the buried active site and
the exterior of the protein."*~”

Many structural and functional synthetic analogues of
hydrogenases have been made.*’ The family of [Ni-

(PR,NR,),]1** complexes (Scheme 1) mimics the second
coordination sphere of [FeFe]-hydrogenases by including a
positioned pendant amine, resulting in rate enhancements of
several orders of magnitude in comparison to catalysts without
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a positioned amine.*'® The R and R’ substituents can be varied
to tune the catalysts for H, production (Scheme 1, counter-
clockwise) or oxidation (Scheme 1, clockwise).'*™"® In addition
to the species implicated in the catalytic cycle, two noncatalyti-
cally active isomers (endo-exo and exo-exo)'*' of the
diprotonated tetrahedral Ni(0) product are observed which
have important consequences for catalysis.u’16 In more recent
derivatives, these catalysts meet or exceed the rates of the
enzymes,'>"” but at higher overpotentials. The combination of
high catalytic rates and low overpotentials, characteristic of
hydrogenases, is still not being achieved with catalyst
biomimics, indicating that the outer coordination sphere in
the enzyme plays an important role in achieving fast rates at
low overpotentials.

Effects of the second and outer coordination spheres on
molecular catalysts were assessed for hydrogen production
catalysts by attaching amino acids, amino acid esters, and
dipeptides to a derivative of the [Ni(P™,N"*R,) 1** proton
reduction catalyst.'® The resulting catalytic rates ranged over an
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Scheme 1. Mechanism for H, Production (Counterclockwise) and Oxidation (Clockwise) by [Ni(P*,N¥,),]>* Complexes
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Figure 1. Ligands used in this study to make Ni(P“,N®*%,), complexes are derivatives of P<Y,N®", (A), including P<Y,NB»OMe, (B), pCy,NBr-COOMe,

(C), PCyZNBn—Ala—OMeZ (D), and PCyZNBn—Phe—OMe2 (E)

order of magnitude, demonstrating the ability of the outer
coordination sphere to modulate the catalytic activity of a
molecular catalyst, despite the remoteness from the metal
center. Separate studies assessed the effect of para substituents
with varying electron-donating ability on [Ni(P™,N""%,),]2*
and found a significant dependence of the catalytic rate on the
R substituents, despite their distance from the metal, due to
their effect on the pendant amine pK,."”

While several different effects of the second and outer
coordination sphere (amine pK, and amino acid functionality)
on hydrogen production catalysts have been reported,'”"® their
impact on hydrogen oxidation catalysts has been relatively
unexplored. In this work, we investigate the role of the second
and outer coordination spheres by modifying the groups on the
pendant amines of hydrogen oxidation catalysts, [Ni-
(P9,NP™,),]**, using ether, ester, and amino acid ester
derivatives. The ligands for these catalysts are shown in Figure
1. To investigate electronic effects, the methyl ester (C) and the
similar methyl ether derivative (B) were incorporated into the
catalyst. Nonpolar ester-protected amino acid containing
complexes were also prepared by coupling the amino acid
esters alanine (Ala) and phenylalanine (Phe) to the hydrolyzed
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methyl ester derivative (D and E), enabling the study of steric
effects in the absence of additional functional groups. The full
characterization of these new complexes is presented, and
insight into how these groups alter the thermodynamics and
catalytic activity of the parent complex is provided.

B RESULTS AND DISCUSSION
Synthesis and Characterization of Ligands and Metal

Complexes. The PX,N®, ligands were synthesized by heating
bis (hydroxymethylcyclohexyl)phosphine and the appropriate
amine or ammonium hydrochloride salt precursor in ethanol, as
described previously.'® The ligands were characterized by mass
spectrometry and *'P{'H} and 'H NMR spectroscopy,
resulting in data that are consistent with the proposed
structures and with previous complexes of this type.'”'® The
ligand P<,N®*OMe, (1B) could not be synthesized cleanly or
purified by recrystallization; therefore, the impure ligand was
metallated to form [Ni(P<V,NBOMe)) 1(BE,), and then
reduced to [Ni®(P<,NP™OMe)). 1 which precipitates cleanly
from acetonitrile.

dx.doi.org/10.1021/0m300409y | Organometallics 2012, 31, 6719-6731
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Amino acid ester complexes were prepared by coupling
methyl ester protected amino acid hydrochlorides (alanine

(Ala) and phenylalanine (Phe)) to PCYZNB“'COO'U; to form the
ligands POV, NBr-AlOMe o q POy, NBoPhe-OMe ' pospectively, using
TBTU as the coupling reagent (Scheme 2b and Figure 1D,E).

Scheme 2. Synthesis of (a) P<Y,NB"CO0Li* and (b)
POY,NBROMe (R — Ala, Phe)
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Attempts to directly synthesize the precursor ligand to which
amino acids would be attached, P,NBCOOH = yere
unsuccessful; therefore, this ligand was synthesized by
hydrolysis of P<,N®COOMe  (Scheme 2a). In addition to the
standard characterization, "H—"H TOCSY NMR spectroscopy
was used to identify the amide proton via coupling to the C,
proton and other protons in the side chain (Figure 2 and Figure
S1 (Supporting Information)). Integration of the 'H NMR
spectra showed complete coupling of each amino acid ester to
POY,NBrCOOL in particular through the comparison of the
intensity of the amide and C, protons to the benzyl protons on
the amine and methylene protons of the eight-membered P,N,
ring. In the case of POy NBrPhe-OMe - (1) 5 large excess (S
equiv) of the amino acid ester was used during coupling to
increase the yield, as only ~5% coupling occurred when the
amino acid ester was added in slight excess. Attempts to drive
the reaction forward by the addition of N-hydroxybenzotriazole

(HOBt) resulted in oxidation of the phosphines, and
consequently its use was avoided.

The ligands were metallated by stirring with 0.5 equivalents
of [Ni(CH;CN)](BF,), in acetonitrile. The complexes were
characterized by mass spectrometry, elemental analysis, 'H and
3Ip NMR spectroscopy, and, when possible, X-ray crystallog-
raphy. The data were consistent with previous data reported for
similar complexes.10 [Ni(PS,NBr-Al-OMe ) 12+ 5hd  [Ni-
(PCY,NBnPhe-OMe ) 12+ yere also characterized by 'H—'H
TOCSY NMR.

The Ni(0) complexes were generated by reacting the Ni(II)
complexes with hydrogen followed by deprotonation with
tetramethylguanidine (TMG). Unfortunately, the Ni(0)
complexes of the amino acid ester coupled ligands could not
be generated in this way. Following addition of TMG, the
complex forms a precipitate shown by NMR spectroscopy to be
a complex mixture of products, presumably resulting from
deprotonation of the amide, which destabilizes the complex.
Attempts to form the amino acid ester containing Ni(0)
complexes with a weaker base, triethylamine, only generated
the Ni(II) hydride complexes rather than the twice
deprotonated Ni(0) complexes.

Structural Characterization: X-ray Crystallography. X-
ray-quality crystals of [Ni(P,NBCOOMe )](BF ), and [Ni-
(P<Y,NB~OMe )](BE,), were obtained by slow diffusion of ether
into acetonitrile solutions of the complexes. As in the parent
complex, [Ni(P,NP), %%, all of the six-membered Ni—P—
C—N—C-P chelate rings are in boat configurations. The metal
is four-coordinate and displays a distorted square planar
geometry. The structures are shown in Figure 3, and the
structural parameters are compared to those of the parent
complex in Table 1. These show that the addition of electron-
withdrawing or -donating substituents to the benzyl group does
not alter the first coordination sphere significantly.

The crystal structures of Ni’(P¢Y,NPr-COOMe )
Ni’(PY,N®",), and Ni®(PY,NP"OMe)) " shown in Figure 4,
are similar to each other as well as to other related
complexes.”®*" In all of these complexes, the Ni is in a
pseudotetrahedral geometry and each P,N, ligand contains one
chelate ring in a chair configuration and one chelate ring in a
boat configuration. Structural parameters are given in Table 2.
As was observed for the Ni(II) complexes, the addition of
electron-withdrawing or -donating substituents to the benzyl
group has a negligible effect on the first coordination sphere of
the Ni(0) complexes.
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Figure 2. "H NMR spectrum (left) and '"H—"H TOCSY spectrum (right) of PV,NEr?heOMe (1E) in CD,CL,. The blue and red boxes indicate
coupling between the amide proton, the C, proton, and the side chain protons, used to confirm amino acid incorporation.
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Figure 3. Crystal structures of [Ni(P,*NB»CO%Me ) 1(BE,), (left) and
[Ni(P,“NB>OMe ) 1(BE,), (right), showing that the active sites of the
catalysts are similar despite derivatization of the Bn group. Nickel is
shown in green, nitrogen in blue, phosphorus in purple, oxygen in red,
and carbon in black. Solvent molecules, counterions, and hydrogen
atoms have been omitted for clarity.

NMR Spectroscopy: Structural and Chemical Dynam-
ics in the Amino Ester Derivatives. Addition of the amino
acid ester groups to the ligands would be expected to introduce
structural rigidity to the metal complexes, due to the steric bulk
of the amino acid ester groups and the potential for hydrogen
bonding. Indeed, the *'P NMR resonances for [Ni-
(PCyZNBn-Ala-OMeZ)2:|2+ and [Ni(PCyZNBn-Phe-OMeZ)Z]2+ are much
broader than those of the other [Ni(P“,N®"},),]?* complexes
at room temperature (Figure S). These complexes are thought
to be distorted trigonal bipyramidal in solution, with the fifth
ligand situated in an equatorial position. The fifth ligand is
solvent, an agostic interaction with the electrons in the C—H
bond of the benzyl methylene group, or the BF,” counter-
ion.'”'® An averaged but broad peak is usually observed due to
exchange between the axial and equatorial positions for each
phosphorus atom. Comparison of the variable-temperature *'P
NMR spectroscopy of the amino acid ester derivative
[Ni(PY,NB-AROMe ) 12+ 4nd that of the methyl ester derivative
[Ni(P<,NPCOOMe ) 12+ show that exchange is slower for the
amino acid ester derivative, with coalescence occurring
approximately 10 °C higher in temperature (Figure S). At
their coalescence temperatures of approximately 10 and 20 °C,
respectively, [Ni(P®Y,NB»-COOMe ) 12+ and [Ni-

(POY,NPBr-Al-OMe ) 12+ have exchange rates of ~15000 s\
Therefore, despite the hindered structural dynamics observed
for [Ni(P©Y,NBr-Al=OMe ) 12+ the dynamics are still much faster
than catalysis at room temperature (vida infra).

H, addition requires a correctly positioned pendant amine,
with one Ni—P—C—N-—C-P ring in the boat conﬁguration,22
and the bulky amino acid ester substituents could hinder the
chair-to-boat isomerization process. We are not able to measure
this process directly, but measurements of the intramolecular
proton exchange rates for the diprotonated isomers of
[Ni(P9,N®® H),]** (Scheme 1) provide a relative measure
of the chair-to-boat isomerization, since these isomerizations
were found to be the slowest steps in transferring the proton
from one amine to the other.”> To provide a measure of this
isomerization process, intramolecular proton transfer in
[Ni(POY,NBPhe-OMe 1) 12+ yyas compared to that in the parent
complex [Ni(P<,NP",H),]*".

At room temperature, the *'P NMR spectra of these
complexes contain a single resonance each for the endo-endo
and exo-exo isomers (Scheme 1) and two resonances for the
endo-exo isomer (Figure 6).>* As the temperature is decreased,
the *'P resonances for the endo-endo and endo-exo species
resolve as proton transfer between the amines is slowed.”?
Analyzing the line shape of the *'P resonances as a function of
temperature, we determined the activation parameters for
proton transfer in the endo-exo isomer of [Ni-
(PCY,NBrPhe-OMe 11) 12¢ and compared them to that of
[Ni(P,NB",H),]** (Table 3). For [Ni(P,NBPhe-OMe 1) 72+
proton transfer is slower and the activation enthalpy and free
energy are more positive than for [Ni(P“,N"",H),]**. The
data for the endo-endo isomer of [Ni(PV,NB Fhe-OMe 1) 12+
could not be fit due to a second overlapping exchange process
(see below), but it can be seen qualitatively that proton transfer
for the endo-endo isomer is also slower than that of the parent
complex. The exo-exo isomer was not observed to exchange at
any temperature studied. The slower exchange rates observed
for the Phe-OMe substituted complex suggest that the chair-to-
boat isomerizations are more hindered in the complexes
substituted with the bulky amino acid ester ligands. However,
despite the reduction in rate, it is still several orders of
magnitude faster than catalysis at room temperature (vida
infra) and should not influence catalytic rates.

Unlike [Ni(P“,N®",H),]**, which contains only two
doublets at —40 °C for the endo-endo isomer,'** [Ni-
(P, NBnPheOMe 11) 12+ has four doublets at —40 °C. Addi-
tionally, the downfield endo-exo resonance of the parent
complex remains a single sharp peak,'>** while that of
[Ni(P©Y,NBPhe-OMe 1) 12+ gplits into two peaks at —20 °C.

Table 1. Structural Parameters of [Ni(P,NB»OMe ) 12+ [Ni(PV,N5",),]**, and [Ni(PCY,NB-COOMe ) 12+

[Ni (PCyzNBn-OMeZ)z] 2+
Ni—P1 (A) 2.1885(8)
Ni—P2 (A) 2.1955(8)
Ni—P3 (4) 2.1913(8)
Ni—P4 (A) 2.1850(9)

Ni—N(1,2,3,4) (A)

P1-Ni—P2, P3—Ni—P4 (deg) 82.53(3), 82.66(3)

dihedral angle (deg) 4142
space group Pbca
R1 0.0579

“Crystal structure obtained previously by Wilson et al.'’

3.376(2), 3.247(2), 3.283(2), 3.257(2)
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[Ni(PCYzNan)Z] 2+ a [Ni(PCyZNBn-COOMeZ)Z] 2+
2.2048(13) 2.1828(2)
2.2055(14) 2.1891(2)
2.1961(1)
2.2020(2)
3.28(7), 3.28(8), N/A, N/A 3.31, 3.36, 3.27, 3.36
82.74(6), N/A 81.85, 82.57
34.87 40.62
C2/c P2,/c
0.0651 0.0819

dx.doi.org/10.1021/0m300409y | Organometallics 2012, 31, 6719-6731
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Figure 4. Crystal structures of Ni’(P<,NBCOOMe ) N[iO(PDY,NB",),, and Ni®(P<,NP*OM¢,)  demonstrating the similarity between the substituted
and unsubstituted Ni’(P<Y,N®*%,), derivatives. Nickel is shown in green, nitrogen in blue, phosphorus in purple, oxygen in red, and carbon in black.

Hydrogen atoms have been omitted for clarity.

Table 2. Structural Parameters of [Ni(P®,N®°Me,),]  [Ni(P,N®,),], and [Ni(P,NP>COOMe )

Ni—P1,P2,P3,P4 (A)
Ni—N1,N2,N3,N4 (&)

P1-Ni—P2, P3—Ni—P4

[Ni(PC)’ZNBn-COOMEZ)Z]

2.1271(8), 2.1268(8), 2.1315(8),
2.1358(8)

3.783(2) 3.341(3) 3.800(2) 3.415(2)

86.06(3), 85.43(3)

[Ni(P,N®",),] [Ni(P9,NPOMe,), ]
2.1376(3), 2.1375(3), 2.1302(3), 2.1231(5), 2.1232(5), 2.1261(5),
2.1301(3) 2.1278(5)
3.7922(1) 3.3631(1) 3.7697(1), 3.4127(1), 3.7859(1),
3.4003(1)

85.450(9) 85.446(9)

85.854(19), 85.373(19)

(deg)

dihedral angle (deg) 88.94 88.67 89.09
R1 0.0622 0.0364 0.0507
space group PI C2/c PI
|
60 °C
40°C f 5
s . | M R e N
.’
20°C P 1A
¥ ETRPPRE L T T g S -
[
-20°C TN e
Py e T s ettt
4 2 = & i
- ® 0 . flu(pnm} 20 * ad 90 60 0 -30 -70
f1 (ppm)

Figure §. Variable-temperature >'P NMR spectra of [Ni(P<,NP*4OMe)) 12+ (left) and [Ni(PY,NOMe,),1>* (right) in acetonitrile, showing a

slower exchange process for the amino acid ester containing complex.

The parent complex was described as an AA'BB’ spin system.
The observations for [Ni(PY,NBPheOMe 1) 12 are most
consistent with an ABMN system, or four unique phosphorus
atoms, pairs of which couple to each other. This interpretation
is based on the *P—'P COSY spectrum at —40 °C, which
shows that each doublet couples only to a doublet in the
opposite pair (Figure S2 (Supporting Information)). A
dependence on field strength (300 and 500 MHz 'H
frequency) was also observed for the difference in frequency
between each pair of doublets, whereas the coupling for each
doublet was independent of field, confirming that the spectrum
for the endo-endo isomer is due to four chemically inequivalent
phosphorus atoms (Figure S3 (Supporting Information)).
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These results suggest reduced conformational flexibility or a
minor structural change in comparison to the parent complex
upon protonation.

The resonance belonging to [HNi(P<Y,NBrPheOMe ) 1+ 4]
coalesces at temperatures warmer than that observed for the
parent complex. Variable temperature NMR spectra of
[HNi(PY,NBPhe-OMe ) 1+ iny butyronitrile from —80 to +25
°C are shown in Figure S4 (Supporting Information).
Combined, the structural and proton transfer dynamics suggest
reduced freedom and higher energy barrier processes when
amino acid esters are incorporated into the outer coordination
sphere, but these barriers are not high enough to affect catalysis.

dx.doi.org/10.1021/0m300409y | Organometallics 2012, 31, 6719-6731
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Figure 6. Variable-temperature >'P NMR spectra of [Ni(P<,NP"PheOMe 1) 12* (left) and [Ni(P“,N",H),]** (right) in CD,CN. The figure for
[Ni(P<,N®",H),]** was taken from a paper previously published by O’Hagan et al.>® The spectra for [Ni(P<Y,NBn-PheOMe H) ]** show exchange

rates slower than those previously observed for [Ni(P<,N®",),]*>

Table 3. Proton Exchange Activation Parameters for the
Endo-Exo Isomer of [Ni(P<,NB Phe-OMe 1y 12+ 354
[Ni(P<,N®",H),]** in CD,CN

AHF AS* (cal/ AG¥(298 K) k(298 K)
endo-exo (kcal/mol) (mol K)) (kcal/mol) (sH)®
R = Bn-Phe- 174 + 0.3 18.1 + 0.9 12.1 +£ 0.3 8700

OMe
R = Bn” 14.8 + 0.3 114 + 09 114 + 03 27000

Actlvatlon parameters measured previously by O’Hagan et al.*®
bRates at 298 K are calculated from the activation parameters.

Electrochemistry and Thermodynamic Measurements
of the [Ni(P%,N®"R,),] Complexes. Under N,, Ni-
(POY,NBrCOOMe ) and Ni(P<,NPOMe ), display reversible
Ni(II/I) and Ni(I/0) couples in acetonitrile and benzonitrile
(Table S1 (Supporting Information)). The potential for the
Ni(II/I) redox couple becomes less negative as the electron-
donating nature of the benzyl substituent decreases (Table 4).
The Ni(1/0) couple is most negative for Ni(P<,N®*OMe ), due
to the electron-donating group but similar for Ni-
(PCy,NBn-COOMe )y~ and Ni(P7,NB",),. [Ni-
(PCyzNBn-Ala-OMeZ)Z]2+ and [Ni(PCyZNBn-Phe-OMeZ)Z]2+ also dlsplay
reversible Ni(I[/I) couples in acetonitrile when the scan is
reversed before the Ni(I/0) couple (AE, 1 2 78 mV). In cyclic
voltammograms that scan through both "the Ni(II/1) and Ni(1/
0) couples, both couples are irreversible due to insolubility of
the Ni(0) species in acetonitrile. As expected, the Ni(II/I)
couple shifts to more anodic potentials as the substituent
becomes more electron withdrawing (Table 4).

For the complexes [Ni(P“,N®"%,),] (R = OMe, COOMe),
the pK, of the pendant amine increases with increased electron-
donating character of the benzyl substituent (15.0 and 12.5,
respectively), as expected (Table 4). The pK, values of the
pendant amine for [Ni(P®Y,NBAlOMe 1) 12+ 4nd [Ni-
(P&, NBnPheOMe 1) ] 2+ ywere found to be 12.8 and 12.5,
respectively, similar to that of [Ni(P,NP*COOMe 1) 12* From
these values and the potentials of the Ni(II/I) and Ni(I/0)
couples, we calculated the AGy and AGy- values shown in
Table 4. The AGy, value was also determined by
experimentally measuring the pK, of the hydride ([HNi-
(P<,NPBrOMe ) 1%), rather than using the Ni(I/0) couple. The
pK, in benzonitrile was found to be 22.6, yielding a AGy, value
of —3.6 kcal/mol, which is in good agreement with the value
calculated on the basis of the Ni(I/0) couple (—3.6 kcal/mol).
Previous pK, measurements in acetonitrile and benzonitrile
have shown similar values.”> The calculated free energies of
hydrogen addition, AGy, for catalysts containing methyl ester
and amino acid ester substituents are less favorable than that of
the parent complex, whereas the methyl ether substituted
catalyst has a slightly more favorable AGy,.

Cyclic Voltammograms (CV's) of the [Ni(P<,5"R,),]
Complexes under H,. Upon sparging solutions of [Ni-
(P,NPR ), ] (R = COOMe, OMe) with H,, the E,, value for
the Ni(II/I) oxidation shifts to a slightly more negative
potential. The oxidation product, [Ni''(P<,N®*"%,),]%*  then
reacts with H,, forming [Ni®(P“,N""®,H),]*, which isomer-

Table 4. Electrochemical and Thermodynamic Data for Each of the Ni(P<',N®*"},), Derivatives®

B! By, TOF(PhCN) TOF(MeCN/H,0) AGy, AGyr
complex V) V) ™ D) pK,(amine) pK,(NiH) (kcal/mol) (kcal/ mol)

Ni(PY,N,), —0.807  —1287 5.6 + 0.6 109, 9¢ 1347 212 -3.14 60.7
Ni(PSY,NBCOOMe ), —0.74 -1.29 41 + 04 21+ 02 12.5 21.3% —2.4" 61.3%
Ni(PCY,NB-OMe ) -0.85 -1.39 72+ 1.8 71 + 0.1 15.0 23.2° —3.6"° 59.1%
[Ni(PO,NB-AleOMe ) 12+ 0,78 -1.30 39 + 06 34+ 0.1 12.8 21.57 —2.3° 60.8°
[Ni(POy,NPBrPheOMe ) 12+ _ 78 —-131 22+05 39 +02 125 21.7° -1.9° 60.8°
“Unless otherwise noted, all measurements were in acetonitrile. bCalculated using equatlons in the Experimental Section. “Confirmed using

experxmentally measured pK,(NiH) in benzonitrile, as described in the Experimental Section. “Previously reported by Wilson et al.'® “Rate measured
in this study. fRate measured at the endo-exo [Ni(P,NB*COOMe 11).1>* oxidation potential.
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izes to the endo-endo, endo-exo, and exo-exo isomers (Scheme
1) on the time scale of the CV. The Ni(II/I) oxidation was not
seen when R’ = Ala-OMe or R’ = Phe-OMe, since it was
necessary to start in the [Ni"(P<,NP"R,)),1** oxidation state,
which immediately reacts with H, to form [Ni-
(P,NP"R H),]**. Each isomer oxidizes irreversibly at a
distinct potential at scan rates up to 1 V s™. CV’s for the
methyl ether substituted complex, [Ni(T)(P<Y,NB>OMe ) 1%
illustrative of what is typically observed, are shown in Figure 7.
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Figure 7. CV’s of [Ni(P,N®*OMe ) 1* under N, (blue trace) and H,
(red trace), representative of CV’s observed for each of the
[Ni(P“,N*™R)),] complexes and showing that each of the three
conformational isomers formed upon the addition of H, (shown in
Scheme 1) have a unique oxidation potential.

Understanding the electrochemistry of each of the isomers
may provide mechanistic insight and aid in future catalyst
design.'® Consistent with work by Weidner et al,'® the
irreversible oxidation events following the Ni(II/I) oxidation
can be attributed to redox chemistry of the exo-exo (—0.74 V),
endo-exo (—0.33 V) and endo-endo (—0.04 V) isomers of
[Ni®(P<,NBOMe 11),12*, Provided that any kinetic potential
shifts perturb the oxidation current responses for these isomers
in a consistent way, we may assume that the order in the
oxidation peak potentials tracks the relative stabilities of the
Ni(I) vs Ni(0) states for each of the isomers. The hydrogen
bonds between Ni and H—N in the endo configuration
(Scheme 1) stabilize the Ni(0) versus the Ni(I) state, resulting
in a shift of the Ni(I/0) oxidation to more positive potentials.
The potentials for each of the complexes are shown in Table S.
The first Ni---H hydrogen bond results in a shift of 350—410
mV (ie. the endo-exo isomer), whereas the second Ni--H
hydrogen bond (i.e. the endo-endo isomer) results in a shift of
230—290 mV.

The differences in oxidation potentials observed here are
larger than those observed for the previously reported complex
[Ni°(P*®*,N®",H),]**, wherein the E,, of the endo-endo
isomer was found to be 170 mV positive of the E,/, for the
endo-exo isomer, which is 320 mV positive of the E,/, for the
exo-exo isomer (Table §).'° To understand the origin of the
difference in oxidation potentials, DFT calculations were used
to compare the Ni---H—N hydrogen-bonding distances for the
endo-endo isomers of [Ni®(P¢V,NM¢,H),]?* and
[Ni°(P*®,N™¢,H),]>*. A methyl substituent on the nitrogen
was used instead of benzyl to reduce the computational cost.
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Table S. Oxidation Potentials for [Ni(PX,NY,H),]** in
MeCN

A exo- A endo-
endo- endo- €xo Vs €x0 Vs
€X0-ex0 exo endo® endo- endo-
complex Ni(I/0) Ni(I/0) Ni(I/0) exo endo
R R) NI/ (V) V) V) (mV) (mV)
Cy, Bn- —0.85 —0.74 —0.33 —0.04 410 290
OMe*
Cy, Bn- —0.69 —-0.59 —0.24 0.01 350 250
COOMe”
Cy, Bn-Ala- nd —0.66 —-0.27 —0.02 390 250
OMe”
Cy, Bn- nd —0.65 -0.25 —-0.02 400 230
Phe-
OMe*
‘Bu, Bn® -061 —029 —0.12 320 170

“Oxidation peak potentials (EP) of irreversible waves. bEl /» potentials
of quasi-reversible waves previously determined by Wiedner et al.'®
“Potential measured at half the maximum current of the wave.

These calculations indicate that there is increased hydrogen

bonding stabilization in the [Ni’(P<,N™¢,H),]*" complexes.
As can be inferred from Figure 8, because of the tetrahedral

symmetry of the Ni’ complexes, the substituent on the

Figure 8. Optimized structure of the [Ni''(P®,N™¢,H),]** (left) and
[Ni"(P'®,N™¢,H),]** (right) endo-endo isomers. The red dotted lines
show the NH-Ni hydrogen bond distance (in A). The red arrows
indicate the movement of the pendant amine and of the cyclohexyl
group upon protonation. The steric interaction between the methyl
group of the tert-butyl substituent and the CH, of the P—CH,—N
linker is schematically indicated with black and yellow lines.

phosphorus atom of the ligand has to accommodate the
protonated pendant amine of the other ligand, resulting in the
phosphorus atom substituent moving away from the pendant
amine upon protonation. In [Ni’(P“,N™¢,H),]** the smaller
size of the cyclohexyl substituent allows the protonated amine
to get closer to the metal center upon protonation, and the Ni—
N distance decreases from 3.40 A in the nonprotonated
complex to 3.18 A in the protonated complex. In contrast, the
larger tert-butyl substituent is not able to accommodate the
protonated pendant amine because of the steric clash between
one of the methyl groups with the CH, groups of the P—CH,—
N linker (Figure 8). Therefore, upon protonation to form
[Ni®(P**,N™¢,H),]*", the Ni—N distance slightly increases
from 3.39 to 3.42 A. As a result, the NH--Ni distances are
reduced for the cyclohexyl-containing substituent (2.47 A) in
comparison to the tert-butyl substituent (2.89 A). This is
consistent with the experimentally observed increase in metal
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hydrogen bonding stability of the endo-containing isomers of
the [Ni"(P9,N®*"® H),]** complexes. These results are also
consistent with previous studies that have shown that increasing
steric bulk on the ammonium moiety decreases the strength of
metal hydrogen bonding in M-H—N bonds (M = Pt(II),
Co(—I)), as the ammonium moiety is pushed farther from the
metal coordination sphere.**™

Catalytic Oxidation of H, by the [Ni(P%,2"F%,),]
Complexes. All complexes were observed to be catalytically
active for H, oxidation, where the rate was measured both in
benzonitrile and acetonitrile with added water, using triethyl-
amine as the base (Figures 9 and 10, Figure SS (Supporting
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< 1606
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g 2606
3 —H2
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Voltage vs. FeCp,/FeCp," (V]

Figure 9. CV's for [Ni(P<,NP*®Me)),] (0.75 mM) in PhCN with 0.2
M NBu,PF, showing catalytic activity at the Ni(I/I) couple upon the
addition of H, and Et;N. Data were taken at 50 mV s™" and referenced
vs FeCp,/FeCp,"* using the potential of the Ni(I/0) couple.

Information)), and Table 4). In benzonitrile, the large increase
in current at the potential assigned to the endo-endo isomer
observed in the absence of base (red curve, Figure 9) is scan
rate independent (Figure S6 (Supporting Information)) and is
indicative of catalysis occurring at the I/0 oxidation of the
endo-endo isomer of [Ni(P“,NP"® H),]**, as discussed in
detail below. Upon the addition of triethylamine, the onset of
catalysis shifts to more negative potentials (green, purple, and

turquoise curves, Figure 9), occurring slightly negative of the
II/1 couple, and is similar to previous studies of the parent
complex in acetonitrile.'” In comparison to the parent complex,
the rate decreases slightly with the methyl ester substituent and
increases slightly with the methyl ether substituent (Table 4).
This is the expected trend on the basis of the relative AGy,

values if hydrogen addition is the rate-limiting step in catalysis.

In acetonitrile, the cyclic voltammograms for [Ni-
(P<,NPrOMe ). 1* displayed similar behavior, although in this
solvent the rate of H, oxidation was slightly slower than for the
parent complex, [Ni(P“,N®",),]**. Consistent with previous
studies,'” the magnitude of the catalytic wave increases upon
the addition of water, resulting in a 10—50% increase in rate
(Table S2 (Supporting Information)), and the onset shifts to
slightly more negative potentials.

In acetonitrile, [Ni(PY,NB-COOMe ) 12+ exhibits a somewhat
more complex catalytic wave (Figure SS (Supporting
Information)). In the presence of H,, the wave shows catalysis
at the endo-endo isomer (offscale), as was observed in
benzonitrile. Following addition of triethylamine under H,,
the catalytic current continues to increase at the endo-endo and
endo-exo isomer, but not at the Ni(I[/I) couple as is seen for
the other complexes.®® Upon addition of water, the current
increase at ~-0.3 V (the endo-exo isomer) becomes larger, with
the onset shifting to less positive potentials as more water is
added, resulting in a rate of ~2 s7! at the maximum current.
This wave corresponds to a catalytic pathway different from
that observed for the other complexes in the presence of H,,
triethylamine, and water.

Hydrogen addition is calculated to be most favorable for
[Ni(PCY,NB-OMe ) 12+ and least favorable for [Ni-
(PCY,NB-COOMe ) 12+ (Table 4). In this series of complexes,
the rates of catalytic hydrogen oxidation measured in
benzonitrile have the expected (slight) increase as AGy,

becomes more favorable and, relatedly, the amine pK, of
[Ni°(PY,NBR H),1*" increases. However, in acetonitrile, the
methyl ether containing complex [Ni(P<,NP»OMe ) 2%
expected to be fastest, is slower than [Ni(P“,N®",),]*". This
result is unexpected if the addition of H, is the rate-limiting
step and may suggest that there is another step in the catalytic
cycle, such as deprotonation by the external base, that is
controlling the rate.
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Figure 10. CV's for [Ni(P7,NBmAROMe ) 12+ i PhCN (left) and MeCN with added water (right) with 0.2 M NBu,PF,. Data were taken at 50 mV/s
and referenced vs Fc/Fc* using [CoCp*,](PFy); titrated with Et;N; [cat.] = 0.75 mM.
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Upon addition of triethylamine to the amino acid ester
containing complexes, the catalytic current increases in a
manner similar to that for the other complexes, suggesting a
similar mechanism (Figure 10). However, for the amino acid
ester containing complexes, the catalytic wave continues to
slope to increasingly negative currents rather than plateau
(Figure 10, left). This is consistent with H, oxidation at the
Ni(I/0) endo-endo and endo-exo isomers as well as at the
Ni(II/I) couple. In acetonitrile, the addition of water results in
a catalytic wave at the Ni(II/I) couple which plateaus (Figure
10, right). This is thought to be due to the ability of water to
facilitate deprotonation of the endo-endo isomer to form the
hydride."” The reported catalytic rates were determined by
measuring the i, value at the II/I couple.

[Ni(PCyZNBn-Ala-OMeZ)Z]2+ and [Ni(PCyZNBn-Phe-OMeZ)Z]2+ have
AGy, values similar to that of [Ni(PY,NPCOOMe ) 12+ and the

complexes have comparable rates of hydrogen oxidation. While
the *'P NMR spectroscopy results suggest that structural
rearrangements may be hindered by the steric bulk of the
amino acid ester complexes, these rates are still much faster
than catalysis and are likely not contributing to rates that are
slower than that for the parent complex. These results are
expected if H, addition is the rate-limiting step and suggest that
the observed modifications in rate are explained by a second
coordination sphere effect (pK, of the pendant amine), rather
than effects in the outer coordination sphere.

The outer coordination sphere in enzymes is thought to
influence catalytic activity, due to both steric and electronic
factors. For example, Happe et al. found that amino acids that
interact with the dithiolate ligand in [FeFe]-hydrogenase
strongly impact the structure and activity of the enzyme.*!
Additionally, hydrogen bonding by outer coordination sphere
serine and lysine residues to the active site CN™ ligands and
steric effects from phenylalanine and other hydrophobic
residues are hypothesized to prevent rearrangement of the
[2Fe] subcluster during the catalytic cycle.>**® For the

Ni(P?,N¥,), catalysts, a steric influence that could enhance
catalysis would be one which forced an endo conformation and
limited boat—chair conformational isomerizations of the Ni—
P—C—N—C-P chelate rings, a role which the protein scaffold
may serve in hydrogenases. While the amino acid ester ligands
here did slow boat to chair isomerizations, they were still orders
of magnitude faster than catalysis. This is likely due to a lack of
positioning of the appended amino acids, which undergo
unrestricted conformational movements. A well-positioned and
structurally less flexible outer coordination sphere such as that
seen in enzymes is necessary to achieve the positioning which
could result in the desired steric or electronic effects on the
active site.

Role of Water As Base. For the Ni complexes containing
methyl ester (Figure SS (Supporting Information)), amino acid
ester (Figure 10), and methyl ether groups (Figures 7 and 9), it
was observed that under H, a scan-rate-independent (Figure S6
(Supporting Information)) current enhancement was observed
at the Ni(0/I) oxidation for the endo-endo isomer, even in the
absence of added base. The most likely source of an external
base is residual water, and to test whether water could act as a
base at this potential, CV’s were collected as aliquots of water
were added to [Ni(P<,NBvOMe ) 1+ in acetonitrile under H,
(Figure 11). As water was added, a scan-rate-independent
current enhancement at the endo-endo isomer was observed,
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confirming that water is able to act as a base to facilitate

catalysis.
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Figure 11. CV's for [Ni(P®,N®"OMe ), 1* in MeCN titrated with H,0O,
showing that water is able to act as a base for the oxidation of H,,
albeit operating at a more positive potential. The wave at —1.94 V is
due to CoCp*,*".

At low water concentrations, the current enhancement was
located at the potential of the endo-endo isomer. At
intermediate water concentrations, a current enhancement
could also be seen at the oxidation potential of the endo-exo
isomer of [Ni(P<,N®OMe,H) 1** (Figure 11). At the highest
concentrations of water (4.5 M) the current enhancement
occurs only near the endo-exo oxidation potential, giving a
maximum i/, ratio of 8.5. This shift in potential can be
explained if isomerization from the endo-endo isomer to the
endo-exo isomer occurs faster than catalysis at these
concentrations of water, resulting in the oxidation and
subsequent deprotonation by water of the endo-exo isomer.
The maximum rate for H, oxidation using water as a base was
8.8 s, similar to the rate when triethylamine is used as a base.
Upon addition of triethylamine to this solution, the catalytic
wave shifts cathodically to the Ni(II/I) couple, as expected in
the presence of a strong base (Figure S7 (Supporting
Information)).

Water is unlikely to act as a base for [Ni(P<Y,NP"OMe j),]2+
because of its low pK, value. Therefore, in contrast to the
situation where a strong base is used (Figure 9), oxidation of
[Ni(P<,NPOMe 1),1* must occur before proton transfer.
The pendant amine of the resulting oxidized product,
[Ni(P®,NPOMe 1),13* is expected to have a lower pK,'*
allowing water to remove a proton. Therefore, the sequence of
events when water acts as a base is altered from the sequence
shown in Scheme 1 and could be (1) e” H" e~ HY, (2) e” H'
H*e™, or (3) e” e H" H".

Similar current enhancements were seen upon titration of
[Ni(P,N®),]* and [Ni(PSV,NBCOOMe ) 1+ with water
under H, (2.9 and 1.7 s7', respectively), suggesting that using
water as a base for catalysis should be generalizable to this class
of hydrogen oxidation catalysts. However, the fastest rates were
observed with [Ni(P<,N"OMe)) 12* It is possible that the
methoxy group contained by the ligand assists in deprotonation
of the pendant amine by water. These results are extremely
encouraging for the development of molecular first row
transition metal containing H, oxidation catalysts that use
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water, an economical and environmentally friendly reagent, as a
base.

B CONCLUSIONS

In the derivatives studied here, rate enhancements were not
observed for catalysts derivatized with amino acid esters.
Although conformational flexibility was reduced for these
catalysts, rates for these processes were orders of magnitude
faster than catalysis and the slight variations in rate observed
could be explained by electronic effects in the second
coordination sphere. Several mechanistic observations will be
important to consider for future catalyst design. For example,
the sequence of catalytic events can be altered by using a weak
base, deprotonation may be the rate-limiting step in some cases,
and isomerization could control the potential at which the
catalyst operates.

Ni(P®,N®,), hydrogen production catalysts containing
amino acids or amino acid esters in the outer coordination
sphere showed rates several times faster than that of the parent
catalyst."® This may be due to the ability of these groups to
create a localized increase in proton concentration around the
catalyst due to their protic nature or to their ability to increase
water concentration around the catalyst.>* A localized increase
in protons would not be expected to facilitate hydrogen
oxidation, but rates can potentially be increased by adding
Bronsted bases in the outer coordination sphere to facilitate the
shuttling of protons from the active site to an external base. As
deprotonation becomes rate limiting, observed in one catalyst
reported here, a proton channel will be an essential feature to
enhance catalytic rates. The complexes developed here provide
the foundation to attach such a coordination sphere.

B EXPERIMENTAL SECTION

General Procedures. Solution-state 'H and P NMR spectra
were recorded on Varian VNMR spectrometers (500 or 300 MHz 'H
frequency). All 'H chemical shifts were internally calibrated to the
monoprotic solvent impurity. Elemental analyses were performed by
Atlantic Microlab, Norcross, GA, with V,05 as a combustion catalyst.
Electrospray ionization (ESI) and atomic pressure chemical ionization
(APCI) were collected at the Indiana University Mass Spectrometry
Facility on a Waters/Micromass LCT Classic using anhydrous solvents
and inert-atmosphere techniques.

Synthesis and Materials. All reactions were performed using
standard Schlenk techniques or in a glovebox under a N, atmosphere.
Deoxygenated acetonitrile, diethyl ether, and THF were dried using an
Innovative Technology, Inc. PureSolv solvent purification system.
Ethanol, methanol, water, and triethylamine used in syntheses were
not dried but were degassed by sparging with N, overnight prior to
use. O-(Benzotriazol-1-y1)-N,N,N’,N’-tetramethyluronium tetrafluoro-
borate (TBTU), L-alanine methyl ester hydrochloride (H-Ala-
OMe-HCl), and r-phenylalanine methyl ester hydrochloride (H-Phe-
OMe-HCl) were purchased from EMD Chemicals, Inc. Methyl 4-
(aminomethyl)benzonate hydrochloride, benzylamine, and p-methox-
ybenzylamine were purchased from SigmaAldrich. Liquid reagents
were deoxygenated by sparging with N, for several hours, and solid
reagents were placed under alternating cycles of vacaum and N, before
use. CyP(CH,0OH), was synthesized according to a literature
procedure,”" as was [Ni(CH,CN)¢](BF,),.**

P<Y,NBN-COOMe,  Methyl 4-(aminomethyl)benzonate hydrochloride
(143.2 mg, 0.71 mmol) and triethylamine (0.11 mL, 0.78 mmol) were
combined in a Schlenk flask with S mL of ethanol and heated to 65 °C
until the reagents had dissolved. CyP(CH,0OH), (125.0 mg, 0.71
mmol) dissolved in 3 mL of ethanol was then added dropwise over 25
min. The reaction mixture was further heated at 65 °C for 22 h, during
which time the product appeared as a white precipitate. The reaction
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was then cooled to room temperature and brought into a glovebox
under a nitrogen atmosphere. The white precipitate was collected on a
fritted funnel by vacuum filtration, washed with 3 mL of additional
ethanol, and then dried under vacuum. Yield: 170.4 mg, 79%. *'P{'H}
NMR (CD,CL,): § —60 ppm, broad. 'H NMR (CD,CL): § (ppm)
7.96 (4H, d, ] = 8 Hz, Ar-H), 7.44 (4H, d, ] = 8 Hz, Ar-H), 3.96 (4H, s,
NCH,Ph), 3.88 (6H, s, CO,CHj,), 3.13 (8H, s, PCH,N), 0.9—1.7 (22
H, m, Cy-H). APCI MS: m/z (P<,NPrCOOMe 4 H*) 611.319 (calcd
611.317).

Py, NBM-COO-Li+, pCy NEn-COOMe, (550 mg, 0.4 mmol) was dissolved
in 16.9 mL of THF in a Schlenk flask. MeOH (8.4 mL) and 1 M
aqueous LiOH (2.4 mL) were added, and the reaction mixture was
heated to 50 °C for S h. The reaction mixture was then cooled and
transferred to a glovebox. The white precipitate product was collected
on a fritted funnel by vacuum filtration, washed with additional THF
(~5 mL), and then dried under vacuum. Yield: 154.9 mg, 65%.
SIp{'H} NMR (D,0): § —68 ppm. '"H NMR (D,0): § (ppm) 7.83
(4H, d, ] = 8 Hz, Ar-H), 7.35 (4H, d, ] = 8 Hz, Ar-H), 3.98 (4H, s,
NCH,Ph), 3.17 (4H, d, ] = 14.5 Hz, PCH,N), 3.06 (4H, d, ] = 14.5
Hz, PCH,N), 1.54-0.82 (22H, m, Cy-H). ESI MS: m/z
(POY,NB-COOLiY 5 Li* + H') 581.270 (caled 581.271).

[Ni(P®Y,NB™COOMe ) 1(BF,),. P<V,NBrCOOMe (100 mg, 0.164
mmol) and [Ni(CH;CN)4](BF,), (39.2 mg, 0.082 mmol) were
combined in ~3 mL of MeCN and stirred overnight. Recrystallization
by slow diffusion of ether into the MeCN solution gave dark reddish
purple blocklike crystals in quantitative yield. *P{'H} NMR
(CH,CN): 6 10 ppm. 'H NMR (D,0): § (ppm) 8.01 (8H, d, J = 8
Hz, Ar-H), 7.31 (8H, d, ] = 8 Hz, Ar-H), 3.88 (12 H, s, CO,CHS), 3.66
(4H, d, ] = 13 Hz, NCH,Ph), 3.43 (4H, d, ] = 13 Hz, NCH,Ph), 3.10
(4H, d, ] = 13 Hz, PCH,N), 2.90 (4H, d, ] = 12 Hz, PCH,N), 2.79
(4H, d, ] = 13 Hz, PCH,N), 2.61 (4H, d, ] = 11 Hz, PCH,N), 2.14—
1.05 (m, 44H, Cy-H). Anal. Calcd for CgHyoB,FgN,NiOgP,: C, 56.18;
H, 6.66; N, 3.85. Found: C, 56.10; H, 6.87; N, 3.88. ESI MS: m/z
{[Ni(P,NB-COOMe ) 1(BE,)*} 1365.554 (calcd 1365.556).

Ni(P<Y,NBCOOMe ), Tetramethylguanidine (19.8 mg, 0.1722
mmol) was added to [Ni(P<Y,NB»COOMe ) 1(BE,), (119.2 mg, 0.082
mmol) in ~3 mL of MeCN. H, was then bubbled through the solution
for 10 min. The reaction mixture was allowed to sit for several days,
during which time Ni(P,NP*COOMe ), precipitated as a yellow solid
(58 mg, 49% yield). When the reaction was run on a smaller scale
(0.0318 mmol of [Ni(PCY,NBn-COOMe ) 12+) = Nj(PCy,NB-COOMe ),
precipitated as X-ray-quality yellow-orange crystals. *'P{'"H} NMR
(CH,CL): 6 11.1 ppm. '"H NMR (THF-dy): § (ppm) 7.93 (8H, d, ] =
6.5 Hz, Ar-H), 7.16 (8H, d, ] = 7.5 Hz, Ar-H), 391 (12H, s, CO,CH,),
3.71 (8H, s, NCH,Ph), 2.67 (8H, d, J = 10.5 Hz, PCH,N), 2.41 (8H,
d, J = 11.5 Hz, PCH,N), 1.77—1.14 (44H, m, Cy-H). Anal. Calcd for
CesHogN,NiOP,: C, 63.80; H, 7.56; N, 4.38. Found: C, 63.78; H,
7.60; N, 4.43.

P, NBn-Ala-OMe,  pCy NBn-COO-Lit ) (50 mg, 0.084 mmol) and TBTU
(59.4 mg, 0.185 mmol) were stirred together for 15 min in ~2.5 mL of
CH,Cl,. H-Ala-OMe-HCI (24.7 mg, 0.176 mmol) and triethylamine
(0.03 mL) were combined in a separate flask in ~5 mL of CH,Cl,, and
then added to the P,”YNP™“OO1# and TBTU in a dropwise manner.
The mixture was stirred for an additional 20 h, followed by collection
of the white precipitate on a fritted glass funnel. The product was
washed with water (10 mL) and dichloromethane (10 mL) and dried
under vacuum. Yield: 54.5 mg, 86%. *'P{'H} NMR (THF): § —60.3
ppm. 'H NMR (THEF-dg): 5 (ppm) 7.81 (4H, d, J = 7.5 Hz, Ar-H),
7.74 (2H, d, ] = 7.5 Hz, amide-H), 7.41 (4H, d, ] = 7.5 Hz, Ar-H), 4.70
(2H, m, C.-H), 4.00 (4H, s, NCH,Ph), 3.67 (6H, s, CO,CH,), 3.19
(8H, s, PCH,N), 1.60 (6H, s, ] = 7.2 Hz, C_,CH,), 1.87—1.00 (22H,
m, Cy-H). APCI MS: m/z (P<,NBAeOMe 4 H+) 753391 (caled
753.391).

[Ni(PYY,NBA-OMe, ) 1(BF ), PYY,NPmA+OMe, (55,5 mg, 0.074
mmol) and [Ni(CH;CN)4](BF,), (17.6 mg, 0.037 mmol) were
combined in 2 mL of MeCN and stirred for 3 days. The deep purple
mixture was then filtered, and the material in the filtrate precipitated
by addition of diethyl ether (~20 mL). The purple solid was collected
on a frit, washed with additional diethyl ether (~10 mL), and then
dried under vacuum for several hours. Yield: 40 mg, 72%. *'P{'H}
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NMR (CD4CN): § 0 ppm (broad). '"H NMR (CD;CN): § (ppm)
7.86 (8H, d, ] = 8 Hz, Ar-H), 7.68 (4H, d, ] = 6.5 Hz, amide-H), 7.23
(8H, d, J = 7.5 Hz, Ar-H), 460 (4H, m, C.-H), 3.73 (12H, s,
CO,CH,), 3.68 (8H, d, J=7 Hz, NCH,Ph), 3.02 (4H, d, ] = 13 Hz,
PCH,N), 2.91 (4H, d, ] = 12.5 Hz, PCH,N), 2.81 (4H, dd, ] = 4.5 Hz,
13 Hz, PCH,N), 2.65 (4H, d, J = 11.5 Hz, PCH,N), 1.52 (12H, m,
C.CH,), 2.02—1.11 (44 H, m, Cy-H). ESI MS: m/z {[Ni-
(POY,NB-Al-OMe ) 1(BE,)*11649.700 (calcd 1649.706).

Py, NBn-Phe-OMe, pCy NBa-COO-Lix (50 mg, 0.084 mmol) and TBTU
(59.4 mg, 0.185 mmol) were stirred together for 15 min in ~4 mL of
CH,Cl,. H-Phe-OMe-HCl (90.6 mg, 0.42 mmol) and triethylamine
(0.07 mL) in ~3 mL of CH,Cl, were then added. The reaction
mixture was stirred for an additional 18 h at room temperature and
was then filtered. The solvent was removed under vacuum, and the
resulting residue was washed with H,0 and MeCN (20 mL each) and
then dried under vacuum, giving a yield of 19.3 mg (25% yield).
SIp{H} NMR (CD,CL): & 59 ppm (broad). '"H NMR (CD,CL): §
(ppm) 7.66 (4H, d, ] = 8.4 Hz, Ar-H), 7.42 (4H, d, ] = 8.4 Hz, Ar-H),
7.28 (6H, m, phenylalanine-H), 7.16 (4H, m, phenylalanine-H), 6.5S
(2H, d, ] = 7.5 Hz, amide-H), 5.02 (2H, ddd, J = 11.55 Hz, 6 Hz, 1.8
Hz, C-H), 3.94 (4H, s, NCH,Ph), 3.75 (6H, s, CO,CH,), 3.28 (2H,
dd, J = 8.1 Hz, 5.7 Hz, C.CH,Ph), 3.19 (2H, dd, J = 8.1 Hz, 5.7 Hz,
C.CH,Ph), 3.12 (8H, s, PCH,N), 0.90—1.65 (22 H, m, Cy-H).

[Ni(P<Y,NBn-PheOMe ) 1(BF,),. POY,NB»PheOMe, (193 mg 0.021
mmol) and [Ni(CH;CN)¢](BF,), (5.1 mg, 0.011 mmol) were
combined in ~1 mL of acetonitrile. The reaction mixture was stirred
for 3 days and then filtered. The product was obtained by removal of
the solvent from the filtrate under vacuum. Yield: 0.0216 g, 99%.
P{'H} NMR (CD,CN): § 10 ppm (very broad). 'H NMR
(CD4CN): 6 (ppm) 7.71 (8H, d, ] = 7.5 Hz, Ar-H), 7.64 (4H, m,
amide-H), 7.15—7.26 (28H, m, Ar-H), 4.87 (4H, m, C.-H), 3.68 (8H,
m, NCH,Ph), 3.64 (12H, s, CO,CH,), 3.19 (8H, m, C,CH,Ph),
2.98—2.59 (16H, m, PCH,N), 2.10—0.88 (44H, Cy-H). ESI MS: m/z
[Ni(P©Y,NBo-Phe-OMe ) 12+ 933 896 (caled 933.915).

Ni(P“Y,NBOMe ), CyP(CH,OH), (125.0 mg, 0.71 mmol) in 6 mL
of ethanol was added dropwise to 4-methoxybenzylamine in 6 mL of
ethanol at 65 °C. The reaction mixture was stirred at 65 °C overnight.
The reaction mixture was then cooled to room temperature, and the
ethanol was removed under vacuum. The crude ligand was combined
with [Ni(CH;CN)¢](BF,), (84.9 mg, 0.177S mmol) in ~5 mL of
acetonitrile and stirred for 1 week. The reaction mixture was filtered,
and tetramethylguanidine (45.0 mg, 0.390S mmol) was added to the
filtrate. Hydrogen was bubbled through the filtrate, and the reaction
mixture was allowed to sit for 4 days, during which time
Ni(P,NP~OMe ), precipitated as a yellow solid. The product was
washed with additional acetonitrile (~20 mL) and dried under
vacuum. Yield: 65.1 mg, 31.4%. *'P{'"H} NMR (THF): 5 (ppm) 10.1.
'H NMR. (THF-dg): 5 (ppm) 6.97 (8H, d, J = 8.5 Hz, Ar-H), 6.80
(8H, d, ] = 8.5 Hz, Ar-H), 3.79 (s, 12H, OCH,), 3.58 (s, 8H,
NCH,Ph), 2.68 (8H, d, ] = 9.5 Hz, PCH,N), 2.34 (8H, d, ] = 11 Hgz,
PCH,N), 1.77-1.11 (m, 44H, Cy-H). Anal. Calcd for
CeHoeN,NiO,P,: C, 65.81; H, 8.28; N, 4.80. Found: C, 65.78; H,
825; N, 4.75.

[Ni(P<Y,NBOMe ) 1(BF,),. [Ni(P<,NP"OMe))] (51.0 mg, 0.044
mmol) and ferrocenium tetrafluoroborate (FeCp,'BF,”) (24.1 mg,
0.088 mmol) were weighed into separate vials. Acetonitrile (1 mL) was
added to each vial, and the FcBF, solution was then added to the
Ni(P,NB~OMe ), suspension, and 1 mL of additional acetonitrile was
used for transfer. The reaction mixture was stirred overnight, during
which time the majority of the solid dissolved. The solution was then
concentrated until ferrocene began precipitating as an orange solid.
The reaction mixture was stored at —35 °C overnight. The mother
liquor was removed by pipet, concentrated to dryness, and slurried
with diethyl ether overnight. The ether was decanted and the solid
dissolved in acetonitrile, followed by recrystallization by slow diffusion
of ether into the solution. The product crystallized as red-purple
needlelike crystals (30.0 mg, 51.2% yield). Recrystallization by slow
diffusion of ether into an acetonitrile solution of the product on a
smaller scale yielded X-ray-quality crystals. *'P{'"H} NMR (CD,CN):
5 (ppm) 9.2 (broad). 'H NMR (CD4CN): § (ppm) 7.11 (8H, d, ] =
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8.7 Hz, Ar-H), 6.93 (8H, d, ] = 8.7 Hz, Ar-H), 3.79 (12H, s, OCH,),
3.61 (4H, d, ] = 12.9 Hz, NCH,Ph), 345 (4H, d, ] = 12.6 Hz,
NCH,Ph), 3.09 (4H, d, J = 13.8 Hz, PCH,N), 2.88 (4H, d, ] = 12.6
Hz, PCH,N), 2.69 (4H, d, ] = 13.5 Hz, PCH,N), 2.55 (4H, d, ] = 12.§
Hz, PCH,N), 1.97-0.99 (44H, m, Cy-H). Anal. Calcd for
Cg7Hi005B,FsNs sNiO,P, ([Ni(PY,NP"OM¢,), (BE,), + 1.SCH;CN):
C, 57.35; H, 7.22; N, 5.49. Found C, 57.22; H, 7.44; N, 5.46.

pK, Measurements. The pK, values for the pendant amine of

[Ni(P“,N¥,H),]*, where R’ Bn-COOMe, Bn-OMe, were

determined by first vortexing [Ni(P<,N®"*)),] and 1.1 equiv of p-
anisidinium tetrafluoroborate in CD;CN to form the nickel hydride,
with a concentration <10 mM. This solution was then titrated with a
solution of p-anisidinium tetrafluoroborate in CD;CN, and the 'H and
3P NMR spectra were recorded after the addition of each aliquot
(~0.1 equiv). The pK, was calculated using eq 1

pK, = pK,(anisidine) — log([HB+] [A7]/[B][HA]) (1)
where A™ = [HNi(PY,NP"R.), 1%, HA = [Ni(P<,N®*R H),1** HB* =
p-anisidinium, B = anisidine, and [HB*]/[B] = (84 — 85)/(Oup' —
gobs)'

The pK, of the pendant amine for [Ni(P<,N®"®,H),]*, where R =
—COOMe, —Ala-OMe, —Phe-OMe, were calculated in the reverse
direction: [Ni(P<,N®"R,),1** was dissolved in CD,CN. The solution
was sparged with H, to form [Ni(P¥,N*"® H),]*" and then titrated
with p-anisidine to form [HNi(P<,NP"®)),]*. The pK, was then
calculated using the above equations. In the case of [Ni-
(POY,NB-Al-OMe ) 12+ and [Ni(PY,NBrPhe-OMe ) 12+ the nickel hydride
appeared upon addition of H,, before addition of the base, likely due
either to residual H,O from the synthesis or the ligand itself acting as a
base. This results in an underestimation of the pK, value, with an
estimated error of +0.5 pK, units. Attempts to thoroughly dry these
two complexes by recrystallizing, washing with diethyl ether, and
placing the complexes under vacuum did not reduce the amount of
hydride observed initially.

The pK, for the metal hydride of [HNi(P<,N®"OMe) 1" yas
measured by titration of a benzonitrile solution of [Ni(P<Y,N5OMe ) ]
with N,N,N’,N’-tetramethylguanidinium tetrafluoroborate
(HTMG-BE,), where the 'H and 3P NMR spectra of the solution
were recorded after the addition of each aliquot (~0.1 equiv).
Benzonitrile was used, since [Ni(P<,N®"OMe). 1 is not soluble in
acetonitrile. The pK, was calculated in a fashion analogous to that used
for the pendant amine. Specifically, using eq 2

pK, = pK,(TMG) - log([HB"][A]/[B][HA]) (2)
where A~ = Ni(PY,NBrOMe ) HA = [HNi(PY,NPOMe ) 1+ HB* =
HTMG", B = TMG, and [HB*]/[B] = (6,ps — 65)/(Sup* — Sops)-

Electrochemical Studies. All cyclic voltammetry experiments
were carried out on a computer-aided CH Instruments 1100 A
potentiostat in a glovebox with an N, atmosphere in 02 M
"Bu,N*PF,™/acetonitrile or benzonitrile solutions at a scan rate of
50 mV/s, unless otherwise noted. The working electrode used was a
glassy-carbon disk, and the counter electrode was a glassy-carbon rod.
A silver wire was used as a pseudo reference electrode.

Decamethylcobaltocenium hexafluorophosphate (CoCp*,*PF,~,
—1.94 V vs FeCp,” in acetonitrile) or cobaltocenium hexafluor-
ophosphate (CoCp,"PFs~, —1.33 vs FeCp,"’ in acetonitrile) were
used as internal standards to reference the potentials of the Ni(II/I)
and Ni(I/0) redox couples to the ferrocenium/ferrocene couple. The
benzonitrile used for electrochemical measurements was purchased
from SigmaAldrich and filtered through activated alumina before use.
The triethylamine used for electrochemical measurements was distilled
over CaH, and then degassed using the freeze—pump—thaw method.
Three trials were run for each type of catalyst in both benzonitrile and
acetonitrile, and the rates from each trial were averaged. At least one
trial in each set was run with either CoCp,* or CoCp*," as an internal
reference, and at least one trial in each set was run without addition of
an internal reference in order to ensure that the internal reference did
not influence the rates measured. [Ni'(P<,NP~OMe) 1(BE,) for
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electrochemical measurements was synthesized by stirring 1 equiv each
of [Ni®(P@,NP™OMe ) 1 and [Ni(P<Y,NBOMe)) 1(BE,), in the
electrolyte-containing acetonitrile solution immediately before meas-
urement.

Calculations. For the majority of the [HNi(P<,N®"R,),]*
complexes, the hydride pK, values (pK,(NiH)) were calculated
using a correlation between the pK,(NiH) and the E, /21/ 0 derived from
several similar [HNi(P®,N¥,),]* complexes:

pK,(Ni-H) = — 18.6 X E, ,"/* — 2.65 3)

AGy~ was calculated using a correlation between AGy- and E; /211/ 1,36

AGy- (keal/mol) = 20.8 X E, ,,"/" + 76.8 (4)

AGy, was calculated using the thermodynamic cycle for H, addition

described previously: 1o

AGHZ(kcal/mol) = AGy- + 1.364

pK,([NC(PY, N H), P*) =76 (5)

In the case of [HNi(P®,NP*OMe ) 1% the pK, was also
experimentally measured (described above). Using the measured
pK,, AG(H™) was calculated using the thermodynamic cycle described
in Table 6.

Table 6. Calculation of AG(H™)
AGy
(kcal/mol)

1.364 X
pK,(NiH)*’

step
[HNi"(P<Y,NBr-OMe ) 1+ _, [NiO(POY,NBrOMe ) ] 4 ¥

[Ni°(PSY,NEBnOMe ) ], [Nil(PCY,NBOMe ) 1+ 4 o=
[Ni(PCY,NBOMe ) 1+ _ [NfI(PCY,NBOMe ) 12+ 4 o=
H" +2¢” - H”

[HNiII(PCyZNanOMeZ)Z]d- N [NiII(PCyzNBmOMe;_)Z] +H

X-ray Crystallography. Crystals were mounted on a MiTeGen
MicroMounts pin using Paratone-N oil and cooled to the data
collection temperature (173 K for [Ni(P<,NPCOOMe )1 [Nj-
(PCY,NBr-OMe ) 1 and [Ni(P',N®%,),]; 120 K for [Ni-
(P, NPYOMe)), 1(BE,), and [Ni(PY,N"OM¢,),](BE,),). Data were
collected on a Bruker-AXS II CCD diffractometer with 0.710 73 A Mo
Ka radiation. Cell parameters were retrieved using Bruker APEX II
software,’® raw data were integrated using SAINTPlus,*® and
absorption correction was applied using SADABS.*' The structures
were solved using either direct methods or the Patterson method and
refined by a least-squares method on F* using the SHELXTL program
package. Space groups were chosen by analysis of systematic absences
and intensity statistics.*”

NMR Peak Fitting. The data was analyzed using the procedure
described by O’Hagan et al,® using gNMR for variable-temperature
3P line shape analysis using a two-site exchange model.*
Experimental spectra were processed within gNMR using a Lorentzian
function with 4 Hz line broadening. Rates were determined by
iteration of the simulated line widths, using both manual and gNMR
algorithm methods. Visual inspection of the overlaid experimental and
simulated spectra were used to determine the best fit.

The data were fit with the nonlinearized Eyring equation using
Profit, which allowed the application of individual error bars
determined for each data point in calculating error. Error bars for
individual data points were estimated to be 10—15% on the basis of
visual inspection of the gNMR fits.** Rate constants at the coalescence
temperatures T, were calculated using the equation k. = 7Av/4/2,
where k. is the rate constant at the coalescence temperature and Av is
the line separation in the low-temperature limit.**
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Ab Initio Calculations. Ab initio calculations were performed in a
manner similar to those previously reported.’® The structures of the
[Ni°(P,N™¢,H),]** endo-endo isomer and of [Ni’(P<,N™¢)),]
complex were optimized without symmetry constraints using the
B3P86 functional.***’ The Stuttgart basis set with effective core
potential was used for the Ni atom, whereas the 6-31G* basis set was
used for all of the other atoms with one additional p polarization
function for the proton on the pendant amines. The optimized
structures were confirmed by frequency calculations. All of the
calculations were carried out with the program Gaussian 09.*®
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