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Complexes of the type cis-[Ru(bpy).(Cl)(L)]* [bpy = 2,2'-bi-
pyridine; with L = pyrazole (1H), 4-methylpyrazole (2H), and
3,5-dimethylpyrazole (3H)] were synthesized and isolated as
hexafluorophosphate salts. The molecular structures of these
new complexes were fully characterized by 'H NMR spec-
troscopy and ESI mass spectrometry, and the crystal structure
of 3H-PFs was determined by X-ray crystallography. Com-
pound 3H-PFg (C,5H,,ClFgNgPRu) crystallizes in the mono-
clinic space group P2;/n with a = 12.102(2) A b =
16.826(3) A, ¢ = 13.016(2) A, f = 92.606(2)°, V = 2647.6(8) A3,
and Z = 4. The crystal structure of 3H reveals the formation
of an intramolecular hydrogen bond (2.562 A) between the
pyrazole N(2)-H site and the chloride ligand. The redox and

electronic absorption properties of 1H, 2H, and 3H, as well
as their deprotonated counterparts [L = pyrazolate (1), 4-
methylpyrazolate (2), and 3,5-dimethylpyrazolate (3)], were
investigated by cyclic voltammetry and UV/Vis spectroscopy.
For detailed analysis of the electronic nature of this series of
pyrazolyl ligands, the results are discussed along with other
relevant cis-[Ru(bpy).(X)(Y)]™* complexes. From spectropho-
tometric pH titrations, the basicity associated with the coordi-
nated pyrazole/pyrazolate couple in water was found in all
three cases to be unusually high, partly owing to the N-H---Cl
hydrogen bond that stabilizes the protonated, azole state.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Polypyridyl complexes of ruthenium(II) of the type cis-
[Ru(bpy)»(X)(Y)]"* have played a very important role in in-
organic chemistry owing to their versatile synthetic chemis-
try, rich redox chemistry, and electrochemical and photo-
physical/photochemical properties of relevance to several
application areas such as electrocatalysis and photocataly-
sis.'! However, while complexes with a variety of N-hetero-
cyclic X/Y ligands abound, examples containing five-
membered ring ligands with weak m-acceptor or m-donor
properties such as pyrazoles or pyrazolates have received
less attention, despite the vastly explored and established
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coordination chemistry of complexes with bis-, tris-, or
poly-pyrazolyl derivatives such as tris(pyrazolyl)borates
and tris(pyrazolyl)alkanes.”!

Although a few (multi)bridged dimeric complexes of
Ru(bpy), with a pyrazolyl or substituted pyrazolyl-bridging
group are known,*=! only one bis-pyrazole Ru(bpy), com-
plex has been studied,®! and no mono-pyrazole/pyrazolyl
example was known to date. The same applies to other
imidazolesP7 and triazoles,>7-8 although several examples
of mono-azole/azolyl complexes exist for these ligands.
Owing to their capability for (de)protonation at the ioniz-
able NH site, azoles are also interesting as ligands because
they can reversibly switch from weak m-acceptors in the
protonated form (azole) to m-excessive, strong donors in the
deprotonated form (azolate).!

Here we report the synthesis, structural characterization,
and electrochemical and spectroscopic studies of the com-
plexes cis-[Ru(bpy),»(Cl)(L)]"* (bpy = 2,2'-bipyridine) with
L = pyrazole (pzH), 4-methylpyrazole (MepzH), and 3,5-
dimethylpyrazole (Me,pzH) and their corresponding depro-
tonated pyrazolate forms (with L = pz-, Mepz , and Me,pz
anions). Spectrophotometric measurements as a function of
pH were systematically performed as an attempt to deter-
mine the acid dissociation contants (K,) with respect to the
pyrazole/pyrazolate ionization process in aqueous solutions
(Scheme 1).
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Results and Discussion

Synthesis and Characterization

Complexes [Ru(bpy)>(CD)(pzH)]" (1H), [Ru(bpy)»(CD)-
(MepzH)]™ (2H), and [Ru(bpy)»(Cl)(Me,pzH)]* (3H) were
prepared in good yields (> 75%) by refluxing cis-Ru-
(bpy)»Cl, hydrate in methanol with 1 equiv. of the appropri-
ate pyrazole ligand for 8 h. Samples of these complexes
were isolated as PFy salts in pure form, without the need
for further purification. These compounds are very soluble
in polar solvents such as acetonitrile, dichloromethane, ace-
tone, and dimethylformamide.

NMR Spectra

The '"H NMR spectra of 1H-3H in CD,Cl, and CD;CN
are available as Supporting Information (Figures S1-S12).
For simplicity, the following discussion concerns only the
spectra recorded in CD,Cl,. No resonances are present be-
tween 1-6 ppm in the '"H NMR spectrum of 1H. However,
in the spectra of 2H and 3H there are one (6 = 1.92 ppm)
and two (1.19 and 2.23 ppm) singlet resonances, respec-
tively, corresponding to the methyl protons of the 4-MepzH
and 3,5-Me,pzH ligands. In the spectrum of free, uncoordi-
nated 4-MepzH and 3,5-Me,pzH, a single singlet resonance
is observed at 6 = 2.10 and 2.25 ppm, respectively, in
CD,Cl,. The resonances due to the methyl protons are
slightly shifted downfield in the spectra of the correspond-
ing complexes with respect to the free ligands. Further evi-
dence for Ru—Njy;q,01e coordination in 3H comes from the
presence of two well-separated resonances in the spectrum
of the complex (1.19 and 2.23 ppm) compared to a single
one in the free ligand (0 = 2.25 ppm), owing to the differ-
ence in geometric distances from the metal center to each
of the methyl groups in 3,5-Me,pzH (see Figure 2 below).
Between 5.7 and 6.5 ppm are the resonances arising from
the pyrazole ring CH protons. The resonances at 0 = 6.30
and 6.40 ppm for 1H, 6.17 ppm for 2H, and 5.77 ppm for
3H are shifted downfield of those observed for the free li-
gands (pzH: 7.66 and 6.36 ppm; 4-MepzH: 7.39 ppm; 3,5-
Me,pzH: 5.82 ppm). The aromatic region between 6 = 7
and 9 ppm is surprisingly free of very many overlapping
peaks, considering that 16 different resonances correspond-
ing to the bpy CH protons are predicted due to the low
symmetry in these complexes. These peaks integrate to give
the expected number of protons (16 H) for all three com-
plexes. A broad resonance is observed above 12 ppm (1H,
12.61; 2H, 12.33; and 3H, 12.20 ppm), and is attributed to
the pyrazole NH protons. The downfield shift shown by the
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comparison of the chemical shifts for the NH proton in the
free, uncoordinated pyrazole (6 = 11.90 ppm) with that in
the corresponding complex 1H (6 = 12.61 ppm) is consis-
tent with the intramolecular N-H---Cl interaction that was
clearly manifested in the X-ray crystal structure discussed
below.

Mass Spectra

The monocations 1H, 2H, and 3H were also structurally
characterized by ESI-MS. The isotopically resolved 1+
charge states for complexes 1H-3H are shown in Figure 1.
These charge states are in excellent agreement with the pre-
dicted isotopic distribution patterns. The full mass spectra
with assignments noted for 1H-3H are available as Sup-
porting Information (Figures S13-S18). A series of four
peaks are observed in the mass spectra of all three com-
plexes. For 1H, these peaks are observed at m/z = 516.99,
480.99, 448.91, and 412.95, corresponding to the charge
states [Ru(bpy)»(C)(pzH)]", {Ru(bpy).(pzH)}*, {Ru(bpy),-
(CH}*, and {Ru(bpy),}™*, respectively. The analogous set of
four peaks is observed at m/z = 531.00, 495.06, 448.92, and
412.99 for 2H, and at m/z = 545.03, 509.01, 448.88, and
412.99 for 3H.
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Figure 1. Electrospray ionization quadrupole mass spectra of (A)
1H, (B) 2H, and (C) 3H. The calculated and experimental isotopic
distribution patterns are shown at the top and bottom, respectively.

Crystal Structure

The molecular structure of 3H-PF4 was confirmed by
single-crystal X-ray diffraction. Crystals were grown by
vapor diffusion of diethyl ether into acetonitrile solutions
of the complex. Thermal ellipsoid diagrams of the cation is
shown in Figure 2 and selected bond lengths and angles are
summarized in Table 1. The geometry about the Ru center
is a distorted octahedral, with angles from 79 to 98° and
from 173 to 177°, which are consistent with those typically
observed for polypyridyl Ru™ complexes.*?1 The pyridyl
and pyrazole rings are planar and the bpy ligands adopt a
cis configuration. The longer Ru-N,,; distance relative to
the Ru-Ny,,, distances is a consequence of the weaker -
acceptor character of the pyrazole ligand compared to bpy
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pyridyl groups. As expected, the bpy N(6) atom trans to the
strongly donor CI ligand exhibits the shortest Ru—N bond
length, owing to the increased Ru''—Ny,,, n-backbonding
Interaction.

Ccs8

Figure 2. Single-crystal X-ray structure of 3H-PF4. Except for H(2),
all H atoms and the PF4 counterion are omitted for clarity (ther-
mal ellipsoid plot drawn at 50% probability).

Table 1. Selected bond lengths [A] and angles [°] for 3H-PF;.

Distances [A] Angles [°]
Ru(1)-N(1) 2.109(3) N(@3)-Ru(1)-N(1)  176.67(11)
Ru(1)-N(3) 2.042(3) N(4)-Ru(1)-N(1)  97.65(11)
Ru(1)-N(4) 2.054(3) N(5)-Ru(1)-N(1)  86.00(11)
Ru(1)-N(5) 2.048(3) N(6)-Ru(1)-N(1)  92.57(11)
Ru(1)-N(6) 2.016(3) N(@3)-Ru(1)-N@4)  79.32(11)
Ru(1)-CI(1) 2.4078(9) N(5)-Ru(1)-N@)  175.62(11)
N(1)-N(2) 1.357(4) N(6)-Ru(1)-N(4)  98.28(11)
N(2)-C(1) 1.350(4) N(@3)-Ru(1)-N(5)  97.08(12)
C(1)-C4) 1.487(5) N(6)-Ru(1)-N(3)  89.25(11)
C(1)-C(2) 1.355(5) N(6)-Ru(1)-N(5)  79.07(12)
C(2)-C(3) 1.414(5) N(1)-Ru(1)-CI(1)  88.42(8)
C(3)-C(5) 1.489(5) N(@3)-Ru(1)-CI(1)  90.07(9)
C(3)-N(1) 1.335(4) N(4)-Ru(1)-CI(1)  87.84(8)
N(3)-C(6) 1.339(4) N(5)-Ru(1)-CI(1)  94.70(9)
C(6)-C(7) 1.378(5) N(6)-Ru(1)-CI(1)  173.60(8)
C(7)-C(8) 1.372(5) Ru(1)-N(1)-N(2) 116.2(2)
C(8)-C(9) 1.374(5) N(1)-N(2)-C(1) 112.1(3)
C(9)-C(10) 1.385(5) N(2)-C(1)-C(2) 105.9(3)
C(10)-N(3) 1.359(4) C(1)-C(2)-C(3) 107.4(3)
C(10)-C(11) 1.460(4) C(2)-C(3)-N(1) 108.6(3)
N(2)-CI(1) 3.063 N(3)-C(6)-C(7) 123.2(3)
NQ2)-H 0.859 C(7)-C(8)-C(9) 119.3(4)
N(Q2)-H-CI(1) 2.562 C(9)-C(10)-C(11)  123.7(3)
N(2)-H--Cl 118.2

Particularly relevant to the acid-base properties of 1H/1,
2H/2, and 3H/3 (discussed below) is the fact that the crystal
structure of 3H reveals the formation of an intramolecular
hydrogen bond between the pyrazole N(2)-H site and the
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equatorially coordinated Cl ligand (Table 1; shown in Fig-
ure 2). The H--Cl distance of 2.562 A is significantly
shorter than the sum of the van der Waals radii for hydro-
gen and chlorine (2.95 A). NMR and IR spectral!® for ace-
tonitrile solutions provide evidence for the presence of
strong N-H---Cl interactions in liquid phase as well.

Although crystallographic structural data are not un-
common for complexes with deprotonated pyrazolates (pz)
and derivatives such as tris(pyrazolyl)borate and tris(pyraz-
olyl)methane ligands, X-ray crystal structures of only a few
Ru'' complexes with a protonated pyrazole group (pzH) are
available!'"'?! and no example involving polypyridines has
been previously reported. In general, the Ru-N,,,;; distance
of 2.113(3) A observed for 3H-PFy is similar to those found
in the literature. Interestingly, however, in some cases the
protonation states of the ligand (i.e. pzH vs. pz) do not
appear to affect much the Ru-N bond lengths.['!]

The Ru—Ny,,, distances in the single crystals of 3-PFg are
2.019(3), 2.041(3), 2.049(3), and 2.054(3) A, and are in the
range of typical values for cis-Ru'!(bpy), complexes. For ex-
ample, the Ru-Ny,,, distances in crystals of Ru(bpy),Cl, are
2.013-2.054 A, with the shortest Ru—N bonds trans to the
Ru-Cl ones.!”’ The Ru-Cl bond length of 2.4078(9) A in
3H-PF4 is also comparable to those for Ru(bpy),Cl,
(2.426 A),®1 and [Ru(tpm)(bpy)(C1)]PFs [2.411 A; tpm =
tris(pyrazolyl)methane].['3!

Electronic Properties

Electrochemistry

The cyclic voltammograms of 1H, 2H, and 3H in aceto-
nitrile exhibit reversible Ru''/Ru'! oxidations at 0.81, 0.79,
and 0.79 V (vs. SCE), respectively (Table 2). Upon replacing
one of the CI™ ligands of the starting material Ru(bpy),Cl,
(0.32V (vs. SCE) in acetonitrile/0.1 m NEt,CIO,)['¥ with
the pyrazole ligand, the metal center becomes more difficult
to oxidize by nearly 0.5 V. This positive shift in the potential
was also observed for the related complex with pyridine,
[Ru(bpy)>(C)(py)]* (0.79 V (vs. SCE) in acetonitrile/0.1 m
NEt,Cl0,),["" and is due to substitution of the anionic,
electron donating CI~ with the neutral, m-accepting ligand.
When both CI ligands are substituted with pzH or py, the
oxidation potentials of the complexes, [Ru(bpy),(pzH),]**
(1.18 V (vs. SCE) in acetonitrile/0.1 M Buy,NPF4)P! and
[Ru(bpy)-(py)-]** (1.30 V (vs. SCE) in acetonitrile/0.1 Mm
NEt,Cl0,),['" are further upshifted by about 0.4 and 0.5V
relative to the [Ru(bpy),(Cl)(L)]* counterparts. Both com-
parisons confirm that pyrazole and pyridine have compar-
able electronic character as weak m-acceptors, as also noted
earlier.[’!

Upon ligand deprotonation of 1H, 2H, and 3H in dry
acetonitrile using Me;NOH (see experimental details), the
Ru'/Ru™ processes for 1, 2, and 3 appeared at 0.28, 0.25,
and 0.20 V (vs. SCE), respectively (Table 2). This downshift
of >0.5 V reflects the added negative charge and the transi-
tion of electronic character of the ligand from weak m-ac-
ceptor in the protonated pyrazole form (which is compar-
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Table 2. Summary of redox potentials and UV/Vis absorption spec-
tral properties for the pyrazole complexes 1H, 2H, and 3H, and
their deprotonated pyrazolate counterparts 1, 2, and 3 in acetoni-
trile. Other relevant complexes are also included for comparison.[@!

Complex Redox potential Absorption data
Eijp RURUMIV - gpay [nm] (4 M em™'])
(vs. SCE)

[Ru(bpy)»(Cl)(pzH)]* 0.81 500 (9.0 X 10%)
(1H) 350 (7.9 X 10%)

290 (3.6 X 10%

246 (2.0 X 10%
[Ru(bpy),(Cl)(MepzH)]* 0.79 504 (8.8 X 10%)

(2H) 352 (7.8 X 10%)
288 (4.0 X 10%)
246 (2.0 X 10%)
504 (9.1 X 10%)
352 (8.2 X 10%)
288 (4.3 X 10%)
246 (2.2 X 10%)
560 (7.9 X 10%)
380 (9.0 X 10%)
294 (3.4 X 10%)
242 (2.5%10%)
Ru(bpy)»(CH(Mepz) 0.25 564 (1.1 X 10%)
(2) 380 (1.3 X 10%)
294 (4.9 X 10%)
242 (2.5% 10%)
Ru(bpy)»(CH(Me;pz) 0.20 570 (1.0 X 10%)
3) 380 (1.2 X 10%)
296 (5.0 X 10%)
242 (2.4 X 10%)
553 (9.1 X 10%)
380 (8.9 X 10%)
297 (5.0 X 10%)
243 (2.1 X 10%)
496 (8.1 X 10%)
350 (1.0 X 10%)
293 (4.2 X 10%)
242 (1.8 X 10%)
455 (8.2 % 10%)
338 (1.6 X 10%)
289 (5.0 X 10%)
243 (2.4 % 10%)
470 (5.2 X 10%)
ca. 323 (ca. 5X 10%)
289 (4.6 X 10%)
243 (1.9 X 10%)
510 (4.9 X 103)
363 (4.5 X 10%)
292 (4.0 X 10%)
250 (ca. 1.5 X 10%)
581 (4.6 X 10%)
434 (4.1 X 10%)

[Ru(bpy)»(CH(Me,pzH)]*
(3H)

0.79

Ru(bpy)(Cl)(pz) 0.28
(O]

Ru(bpy)-Cl, > 0.32

[Ru(bpy),(Ch(py)]* > 0.79
[Ru(bpy)x(py)o]** 1> 1.30
[Ru(bpy)x(pzH),J** 1.18
0.69

[Ru(bpy)x(pzH)(pz)]*

Ru(bpy)a(pz), H,0l! 0.30

[a] Unless otherwise noted, the electrochemical and spectroscopic
data were obtained for acetonitrile solutions; E;,, values are refer-
enced vs. SCE. [b] Ref.'4. [c] Ref.Pl. [d] DMF solution.

able to pyridine; Table 2) to strongly n-donor in the depro-
tonated pyrazolate form. Similar shifts were reported for
the disubstituted [Ru(bpy).(pzH),]** analogue, for which
two stepwise deprotonations to give [Ru(bpy).(pzH)(pz)]*
and Ru(bpy),(pz), cause the metal oxidation potential to
shift from 1.18 V to 0.69 V and 0.30 V (vs. SCE), respec-
tively.l®! Electrochemical and spectroscopic data for these
complexes are also included in Table 2 for comparison.
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The fact that the potentials for 2 and 3 are increasingly
more negative than that of 1 is consistent with the enhanced
electron donation from the addition of methyl substituents
into the azole ligand. However, this effect is much less pro-
nounced across the protonated species (for which the E;)
values are very close for 2H and 3H), indicating that in the
cations the electronic contribution from two methyl groups
at ring positions 3,5 is not significantly increased at the co-
ordinating N atom compared to the same effect from a sin-
gle methyl substituent at position 4 of the pyrazole ring.

UVI/Vis Spectra

The UV/Vis absorption spectra of 1H (Figure 3), 2H,
and 3H are similar and show two sets of visible absorption
bands in the ranges of 400-600 nm (A, at ca. 500 nm)
and 300-400 nm (A, at ca. 350 nm), in addition to the
strong UV absorptions (A4, around 290, 245, and
210 nm). As shown in Table 2, the same spectral pattern has
been observed and previously assigned for other compara-
tively relevant complexes. The visible absorption bands in
the two main regions around 400-600 nm (I) and 300-
400 nm (II) typically consist of overlapping components
that are characteristic of metal-to-ligand charge-transfer
(MLCT) processes involving closely spaced transitions from
the d,; orbitals of Ru' to the lowest-lying n* orbitals of bpy,
ie. m;* (region I) and m,* (region II). The pair of higher-
energy UV bands arise from the bpy ligand-centered n—m*
transitions to the same set of accessible n* orbitals involved
in the MLCT transitions (i.e. m;* and m,*).

3.5
304}
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Figure 3. UV/Vis spectra of 1H (solid line) and 1 (dashed line) in
dry acetonitrile.

A dramatic change in the visible absorption spectra of
the complexes results from the deprotonation of the bound
pyrazole ligands, although the same pattern of two well-
defined MLCT absorptions remains. As shown in Figure 3
for 1, the MLCT(I) and MLCT(II) bands are red-shifted by
60 nm and 30 nm, respectively, relative to 1H (see also
Table 2 for comparison with the spectroscopic data of 2 and
3). Although these MLCT absorptions involve only pyridyl
ligands [i.e. Ru(dn)—bpy(n*) transitions], the red shifts
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originate at electronic effects induced by the transition of
the pyrazolyl ligands from weak acceptors in the proton-
ated (azole) form to relatively strong donors in the depro-
tonated (azolate) form. Ligand deprotonation results in in-
creased charge density on the metal and therefore decreased
energy separation between the Ru(dnr) HOMO and the
bpy(n*) LUMO levels. For comparison, the redox poten-
tials and MLCT energies of 1H, 2H, and 3H are all very
similar to those of [Ru(bpy).(Cl)(py)]* (see Table 2), indi-
cating that the electronic nature of the protonated pyrazoles
is comparable to that of pyridine, a known weak m-acceptor
ligand. On the other hand, the redox potentials and MLCT
energies of 1, 2, and 3 are even lower than those of Ru-
(bpy)»Cl, (Table 2), indicating that the deprotonated, an-
ionic pyrazolates are stronger n-donors than the known CI™
ion as a ligand.

Consistent with the trend in redox potentials, the ener-
gies of the MLCT(I) transitions for 1H, 2H, 3H (and 1, 2,
3) follow the order 3H < 2H < 1H (and 3 < 2 < 1). The
lower energies for the complexes of substituted ligands are
due to the increasingly greater electron-donating power of
the methyl- and dimethyl-pyrazolyl derivatives compared to
unsubstituted pyrazolate. Also consistent with the electro-
chemical results is the observation that the MLCT(I) red
shifts accompanying ligand deprotonation are increasingly
more pronounced from 1 to 2 to 3 relative to their corre-
sponding protonated species, indicating again that in the
deprotonated form these complexes are more sensitive to
the mono- and di-substitution of the pyrazole ligand with
methyl groups. The observations above are also in agree-
ment with the relative basicities of these ligands (pK, values
are 14.2, 14.9, and 15.1 for pzH, MepzH, and Me,pzH,
respectively).['> The ligand substitution has negligible effect
on the bpy m—n* transitions, for which the absorption en-
ergies are essentially identical for 1H, 2H, and 3H (as well
as 1, 2, and 3).

Acid-Base Chemistry in Water

As an attempt to spectrophotometrically determine the
acid dissociation contants (K,) with respect to the pyrazole/
pyrazolate ionization process in aqueous solutions, the UV/
Vis absorption spectra of all complexes were measured as a
function of pH (in the pH range from 2 to 14). As shown
in Figure 4 for 1H, the two expected sets of visible absorp-
tions (see above) initially appear with A, at approxi-
mately 480 and 330 nm for solutions at pH < 10. As the
pH is increased above 10, the absorption maxima of
MLCT(I) and MLCT(II) bands progressively shift toward
the red region. Following the same rationale discussed
above for the acetonitrile solutions, this bathochromic shift
with increasing pH is consistent with the conversion of the
pyrazole complex into its deprotonated pyrazolate form. A
similar behavior was observed for the 2H and 3H analogues
in water. In all cases, however, the spectra of the samples at
the highest obtained pH clearly indicate that the solutions
are mixtures of the pyrazole and pyrazolate species in equi-
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librium. In fact, the deprotonation process does not reach
completeness even in solutions at pH 13-14, and the multi-
wavelength plots of Az30/A4g0 vs. pH (Figure 4; inset) show
only the upper portion of the typical sigmoidal titration
curve, from which the pK, values cannot be accurately esti-
mated.

© 000 0o

® e%0 0, ° -
0.30 ®o°

® 330mm o
© 480 nm °°

040
20 40 60 80 100 120 140
pH T

Absorbance

(o)

0.0+

T T T T ¥ T T T T T
300 400 500 600 700 800
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Figure 4. UV/Vis spectra of a 5.5X 10> M solution of 1H in water
(BR buffer) at pH 6 (solid line) and 13 (dashed line). Shown in the
inset is the pH dependence of the absorption at two wavelengths
(330 and 480 nm) in the pH region 3.5-13.5.

The observed acid-base behavior clearly demonstrates
that the pyrazolyl complexes are strong bases, which explain
why in the experiments involving the deprotonated species
in dry acetonitrile (above) the ligand protonation regenerat-
ing the initial pyrazole complexes occurs if any trace of
water is present. Given the high pK, values (> 14)['] of the
uncoordinated ligands, such a basicity for the coordinated
ligands is not totally unexpected. However, a significant in-
crease in acidity (decrease in pK,) is generally observed for
the ligand upon metal binding in this type of complexes,
owing to their ability to stabilize the azolyl group due to
redistribution of charge density via n-donation from the li-
gand to the Ru center and, effectively, to the m-accepting
bpy ligands. Therefore, the enhanced basic character in 1H/
1, 2H/2, and 3H/3 is presumably caused by the N-H--Cl
hydrogen bond (shown in Figure 2 and schematically illus-
trated below) that promotes the stabilization of the proton-
ated, azole state. A hydrogen bond of the type N-H--*N (i.e.
pz-H-+pz) was also proposed to account for the high basic-
ity of cis-[Ru(bpy)»(pzH)(pz)]*.[}1 While the pK, of this
mixed pyrazole/pyrazolate complex was estimated to be
> 13, the bis-pyrazole species (cis-[Ru(bpy)»(pzH),]**) can
be deprotonated even with weak pyridine bases such as col-
lidine.’] This example provides another illustration of the
importance of intramolecular hydrogen bonds between li-
gands in defining the overall chemical properties of such
complexes with azole derivatives (Scheme 2).

[\ N~y
N

Ru—Cl

Scheme 2.
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Conclusions

The synthesis and structural, electronic and redox char-
acterization of a series of pyrazolyl complexes of cis-
{Ru(bpy)»(Cl)} are reported. From comparative analysis of
these complexes along with other structurally relevant spe-
cies, it is shown that the electronic nature of the ligands in
the protonated (neutral) and deprotonated (anionic) forms
is comparable to that of pyridine and chloride ions, respec-
tively. These results confirm previous studies indicating that
azoles usually act as weak m-acceptors whereas azolates are
strong m-donors as ligands in this type of systems. As as-
sessed from spectrophotometric pH titrations, the basicity
associated with the coordinated pyrazole/pyrazolate couple
in water was found be unusually high in 1H/1, 2H/2, and
3H/3. This acid-base behavior can, at least in part, be at-
tributed to the stabilization of the protonated, azole state
by the intramolecular N-H---Cl hydrogen bond that was re-
vealed by the crystal structure of 3H. The presence of N—
H--Cl interactions in solution phase was also evidenced
through NMR and IR spectroscopy.

Experimental Section

Materials: cis-[Ru(bpy),Cl,] was prepared as described pre-
viously.'®) Pyrazole (pzH; Acros), 4-methylpyrazole (4-MepzH;
Acros), 3,5-dimethylpyrazole (3,5-Me,pzH; Acros), and ammo-
nium hexafluorophosphate (Acros) were used as received. All other
reagents and organic solvents were high-purity grade and used
without further purification. Acetonitrile used in the preparation
of solutions for electrochemical or spectroscopic experiments was
anhydrous and stored over 4-A molecular sieves. Tetrabutylammo-
nium hexafluorophosphate (BuyNPFg; Aldrich) was dried in vacuo
prior to its use as supporting electrolyte in solutions for electro-
chemical experiments. Deionized water from a Nanopure purifica-
tion system was used in the preparation of aqueous solutions. So-
dium trifluoroacetate (NaTFA; Alfa) was employed as supporting
electrolyte in the electrochemical measurements in water. 0.1 M
Britton-Robinson (BR) buffer!!” and 3.0 M sodium hydroxide
(Fisher) and trifluoroacetic acid (HTFA; Fisher) solutions were
employed in the pH-controlled experiments (pH 2-12).

Syntheses and Sample Preparations

[Ru(bpy)>(CD)(pzH)I(PFs) (1H-PFq):  Ru(bpy),Cl,2H,O (1.04 g,
2.0 mmol) and pzH (137 mg, 2.0 mmol) were added to methanol
(100 mL). The solution was heated at reflux under Ar (g) for 8 h
and cooled to room temperature. The mixture was filtered and
2mL of a saturated solution of NH4PF¢ (aq.) was added to the
red filtrate. The solution was poured into 800 mL of diethyl ether
and the resultant precipitate was collected by vacuum filtration.
The red solid was washed with diethyl ether (3 X 20 mL) and dried
under vacuum; yield 1.05g (79%). Cy3H,0CIF¢NgPRu (661.94):
caled. C 41.73, H 3.05, N 12.70; found C 41.65, H 2.96, N 12.45.
'"H NMR (CD,CL,): d = 6.30 (m, 1 H, CH,,), 6.40 (m, 1 H,
CH,,n), 7.15 (dd, 1 H, CH), 7.22 (dd, 1 H, CH), 7.51 (d, 1 H, CH),
7.62 (m, 2 H, CH), 7.68 (m, 1 H, CH,,y), 7.78 (m, 2 H, CH), 7.84
(dd, 1 H, CH), 8.01 (m, 2 H, CH), 8.08 (d, 1 H, CH), 8.21 (d, 1
H, CH), 8.24 (d, 1 H, CH), 8.30 (d, 1 H, CH), 8.33 (d, 1 H, CH),
9.94 (d, 1 H, CH), 12.61 (s, 1 H, NH) ppm; see Figures S1-S2.
ESI-MS (positive ion mode): m/z = 516.99 [Ru(bpy).(Cl)(pzH)]*,
480.99 [Ru(bpy).(pzH)]*, 448.91 [Ru(bpy),(CD]*, 412.95 [Ru-
(bpy),]"; see Figures S13-S14.
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[Ru(bpy)(CD(4-MepzH)|(PFs)  (2HPF¢):  Ru(bpy).Cl,2H,O
(1.04 g, 2.0 mmol) and 4-MepzH (186 pL, 2.0 mmol) were added
to methanol (100 mL). The solution was heated at reflux under Ar
(g) for 8 h and cooled to room temperature. The mixture was fil-
tered and 2 mL of a saturated solution of NH4PF¢ (aq.) was added
to the red filtrate. The solution was poured into 800 mL of diethyl
ether and the resultant precipitate was collected by vacuum fil-
tration. The red solid was washed with diethyl ether (3 X20 mL)
and dried under vacuum; yield 1.04 g (77%). '"H NMR (CD,Cl,):
0=1.92 (s, 3H, CHjy), 6.17 (s, 1 H, CHnep,n1), 7.14 (dd, 1 H, CH),
7.21 (dd, 1 H, CH), 7.44 (s, 1 H, CHpjep,nr), 7.51 (dd, 1 H, CH),
7.62 (m, 2 H, CH), 7.77 (m, 2 H, CH), 7.84 (dd, 1 H, CH), 8.01
(m, 2 H, CH), 8.09 (d, 1 H, CH), 8.20 (d, 1 H, CH), 8.25(d, 1 H,
CH), 8.31 (m, 2 H, CH), 9.93 (d, 1 H, CH), 12.33 (s, 1 H, NH)
ppm; see Figures S5-S6. ESI-MS (positive ion mode): m/z = 531.00
[Ru(bpy),(Cl)(4-MepzH)]*, 495.06 [Ru(bpy),(4-MepzH)]*, 448.92
[Ru(bpy)>(CD]*, 412.99 [Ru(bpy)-]*; see Figures S15-S16.

[Ru(bpy)2(CD(3,5-Me,pzH)I(PFs)  (BH-PF¢):  Ru(bpy),Cl,-H,O
(1.04 g, 2.0 mmol) and 3,5-Me,pzH (197 mg, 2.0 mmol) were added
to methanol (100 mL). The solution was heated at reflux under Ar
(g) for 8 h and cooled to room temperature. The mixture was fil-
tered and 2 mL of a saturated solution of NH4PF (aq.) was added
to the red filtrate. The volume was reduced to 50 mL and then the
solution was poured into 800 mL of diethyl ether. The resultant
precipitate was collected by vacuum filtration. The red solid was
washed with diethyl ether (3 X20 mL) and dried under vacuum;
yield 1.17 g (85%). CosH,4CIFgNgPRu (689.99): caled. C 43.52, H
3.51, N 12.18; found C 43.58, H 3.55, N 11.98. "TH NMR (CD-Cl,):
0=1.19 (s, 3 H, CH3), 2.23 (s, 3 H, CH3), 5.77 (s, 1 H, CHmeop,11),
7.11 (m, 2 H, CH), 7.51 (d, 1 H, CH), 7.54 (dd, 1 H, CH), 7.65
(dd, 1 H, CH), 7.77 (m, 3 H, CH), 8.02 (m, 2 H, CH), 8.20 (m, 2
H, CH), 8.29 (d, 1 H, CH), 8.35 (d, 1 H, CH), 8.39 (d, 1 H, CH),
9.97 (d, 1 H, CH), 12.20 (s, 1 H, NH) ppm; see Figures S9-S10.
ESI-MS (positive ion mode): m/z = 545.03 [Ru(bpy),(CIl)(3,5-
Me,pzH)]*, 509.01 [Ru(bpy),(3,5-Me,pzH)]*, 448.88 [Ru(bpy),-
(CDH]*, 412.99 [Ru(bpy),]*; see Figures S17-S18.

[Ru(bpy),(CH(L)]° (L = pz, 4-Mepz, and 3,5-Me,pz): The ligand-
deprotonated, pyrazolate complexes (1, 2, and 3) were generated in
situ by addition of 1.2 equiv. of tetramethylammonium hydroxide
(MeyNOH; Aldrich) to the ligand-protonated, pyrazole species
(1H, 2H, and 3H) in dry acetonitrile.

Acid-Base Experiments: Britton—Robinson (BR) buffer!!” (pH 2-
12) was used to prepare aqueous (10% acetonitrile) solutions of
the complexes in spectrophotometric titrations for pK, determi-
nations. The pH of the deoxygenated solutions was finely adjusted
by the controlled microvolumetric additions of 3.0 M NaOH or tri-
fluoroacetic acid (HTFA) solutions, as required.

Physical Measurements: 'H NMR spectra were collected at 298 K
using a Bruker DRX-500 instrument. Spectral signals from solvents
(CD,Cl, or CD3;CN) were used as internal resonances. Electrospray
ionization (ESI) mass spectrometry was performed using an Ap-
plied Biosystems QStar XL instrument equipped with a Protana
Nanospray source. Samples were introduced into a coated spray
needle and mounted onto the nanospray source. Elemental analyses
were carried out by Atlantic Microlab (Norcross, GA). UV/Vis ab-
sorption spectra were recorded on a Cary 300 spectrophotometer.
A Bioanalytical Systems model CV-50W or Epsilon potentiostat
was used in electrochemical experiments. In cyclic voltammetry
(CV), a standard three-electrode setup consisted of a Pt disk work-
ing electrode, a Pt wire auxiliary electrode, and a saturated calomel
electrode (SCE) as the reference electrode.'® All sample solutions
were purged with an Ar (g) stream. Infrared spectra of solution
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samples were collected with a Perkin—Elmer Spectrum 400 FT-IR
instrument (spectra were averages of 32 scans at a resolution of
1 cm ). Electrochemical and spectroscopic experiments were con-
ducted at room temperature. The pH values of aqueous solutions
were measured with a Thermo Orion 250A+ digital pH meter. In-
strument calibration was performed using commercial standard
buffers at pH 4.00, 7.00 and 10.00.

X-ray Crystallography: The crystal was mounted in a nylon cry-
oloop from Paratone-N oil under argon gas flow. The data were
collected with a Bruker D8 diffractometer, with APEX II charge-
coupled-device (CCD) detector, and an American Cryoindustries
Cryocool G2 cryostat. The instrument was equipped with graphite-
monochromatized Mo-K, X-ray source (A = 0.71073 A), and
MonoCap X-ray source optics. A hemisphere of data was collected
using @ scans, with 10-second frame exposures and 0.3° frame
widths. Data collection and initial indexing and cell refinement
were handled using APEX 11 software.'”) Frame integration, in-
cluding Lorentz-polarization corrections, and final cell parameter
calculations were carried out using SAINT+ software.[?’] The data
were corrected for absorption using a multi-scan technique and the
SADABS program.?!l Decay of reflection intensity was monitored
via analysis of redundant frames. The structure was solved using
Direct methods and difference Fourier techniques. All hydrogen
atom positions were idealized, and rode on the atom they were
attached to. The final refinement included anisotropic temperature
factors on all non-hydrogen atoms. Structure solution, refinement,
graphics, and creation of publication materials were performed
using SHELXTL.? The crystal and refinement parameters are
listed in Table 3.

Table 3. Summary of X-ray crystallographic data, intensity collec-
tion, and structure refinement parameters for 3H-PFq.

Empirical formula C,sH,4CIFgNgPRu
Formula weight 689.99 g/mol
Temperature 120(1) K
Wavelength (Mo-K,) 0.71073 A

Crystal system monoclinic

Space group P2,/n

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
completeness to 6 = 25.00°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
GOF on F?

final R indices [/>2ao([)]
R Indices (all data)
Largest diff. peak and hole

a=12.102(2) A

b =16.826(3) A
c=13.016(2) A

a = 90°

S = 92.606(2)°

y =90°

2647.6(8) A3

4

1.731 mg/m?

0.824 [mm] !

1384

0.22%0.16 X 0.14 mm?

1.98 to 25.32°

-4 =h =14,

-20 = k = 20,
-15=/1=15

25132

4800 [R(int) = 0.0648]
100.0%

semi-empirical from equivalents
0.8933 and 0.8394
full-matrix least-squares on F>
4800/0/363

1.082

R, = 0.0343, wR, = 0.0783
R, = 0.0489, wR, = 0.0856
0.692 and ~0.465 A3
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CCDC-707589 contains the supplementary crystallographic data
for for 3H-PF¢. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): '"H NMR spectra (Figures S1-S12) and ESI mass spec-
tra (Figures S13-S18).
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