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An important factor in obtaining reversible multi-electron transfer is overcoming large changes in
coordination geometry. One strategy is to use ligands that can support the geometries favored before
and after the electron transfer. PipoNCN™ pincer and terpyridine ligands are used to support square
planar Pt() and octahedral Pt(iv). For the Pt() complexes, [Pt(Z-pipaNCN)R-tpy)l* (Z = NO,, MeO, H; R
= H, tertyl butyl, tolyl), *H NMR spectroscopy shows that the Z-pip,NCN~ ligand is monodentate
whereas the R-terpyridyl ligand is tridentate. The availability of flanking piperidyl groups of the
monodentate pincer ligand is essential for the stabilization of the metal center upon oxidation. Pt(Z-
pipoNCN)(R-tpy)* complexes undergo two-electron platinum centered oxidation near 0.4 V and two
Pt(tpy) centered reductions near —1.0 V and —1.5 V. An estimate of nex/nieq = 1.8 is consistent with an
oxidation that involves two-electron transfer per Pt center. Variation in the pincer-(Z) and terpyridine-(R)

Received 24th May 2019
Accepted 24th June 2019

DOI: 10.1039/c9ra03939b substituents allows for tuning of the oxidation process over a 260 mV range and the two reduction

rsc.li/rsc-advances

Introduction

Many important reactions such as water splitting, activation of
hydrocarbons and CO, fixation require multiple redox
equivalents.

Several second- and third-row late transition metals have
been shown to support multiple electron transfer reactivity
leading to changes in their oxidation states along with the
required geometrical changes. For example, Wilkinson's cata-
lyst (RhCI(PPhs);) for olefin hydrogenation,' Shilov's catalyst
(Pt(OH,),Cl,) for alkane oxidation,> and Heyduk's and Nocera's
photocatalyst®* for the reduction of hydrohalic acids to
hydrogen. The relative instability of the middle electron
configuration, d” in the above examples, compared to the initial
and the two-electron-oxidized final configurations, d® and d°
respectively, has been shown to be effective in generating
cooperative two-electron transfer.* Similar relative instability of
the middle electron configuration leading to two-electron
transfer has been reported for a few ruthenium complexes
such as reversible oxidation of [Ru™(NH;)s]** to [Ru¥(NH;)e]>*
(ref. 5) and trans-[Ru"(tpy)(CN-Me)(OH,)]** to [Ru™(tpy)(CN-
Me)(=0)]*".°

“University of Cincinnati, Department of Chemistry, 2600 Clifton Ave., Cincinnati, OH
45221, USA

*Case Western Reserve University, Department of Chemistry, 10900 Euclid Ave.,
Cleveland, OH 44106, USA. E-mail: burda@case.edu

T Electronic  supplementary information (ESI) available. See DOI:
10.1039/c9ra03939b

1 William B. Connick passed away in 2018.

21116 | RSC Adv., 2019, 9, 21116-21124

processes over ranges of 230 mV (first reduction) and 290 mV (second reduction step).

An important factor in obtaining reversible multi-electron
transfer is overcoming large changes in coordination geom-
etry. One strategy is to use ligands that can support the geom-
etries favored by both oxidation states.”™® Reversible outer-
sphere two-electron transfer platihnum and palladium
complexes that utilize stabilization of Pt(u)/Pd(u) and Pt(wv)/
Pd(iv) oxidation states with suitable ligands have been
described recently.*" In the case of the platinum complex,
Pt(pip,NCN)(tpy)*, the d® square planar Pt(u) is coordinated to
pip,NCN™ (pip2NCNH = 1,3-bis(piperdylmethyl)benzene) in
a monodentate fashion through the central binding site while
tpy (2,2:6/,2"-terpyridine) is tridentate (Chart 1). Upon two-
electron oxidation, the d® octahedral Pt(iv) complex Pt(pip,-
NCN)(tpy)** forms. The oxidized complex binds both pip,NCN~

Jo

Chart 1 The [Pt(pip.NCN)(tpy)l* complex with tridentate tpy and
monodentate pipNCN ligand before two-electron oxidation.

This journal is © The Royal Society of Chemistry 2019
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and tpy ligands tridentate, occupying all six binding sites
around the platinum cation.

In contrast to well-studied platinum systems,'®>® which
undergo irreversible metal-centered redox processes, the
remarkable reversibility of the redox chemistry of Pt(pip,-
NCN)(tpy)" is suggestive of a non-covalent interaction between
the pip,NCN™~ amine groups and the Pt(u) metal center, which
effectively preorganizes the square planar complex for electron
transfer and formation of the Pt(vi) octahedral geometry. The
notion of preorganization is supported by crystal structures of
a series of two-electron reagents which reveal relatively short
Pt---N(piperidyl) distances.** In addition, UV-visible absorp-
tion spectra of these complexes exhibit long wavelength
absorption features (>500 nm), which are absent from the
spectra of complexes without Pt---N(piperidyl) interactions,
such as [Pt(tpy)(phenyl)]".”

In order to investigate the role of metal acidity on the redox
potentials, we report the synthesis and redox chemistry of
platinum complexes with electron-releasing and withdrawing
groups (Z = MeO, NO,) at the para-positions of the pivoting
pip,NCN™ ligand and the 4’-substituted positions of the tri-
dentate tpy ligand (R = #-butyl (C(CH;)3), tolyl (4-metylphenyl))
(Chart 2).

Results and discussion
Synthesis and *H NMR Spectroscopy

Platinum(u) complexes with a para substituted NCN™~ pincer
ligand and a terpyridyl ligand (tpy, ‘Bustpy or toltpy) have been
prepared (Chart 2). The synthesis of the Z-pip,NCNBr ligand
precursors and their corresponding Pt(Z-pip,NCN)Br complexes
along with their "H NMR spectra are provided in the ESI
(Scheme S1, Fig. S1 and S27).

The synthetic route to two-electron platinum reagents with
NCN™ and terpyridyl ligands involves treatment of an acetone
solution of Pt(Z-pip,NCN)Br with a suitable silver salt (e.g.,
AgBF,), followed by filtration (Scheme 1). Within 15 minutes of
adding one equivalent of tpy, ‘Bustpy or toltpy to the filtrate, the
pale yellow solution turns orange or red, indicating displace-
ment of the piperidyl groups by the terpyridyl ligand. Full

Z-pip,NCN~
Z=NO0,, MeO, H

R- tpy
R,= H, ‘Butyl; R,= H,'Butyl, tolyl

Chart 2 Tridentate ligands prepared for this study.
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experimental details and characterization by 'H NMR spec-
troscopy and mass spectrometry are given in the ESI (Fig. S37).

Interestingly, though solutions of the four complexes are red,
their colors vary in the solid state from yellow [Pt(pip,-
NCN)(‘Bustpy)](BF,) and [Pt(NO,-pip,NCN)(tpy)](BF,) to orange-
red [Pt(MeO-pip,NCN)(tpy)]OTf and [Pt(pip,NCN) (toltpy)](BF,).

The coordination geometry illustrated in Scheme 1, in which
the tpy ligand is tridentate and the Z-pip,NCN™ ligand is
monodentate, is confirmed in the 'HNMR spectra of the
complexes by (1) the presence of *°Pt satellites associated with
the a-tpy proton (G) resonance, (2) the absence of '*°Pt satellites
on the benzylic proton (C) resonance, and (3) the appearance of
a single a-piperidyl proton (D) resonance (Fig. 1). The substit-
uents on pip,NCN~ (Z) and tpy (R) ligands exert the greatest
influence on nearest neighbor protons. For instance,
substituting MeO for NO, causes the meta-phenyl proton reso-
nance to shift upfield by 1.1 ppm. Similarly, substitution of ¢
butyl groups on tpy, shifts the nearby terpyridyl J and K proton
resonances upfield by 0.26 ppm. Changes in the Z and R
substituents have little influence on the chemical shifts of the
benzylic and piperidyl resonances.

Interestingly, the pip,NCN~ NO, and terpyridyl ¢-butyl
substituents shift the G proton resonances upfield by 0.17 ppm,
whereas the pip,NCN~ MeO shifts G downfield by 0.15 ppm and
terpyridyl tolyl substituent does not shift it at all. The influence
of the t-butyl group is consistent with its comparative electron-
releasing properties. However, the origin of the effect of the NO,
and MeO substituents is more surprising since their electron
withdrawing or donating properties are expected to have an
opposite influence (decrease and increase, respectively) on the
electron density of the platinum center and terpyridyl ligand
through inductive effects. The MeO and NO, substituents shift
the remaining terpyridyl resonances upfield and downfield,
respectively, by =0.07 ppm.

Mediation of electron donor properties through a metal has
been investigated by different researchers. For a series of Ru(X-
tpy)(Y-tpy)** complexes (X,Y = substituents on the para position
of the central pyridine, i.e., NO,, NH,, Cl) in acetone, Constable
et al. reported that the chemical shifts of each tpy ligand are
independent of the substituent on the other ligand.*® However,
Fallahpour et al. observed that the substituent on one of the tpy

N
l 0

4 Pt—Br — Z
N

Scheme 1 Synthesis of platinum(i) complexes (Z =H, NO,, MeO; R; =
H, t-butyl; R, = H, t-butyl, tolyl) with two potentially meridional-
coordinating tridentate ligands: (i) AgBF, or AgOTf; tpy, ‘Bustpy or
toltpy; acetone.
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Fig.1 H NMR spectra of [Pt(NO,-pip,NCN)(tpy)l(BF4) (top) and [Pt(MeO-
pip2NCN)(tpy)IOtf (bottom) in CDCls. Aromatic region of the COSY
spectrum of [Pt(NO,-pipoNCN)(tpy)l(BF4) in CDCls is shown embedded
into the top spectrum. The asterisks * denote CHClz (7.26 ppm), acetone
(2.17 ppm) and TMS (0.0 ppm) and @ denote free tpy impurities (8.72—
8.62 ppm, 8.46 ppm, 7.97 ppm, 7.88 ppm and 7.35 ppm).

ligands influences certain resonances on the other tpy for
a series of similar Ru(u) and Fe(r) complexes in acetonitrile.”

Interestingly, they report that the resonance that is most
sensitive to substituent effects changes depending on the metal.
For instance, replacing one of the NH,-tpy ligands with NO,-tpy
in Ru(NH,-tpy),>* shifts the a-pyridyl resonance (G) of the other
NH,-tpy ligand downfield by 0.2 ppm, but the effect of the same
replacement in Fe(NH,-tpy),”" is a downfield shift of only
0.02 ppm. From these observations, we suggest that the medi-
ation of electron donor properties of a substituent on a ligand to
another ligand is influenced by the metal, solvent, type of ligand
and coordination geometry.

Pt(pip,NCN)(tpy)" is reported to be unstable in acetonitrile
solution with an half-life of ~2 hours. The tpy ligand is disso-
ciated to form a Pt(pip,NCN)(solvent)" adduct.* Pt(pip,-
NCN)(‘Bustpy)" is considerably more stable in acetonitrile. The
loss in the intensity of the 420 nm electronic absorption band is
consistent with 3% decomposition in one hour. The increased
stability of the ‘Bustpy complex is attributable to the

21118 | RSC Adv., 2019, 9, 21116-21124
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comparatively greater electron-donor properties of the ‘Bustpy
ligand, which are anticipated to decrease the electrophilicity of
the metal center and thereby increase the reaction barrier of an
associative mechanism. This observation implicates modula-
tion of ligand electron-donor properties as an effective strategy
for tuning the relative stabilities of two-electron platinum
reagents.

Each piperidyl group of Pt(pip,NCN)(“Bustpy)" was readily
protonated by dropwise addition of 1 M HNO; to the deep red
acetone solution of the complex until the solution turned bright
yellow. The 'H NMR spectrum of the protonated complex is
given in the ESI (Fig. S31). However, attempts to protonate the
other complexes with substituted pincer ligands did not yield
similar diprotonated compounds. In the case of Pt(MeO-pip,-
NCN)(‘Bustpy)’, the product obtained from treatment with
acetic acid gave a platinum(w) salt, [Pt(tpy)(CH;COO);](PF)
with a rare tridentate terpyridine and three monodentate
acetate groups.® In the case of [Pt(NO,-pip,NCN)(tpy)]’, treat-
ment with acid caused dissociation of the terpyridine ligand, as
determined by 'H NMR spectroscopy.

Electronic spectroscopy

To assess the influence of the pincer piperidyl groups on the
electronic structures of these complexes, UV-visible absorption
spectra were recorded of dichloromethane solutions of
[Pt(Ph)(‘Bustpy)](BF.), [Pt(pip,NCN)(‘Bustpy)](BF,), [Pt(pip.-
NCN)(toltpy)](BF,) and [Pt(NO,-pip,NCN)(tpy)] (BF,) (Fig. 2 and
Table S1 in the ESIf). [Pt(Ph)(‘Bustpy)](BF.) and [Pt(pip.-
NCN)(‘Bustpy)](BF;) are yellow solids whereas [Pt(pip,-
NCN)(toltpy)](BF,) and [Pt(NO,-pip,NCN)(tpy)](BF,) are orange
solids. [Pt(Ph)(‘Bustpy)](BF,) dissolves to give yellow solutions,
whereas the two-electron reagents dissolve to give red solutions.
The UV-visible absorption spectra of the terpyridyl complexes
are qualitatively similar for wavelengths <500 nm, consistent
with previous studies.**” For example, each complex exhibits
intense absorption bands between 200 nm and 300 nm

4
5
'.2 3
S
E
1 X 25
300 400 500 600 700

Wavelength (nm)

Fig.2 UV-visible absorption spectra of 0.01 mM [Pt(ph)(‘Bustpy)l(BF4)
(=), [Pt(pipoNCN)(‘Bustpy)l(BF4) (=), [Pt(pip.NCN)(toltpy)l(BF,4) (-) and
[Pt(NO,-pip2NCN)(tpy)l(BF4) () in dichloromethane.

This journal is © The Royal Society of Chemistry 2019
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(>30 000 M™* em™ ). Platinum(n) terpyridyl complexes, such as
Pt(‘Bustpy)Cl" (215 nm, 46000 M™' cm™'; 256 nm,
45100 M~ " cm™'; 282 nm, 33 700 M~ ' em ™ %; in acetonitrile)*®
and Pt pincer complexes such as Pt(pip,NCN)Cl (275 nm,
9050 M~" em™'; in dichloromethane)® give rise to intense
bands in this region. The moderately intense bands observed
between 300-365 nm and the low intensity band observed near
425 nm are similar to those observed for other Pt(u) pip,NCN™
or phenyl complexes with terpyridyl ligands. These features
have been assigned to m — 7* transitions associated with the
tpy ligand and spin allowed 5d(Pt) — w* (tpy) MLCT transi-
tions, respectively.”” The red shift in the transitions near 425 nm
from where similar absorption features occur in Pt(u) terpyr-
idine complexes, such as Pt(*Bustpy)Cl (373 nm, 3990 M~ cm™;
386 nm, 3530 M~ ' cm™ 'in acetonitrile)*® and Pt(tpy)Cl (372 nm,
1300 M~ ' ecm™'; 398 nm, 1800 M ' cm ! in acetonitrile),** is
consistent an aryl group. For all complexes, a weak shoulder is
observed near 500 nm in the tail of the '"MLCT transition. As
expected from a corresponding *MLCT transition, this feature is
shifted 2000 to 3500 cm ' to the red of the 'MLCT
maximum.****** The apparent singlet-triplet MLCT splitting is
in agreement with that observed for Pt(“Bu,tpy)Cl (4800 cm™*)*®
and Pt(6-phenyl-2,2'-bipyridine)(4-aminopyridine)"
(2000 cm ™).

In the spectra of Pt(pip,NCN)(‘Bustpy)*, Pt(pip,NCN)(toltpy)*
and Pt(NO,-pip,NCN)(tpy)', there is an additional long wave-
length absorption feature appearing near 550 nm
(~300 M~ ' em ™). This weak band is absent from the spectra of
model complexes such as Pt(Ph)(‘Bustpy)™. In fact, this band has
been observed for only the [Pt(pip,NCN)(R-tpy)] complexes and
is proposed to be the result of a weak interaction between the
N(piperidyl) groups and the platinum center. This hypothesis is
supported by the fact that this feature is not observed if the
piperidyl groups are placed further away from the platinum
center, as in [Pt(3,5-pip,NCN)(tpy)]’,”” or when the piperidyl
groups are protected by protonation, as in Pt(pip,NCNH,)(-
‘Bustpy)**. The sp® hybridized N(piperidyl) lone-pair orbital is
expected to combine with the 6p,(Pt) orbital to give rise to
a filled o(Pt-N) orbital and an empty o(Pt-N)* orbital. These
axial interactions also are expected to destabilize the metal
d orbitals, especially the d(Pt) level, resulting in a red-shift in
MLCT transitions, as previously noted for other platinum(u)
complexes with dangling nucleophiles.** The presence of a new
long-wavelength absorption band is suggestive of a 6(Pt-N) —
7* (tpy) charge-transfer transition. The influence of piperidyl
and terpyridyl substituents on the energy of this transition is
consistent with this assignment. Substitution of NO, for H on
the pip,NCN ligand and substitution of ¢-butyl groups for H on
the terpydiyl ligand cause the band to blue shift 7600 cm ™" and
5100 cm ', respectively. By contrast, substitution of a tolyl
group for H on the terpyridyl ligand causes the band to red shift
by 3900 cm ™. The influence of the Z substituents is consistent
with modulation of the energy of the o(Pt-N) level, whereas the
influence of the R substituents is largely through modulations
of the m*(tpy) level. These results also give deeper insight into
the relation between the colors of these two-electron reagents
and the stability of the charge-transfer states since the ¢-butyl

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

substituents are anticipated to raise the w*(tpy) level, which
further destabilizes the charge-transfer transition.

In keeping with this description, we note that [Pt(pip,-
NCNH,)(‘Bustpy)](PFe); is a yellow solid that dissolves to give
yellow solutions (Fig. S3, and Table S1f). The spectrum is
identical to that obtained when two equivalents of TFA (tri-
flouroacidic acid) are added to an acetonitrile solution of
[Pt(pip,NCN)(“Bustpy)](BF,). During the addition of acid, the
intensities of the low-energy absorption bands (>400 nm)
decrease, whereas a band at 382 nm emerges. Additionally,
small shifts observed at wavelengths <350 nm, and the overall
spectrum becomes qualitatively similar to that of [Pt(ph)(‘Bus-
tpy)](BF,). This observation is consistent with protonation of
the N(piperidyl) groups, which prevents interaction with the
metal center. The intensity increase near 380 nm is likely
a consequence of the long-wavelength MLCT band shifting
slightly to shorter wavelengths due to the reduced donor
properties of the phenyl group.

The room-temperature solution emission spectra of
[Pt(pip,NCN)(‘Bustpy)](BF,) and [Pt(pip,NCNH,)(‘Bustpy)](PFs)s
are shown in Fig. 3. [Pt(pip,NCN)(‘Bustpy)]" is non-emissive,
whereas [Pt(pip,NCNH,)(‘Bustpy)]*" is weakly emissive or non-
emissive. The emission from the protonated adduct is charac-
teristically structured (Amax = 470, 502, 535, 585 nm). The
significantly diminished intensity of emission from fluid solu-
tion samples of [Pt(pip,NCN)(‘Bustpy)](BF,) is consistent with
the notion that the lowest excited states of platinum(u) terpyr-
idyl complexes are susceptible to quenching by interactions of
the metal center with nucleophiles.*®> The deprotonated piper-
idyl groups are expected to be strong nucleophiles, and previ-
ously studied [Pt(pip,NCN)(tpy)]" and [Pt(pip,NCN)(phtpy)]” are
also non-emissive. The structured emission profile of [Pt(pip,-
NCNHS,)(‘Bustpy)]** is similar to those observed for previously
reported platinum(u) terpyridyl complexes.***

€ (x 103 M'cm-)
Aysuajuj uoissiwg

300

600
Wavelength (nm)

Fig. 3 UV-visible absorption spectra recorded during titration of
a 0.12 mM acetonitrile solution of [Pt(pip,NCN)(‘Bustpy)1(BF4) (—) with
2 equivalents of TFA (triflouroacetic acid, 0.3 M in acetonitrile) in 0.2

equivalents increments. Relative emission spectra of [Pt(pip,-
NCN)(‘Bustpy)l(BF4) (—) and [Pt{pip,NCNH,)(Bustpy)l (PFe)s (=) in
acetonitrile.
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The emissions are assigned to predominantly spin-
forbidden *m-m* terpyridyl ligand-centered lowest excited
states. The vibronic spacings (1200-1500 ¢cm™') are excited
state.®* The origin of the emission observed for [Pt(pip,-
NCNH,)(‘Bustpy)](PFs); is only shifted by approximately
2000 cm ™" from the phosphorescence observed for free terpyr-
idine.** In addition, the bandshapes and Franck-Condon
factors, as indicated by the Huang-Rhys ratios** (I, ¢/, o ~ 0.85),
are similar to that of the free ligand (I; ¢/Io o ~ 0.85). Both facts
are consistent with the *m-7* assignment.

Cyclic voltammetry

Cyclic voltammograms (CVs) of [Pt(ph)(‘Bustpy)](BFy), [Pt(pip2-
NCN)(‘Bu,tpy)](BF4), [Pt(pip,NCN)(toltpy)](BF,), [Pt(NO,-pip,-
NCN)(tpy)] (BF,), and [Pt(MeO-pip,NCN)(tpy)](BF,) in 0.1 M
TBAPF¢ acetonitrile are shown in Fig. 4 and 5. The CV of
[Pt(pip,NCN)(tpy)](BF,) in 0.1 M TBAPF, acetonitrile is shown in
Fig. 5 for comparison. Cyclic voltammetry data are summarized
in Table 1.

The CVs of each complex in acetonitrile solution (0.1 M
TBAPF,, 0.1V s’l) exhibit two reversible one-electron reduction
waves near —1.0 V (E°) and —1.5 V (E*'), with peak-to-peak
separations (AE,) of 62 + 8 and 61 4+ 8 mV, respectively.
Assignment of the observed redox processes can be inferred
from comparison to the electrochemical behavior of a series of
related compounds. Under identical conditions, neither free
tpy, pip,NCNBr nor Pt(pip,NCN)CI is reduced at potentials
larger than —2.10 V, suggesting that the one-electron reduction
processes are associated with the Pt(tpy) unit. Pt(tpy)Cl" has
been reported to undergo reversible one-electron reductions in

(a) =t
5uA (b)
(c)

1.0 05 00 -05 -1.0 -1.5 20
Potential (V)
Fig. 4 Cyclic voltammograms of 1 mM (a) [Pt(pip.NCN)(toltpy)l(BF4)
(); (b) [Pt(pipaNCN)(‘Bustpy)l(BF,) (—) and (c) 2 mM [Pt(ph)(‘Bus-

tpy)l(BF4) (—) in acetonitrile (0.1 M TBAPF¢, gold working electrode,
025Vsh.
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Fig. 5 Cyclic voltammograms of (@ 2 mM [Pt(NO,-pip,-
NCN)(tpy)l(BF4) (=), (b) 2 mM [Pt(MeO-pipoNCN)(tpy)IOTf (—) and (c)
[Pt(pipaNCN)(tpy)l(BF4) (=) in 0.1 M TBAPFs CHsCN (gold working
electrode, 0.1V s™).
DMF (0.1 M TBAPFg) at B = —0.74 and E° = —1.30 V vs. Ag/
AgCl whereas Zn(tpy)Cl, undergoes reversible one-electron
reduction at E° = —1.36 V.*® The cathodic shift of the ligand-

centered couples in platinum(u) complexes is attributed to
stabilization of the reduced tpy ligand as a result of coupling
between the empty 6p,(Pt) and the w*(tpy) orbitals.*® As
observed for [Pt(Z-pip,NCN)(R-tpy)] complexes, the fact that
[Pt(ph)(tpy)]" and similar complexes without the piperidyl
groups such as [Pt(2,6-dimethylphenyl)(tpy)]*" (B = —0.96 V,
AE, =60 mV, ipc/ipg = 0.91; B = —1.49 V, AE, = 64 mV, ipc/ipa =
0.90)*” in acetonitrile solutions also undergo two reversible one-
electron reductions support this assignment.

The Z and R substituents influence the apparent potentials
of both cathodic processes. The NO, substituent that anodically
shifts the reductions, waves by 0.1 V and 0.23 V, respectively
(Fig. 5). The tolyl terpyridyl substituent shifts only the second
reduction anodically by 0.02 V (Fig. 4). On the other hand, the
pip,NCN~ MeO and t-butyl terpyridyl substituents act as elec-
tron donating groups and shift both reductions cathodically by
0.02 V and 0.13 V from those of Pt(pip,NCN)(tpy)", respectively
(Fig. 4 and 5). Similar shifts (—0.11 V and —0.14 V, respectively)
have been observed for the introduction of ¢-butyl substituent in
Pt(R-tpy)-C=C-phenyl-C=C-Re(N"N)(CO); (tpy, Eis: —0.90 V,
—1.37 V; Bustpy, EX%: —1.01 V, —1.51 V, in 0.1 M TBAPF,
acetonitrile solution, vs. SCE, glassy carbon working elec-
trode).*” However, for Pt(tpy)(C=C-C¢Hs-Z)" complexes, intro-
duction of either NO, or MeO substituents shift the first
reduction process to more negative potentials (by —0.21 V and
—0.08 V, respectively) while not influencing the second reduc-
tion process (Pt(tpy)(C=C-C¢Hs)", ESS = —0.97 V, —1.46 V, in
0.1 M TBAH acetonitrile, vs. SCE, glassy carbon working elec-
trode).”® Apparently, the nature of the fourth ligand carrying the
substituent influences the way the substituent effect Pt(tpy)
reductions.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Cyclic voltammetry data for [Pt(Ph)(‘Bustpy)l*
electrode, 0.1V s

and [Pt(Z-pipaNCN)(R-tpy)*

View Article Online

RSC Advances

complexes in acetonitrile (0.1 M TBAPF¢, gold working

Erlq (V) (A, (mV))

Compound E (V) (AE
[Pt(Ph)(‘Bustpy)]" -
[Pt(pip,NCN)(‘Bustpy)] 0.36(68)
[Pt(pip,NCN)(toltpy)]* 0.37(94)
[Pt(NO,-pip,NCN)(tpy)]" 0.62(89)
[Pt(MeO-pip,NCN)(tpy)]" 0.37(102)
[Pt(pipNCN)(tpy)]" 0.40(54)

Pt(ph)(‘Bustpy)’ is not oxidized at <1.2 V vs. Ag/AgCl. By
contrast, each of the platinum(u) complexes with both a Z-
pip,NCN~ and a terpyridyl ligand undergo a two-electron
oxidation process in the 0.4-0.6 V range (E°'), as previously
noted for [Pt(pip,NCN)(tpy)]" (E* = 0.40 V, AE, = 74 mV, 0.25 V
s),*  [Pt(pip.NCN)(Bustpy)]” and  [Pt(pip,NCN)(toltpy)]"
undergo a chemically reversible and nearly electrochemically
reversible two-electron oxidation processes at E° = 0.36 V (ip./
ipa=1.02, AE, =68 mV, 0.1 Vs ") and B = 0.37 V (ipe/ipa = 1.1,
AE, = 94 mV, 0.25 V s '), respectively. For [Pt(NO,-pip,-
NCN)(tpy)]" and [Pt(MeO-pip,NCN)(tpy)], the oxidation process
occurs at B = 0.62 V (ipe/ipa = 1.33, AE, = 89 mV, 0.1 Vs~ ') and

= 0.37 V (ipe/ipa = 0.97, AE, = 102 mV, 0.1 V s~ '), respec-
tively. No splitting of any of the waves was observed over the
range of investigated scan rates. As assessed by the anodic-
cathodic peak-to-peak separation (AE,) at a given sweep rate,
the electrochemical reversibility varies among the five two-
electron reagents (AE,, 50-100 mV, 0.1 V s~ '). The revers-
ibility does not vary with electron-donor properties of the
substituents in an obvious manner; however it appears that the
presence of the Z substituents on the pip,NCN™ ligand tends to
slow the electron-transfer kinetics. The reversibility of the Ru(u)/
Ru(m) process for a library of ruthenium terpyridyl complexes
also varies somewhat irratically.”®** Nazeeruddin et al. have re-
ported diminished reversibility for ruthenium bipyridyl
complexes with multiple strong electron donor substituents
such as NMe,.* In the present case, it appears that AE, tracks
with the severity of electrode passivation problems as indicated
by the shift in E,, and loss of current with consecutive sweeps.
For all five complexes, the ratios of the peak anodic current of
the oxidation process to the peak cathodic current of the first
reduction wave are between 2.0 and 2.3.

Although the ip,/i,. are less than the predicted value for
a Nernstian two-electron process (2.8 (=2%)), the ratios clearly
exceed the expected value of 1.0 for a one-electron process. The
AE, for a diffusion controlled two-electron Nernstian process is
expected to be 29.5 mV.* In fact, at 0.1 V s~ ' the couples are
clearly not electrochemically reversible as indicated by the
relatively large values of AE,, and therefore the values of ip./ip.
cannot be expected to approach the Nernstian limits. Since the
oxidations clearly involve transfer of considerably more charge
than observed for the reduction, the processes are attributed to
a net two-electron oxidation of the complexes.

The apparent two-electron oxidation waves observed for
[Pt(Z-pip,NCN)(R-tpy)]” complexes are absent in cyclic

This journal is © The Royal Society of Chemistry 2019

—1.06(62), —1.57(69)
—1.11(54), —1.62(58)
—0.98(67), —1.48(67)
—0.88(61), —1.33(53)
—1. 00(70), —1.52(67)

(65), —1.50(61) (ref. 4)

voltammograms of related compounds. For example, neither
Pt(tpy)(dmph)+, pip,NCNBr nor pip,NCNBrH,** is oxidized at
potentials <1.2 V,* and Pt(pip,NCN)CI undergoes irreversible
metal-centered oxidation near 0.8 V.** Taken together, these
data indicate that both the pip,NCN™ and terpyridyl ligands
play important roles in the unusual redox chemistry of Pt(Z-
pip,NCN)(R-tpy) ‘complexes. The availability of the amine lone
electron pairs is critical to facilitating reversible two-electron
oxidation and stabilizing the resulting Pt(v) center. For
example, protonation of the piperidyl groups (e.g., Pt(pip,-
NCNH,)(tpy)*"),* results in irreversible oxidation near 0.4 V
accompanied by electrode fouling.

In order to further characterize the electrochemical behavior
of these systems, CVs of Pt(pip,NCN)(‘Bustpy)” were recorded
for the first reduction process (—0.8 to —1.3 V) and the oxidation
process (0.2 to 0.6 V) over a range of scan rates from 0.01 to 25 V

! (Fig. 6). AE, of the first reduction (B’ = —1.11 V) is essen-
tially invariant (59 + 6 mV) for scan rates ranging from 0.01 to
25 V s~ . The cathodic peak current (ip.) exhibits an approxi-
mately linear dependence on the square root of the scan rate (v
2), as predicted by the Randles-Sev¢ik equation for Nernstian
conditions.”>>*

i = 2.69 x 10°n*24D"2Cy'"? (1)

where n = electron stoichiometry, A = electrode area, D =
diffusion coefficient, and C = concentration. For the oxidation
process, AE;, increases continuously from 43 to 103 mV as the
scan rate is increased from 0.01 to 1.5 V s~ '. With decreasing
scan rate, AE, approaches the two-electron Nernstian limit of
29.5 (ref. 51 and 55) with i,c/ip, = 1.08 at 0.01 V s '. The
behavior of the other complexes is qualitatively similar, AE,
increases with scan rate. The dependence of AE, on the scan
rate is consistent with a large structural reorganization result-
ing in slow reaction kinetics.

In order to verify the electron stoichiometry of the oxidation
process for [Pt(pip,NCN)(‘Bustpy)](BF,), the anodic peak current
(ipa) is plotted against »'* in Fig. 6. The data are remarkably
linear over the entire range of scan rates (0.01 to 30 V s~ ') as
predicted by the Randles-Sev¢ik eqn (1). The ratio (2.40) of the
slope of the best fit line to that obtained for the first reduction
process is used to derive an estimate of n4x/7eq (=1.8). Since the
reduction is known to be a one electron process, 1, = 1.8 is
consistent with an oxidation that involves two-electron transfer
per Pt center. See more detailed explanation in the ESI.}
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Fig. 6 Dependence of anodic peak current (i,,) for 0.36 V oxidation
process (=) and cathodic peak current (i) for —1.11 V reduction
process (e) on the square root of the scan rate w2 for 1 mM
[Pt(pip,NCN)(‘Bustpy)l(BF4) in acetonitrile (0.1 M TBAPFg). Scans
recorded from 0.2to0 0.6 Vand from —1.2 to —1.7 V. The lines represent
linear fits of the anodic and cathodic currents.

The substituents on the pip,NCN™ and tpy ligands signifi-
cantly influence the apparent Pt(v/u) redox couple, E, the
influence of the R, substituents is comparatively small. For
example, E°' is cathodically shifted by 0.04 and 0.03 volts in
[Pt(pip,NCN)(“Bustpy)]" and [Pt(pip,NCN)(toltpy)]", respectively.
A comparable cathodic shift (0.05 V) has been observed for the
irreversible Pt(u)/Pt(m) process when tpy is replaced by ‘Bustpy
in Pt(R-tpy)-C=C-phenyl-C=C-Re(N"N)(CO); complexes (N"N
= 4,4"-bis-t-butylbipyridine; R = H (tpy), Ep, = 1.41 V; R=t-butyl
(‘Bustpy), Epa = 1.36 V; in 0.1 M TBAPF acetonitrile solution, vs.
SCE, glassy carbon working electrode).*” Similarly, replacing tpy
ligands with phenyl-tpy in Ru(tpy),”" causes a cathodic shift of
0.02 volts (Ru(tpy),>*, B = 0.92 V; Ru(ph-tpy),”", E*' = 0.90 V; in
acetonitrile, vs. Fc/Fc*).*

The Z substituents have a more substantial influence on the
apparent redox potential. For Pt(NO,-pip,NCN)(tpy)*, E*' (0.62
V) is anodically shifted by 0.22 V from the two-electron oxida-
tion process observed for Pt(pip,NCN)(tpy)" (E°’ = 0.40 V), as
expected for a more electron-poor metal center. The involve-
ment of the metal-center is confirmed by comparison to the
redox chemistry of ruthenium(ui/u) polypyridyl complexes.
Previously, Nazeeruddin et al. have shown that there exists an
approximate linear correlation between the ruthenium(ui/u)
redox potentials of Ru(Z,Z'-bpy),(bpy)s_.>" complexes and the
Hammett parameters of the bipyridyl substituents.*® Fig. 7
shows the dependence of E°’ on the effective Hammett param-
eter Y_o,", which derives from summing the o," values for each
of the substituents of the six pyridyl groups. The use of o, is
rationalized on grounds that it is a more suitable descriptor for
a reaction that involves increasing positive charge on the metal
center. We have applied this analysis to the five Pt(Z-pip,-
NCN)(tpy)* two-electron reagents, where o,," values are summed
for the three substituents of the terpyridyl ligand and the single
substituent of the pip,NCN™~ ligand. The analysis reveals
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a similar approximate linear relationship, albeit over a more
narrow range of Y o," (Fig. 7).

For both Pt(u) and Ru(u) complexes, the observed E°’ reveal,
as expected, that the oxidation of the metal center becomes
more difficult as the electron withdrawing character of the
substituents increases. The relative slopes of best-fit lines E°/
versus > o, (Ru, 0.13 V; Pt, 0.11 V) reflect the fact that
replacement of a MeO group with NO, causes a slightly greater
anodic shift in E* for the two-electron platinum reagents (0.25
V) than for the Ru(4,4'-R,bpy)(bpy),>* (0.18 V per MeO/NO,
substitution). Potentials for Ru(R-tpy),>* also would seem to
suggest a more shallow dependence on EtO/NO, substitution
(0.19 V),>* however, for this limited data set, we regard the
slopes of the best-fit lines in Fig. 7 as essentially identical within
the scatter of the data. The general agreement between these
data sets confirms that the two-electron process is metal-
centered and suggests that, over this narrow range of poten-
tials, the d°/d”-electron and d’/d®-electron couples are compa-
rably affected by changes in ligand substituents.

Interestingly, in the cases of Ru(R-tpy),”" and Ru(4,4'-R,-
bpy)(bpy),>* complexes, the nitro and ethoxy substituents each
strongly shift the redox couple from that of the unsubstituted
complex (Ru(NO,-tpy),>", 1.114 V; Ru(tpy),>", 0.92 V; Ru(OEt-
tpy),>", 0.74 V, in acetonitrile vs. Fc/Fc';***° Ru(4,4'-(NO,),-
bpy)(bpy).>*, 1.48 V; Ru(bpy);>’, 1.26 V; Ru(4,4'-(MeO),-
bpy)(bpy),>*, 1.05 V, in acetonitrile vs. SCE).*® The potential
shifts per substituent upon by replacing H with MeO or with
NO, are comparable (Ru(R-tpy),>*, R = NO,, 0.97 V; R = EtO,
—0.09 V;»>* Ru(4,4"-R,bpy)(bpy),>", R = NO,, 0.098 V; R = MeO,
—0.075 V).5*% By contrast in the [Pt(Z-pip,NCN)(tpy)]" series, the
nitro group has a much stronger influence (+0.22 V) on the
apparent redox couple than the methoxy substituent (—0.03 V).

15 F
S *
S
-~—
c
@
°
L os /
0}
6 4 -2 0 2 4
2o,"

Fig. 7 Correlation of oxidation potential (E>' vs. SCE) to Hammett
parameter Y c*. A represents Pt(Z-pip,NCN)(R-tpy)+ complexes
where Z = NO,, MeO, H and R = H, t-butyl, phenyl, £° = 0.13) op™* +
0.41 (R = 0.952). @ represents RU(Z,Z'-bpy)(bpy)s_x>t complexess®
where Z=NO,, H, Mg, MeO, (x=0, 1,2, 3), 2 =0.10>op* + 125 (R=
0.995). Y_op™ is calculated by summing the op* values for each
substituent; a 6 coordinate Ru(Z,Z'-bpy),(bpy)s_2* complex has six
different substituents, whereas a Pt(Z-pip>NCN)(R-tpy)* complex has
four substituents.
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A similar effect is observed for Pt(tpy)(C=C-C¢Hs-Z)" (Z =
NO,, MeO, H) complexes where the NO, substituent is proposed
to cause the irreversible one electron Pt(u)/Pt(m) oxidation
potential to shift anodically by 0.24 volts from that of
Pt(tpy)(C=C-CeHs)" (Epa = 1.22 V, in 0.1 M TBAH acetonitrile
solution, vs. SCE, glassy carbon working electrode); however, in
that case the influence of the OMe substituent also is substan-
tial (—0.22 V), and it is not clear that these shifts represent
thermodynamic potentials.*® In the case of the Ru(w/u) systems,
the redox process involves a dm orbital, whereas the oxidation of
platinum(u) formally involves a d,= orbital. On the other hand,
the Hammett inductive (o;) and mesomeric (o,,) constants for
nitro (0.7, 0) and methoxy (0.31, —0.41) groups suggest signifi-
cant differences in the coupling of substituent electron-donor
properties. Therefore, the comparative insensitivity of the
platinum system to the methoxy substituent is consistent with
the influence of resonance on the d,: level being significantly
less compared to its influence on the dr levels of ruthenium(u/
1) polypyridyl complexes. Similarly, the increased sensitivity to
nitro substituent suggests that the influence of induction on the
d,: level is significantly increased.

Conclusions

Substituted pip,NCN™ ligands, their Pt(u) halide complexes,
and novel [Pt(Z-pip,NCN)(R-tpy)]" complexes with Z = NO,,
MeO, H and R = H, tertyl butyl, tolyl substituents have been
prepared. For [Pt(Z-pip,NCN)(R-tpy)], "H NMR spectroscopy
shows that the Z-pip,NCN™~ ligand is bonded monodentate
whereas the R-terpyridyl ligand is bonded tridentate. The
approximate square planar coordination geometry around the
metal center is consistent with structures of Pt(i) complexes.
The piperidyl groups are located above and below the platinum
center suggesting that the amine groups are available to stabi-
lize the metal center upon oxidation. As in the case of Pt(pip,-
NCN)(tpy)’, the electronic absorption spectra of [Pt(Z-
pipo,NCN)(R-tpy)]” exhibit a band at ~550 nm assigned to
a o(Pt-N) — 7*(tpy) charge-transfer transition, resulting from
the weak interaction of a piperidyl group with the metal center.
Pt(Z-pip,NCN)(R-tpy)" complexes undergo two-electron plat-
inum centered oxidation near 0.4 V and two Pt(tpy) centered
reductions near —1.0 Vand —1.5 V. The scan rate dependence of
the peak currents of the oxidation and the first reduction
processes for Pt(pip,NCN)(tBustpy)" gives Nox/Med = 1.8.

Variation in the ligand substituents (Z and R) allows for
tuning of the two-electron-oxidation process over a 260 mV
range. Whereby the Z substituents on the pip,NCN™ ligand have
a more substantial influence (220 mV) on the oxidation poten-
tial than the R substituents (40 mV) on the terpyridine ligand. In
addition, the two reduction processes are tunable over a range
of 230 mV (first reduction step) and 290 mV (second reduction
step). The electron-withdrawing NO, substituent shifts the two-
electron-oxidation potential anodically, whereas electron-
donating MeO-shifts the redox potential cathodically. The
electrochemical sensitivity to the nitro-substituent suggests that
the redox tuning occurs predominantly through electronic
induction at the d,> orbital.

This journal is © The Royal Society of Chemistry 2019
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