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Structural and chemical properties of half-sandwich rhodium
complexes supported by the bis(2-pyridyl)methane ligand

Davide Lionetti,® Victor W. Day,? and James D. Blakemore*?

[Cp*Rh] complexes (Cp* = pentamethylcyclopentadienyl) supported by bidentate chelating ligands are a useful class of
compounds for studies of redox chemistry and catalysis. Here, we show that the bis(2-pyridyl)methane ligand, also known
as dipyridylmethane or dpma, can support [Cp*Rh] complexes in the formally +IIl and +II rhodium oxidation states.
Specifically, two new rhodium complexes ([Cp*Rh(dpma)(L)]™, L = CI5, CH3CN) have been isolated and structurally
characterized, and the properties of the complexes have been compared with those of [Cp*Rh] complexes bearing the
related dimethyldipyridylmethane (Mezdpma) ligand. Complex [Cp*Rh(dpma)(NCCHs)]?* displays a quasireversible
rhodium(lil/ll) reduction by cyclic voltammetry; related electron paramagnetic resonance (EPR) spectroscopic studies
confirm access to the unusual rhodium(ll) oxidation state. Further reduction to the formally rhodium(l) oxidation state,
however, is followed by deprotonation of dpma, as observed in electrochemical studies and chemical reduction
experiments. This reactivity can be understood to occur as a consequence of the presence of doubly benzylic protons in the
dpma ligand, since use of the analogous Medpma enables reduction to rhodium(l) without involvement of ligand
deprotonation. These findings highlight the important role of the ligand backbone substitution pattern in influencing the
stability of highly-reduced complexes, a key class of metal species for study of electron and proton management in catalysis.

1. Introduction

Half-sandwich rhodium complexes supported by chelating
bidentate ligands are appealing for study of electron transfer
and proton management during reductive catalysis, as they can
be prepared by straightforward synthetic routes, are built upon
readily available precursor materials, and often quite stable in
the Rh(lll) oxidation state. In recent years, [Cp*Rh] complexes
have attracted increased attention for mechanistic and
structure-function studies of the hydrogen (H,) evolution
reaction, an important transformation in energy science,’3 as
well as for use in industrial settings as catalysts for the
regeneration of nicotinamide coenzymes.? In important early
work from Kolle and Gratzel, [Cp*Rh(bpy)]?* (bpy = 2,2'-
bipyridyl) was demonstrated to be a robust electrocatalyst for
H, generation from H,0.56 Steckhan and coworkers found that
the system was also active for hydrogenation of biological
cofactors (e.g.,, NAD*, NADP*) using formate (HCO;") as a
reductant,”® leading to applications of this catalyst in
bioelectrochemical cells.%10 More recently, mechanistic studies
by our group! as well as by Miller and coworkers2 have
revealed that the Cp* ligand, traditionally viewed an “innocent”
ancillary ligand, can be directly involved in proton transfer and
act as a pendant base during protonation of rhodium(l) species.
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This behavior has enabled the preparative-scale isolation and
spectroscopic and structural characterization of uncommon
pentamethylcyclopentadiene ([Cp*H]) complexes supported by
bpy and related a-diimine ligands.?3 As these compounds are
prepared under conditions relevant to H, evolution catalysis
and evolve H; upon protonation, their direct involvement in
chemistry leading to H; is likely.14

Prompted by these findings, our group has recently initiated
studies of a variety of previously unexplored [Cp*Rh]
compounds supported by bidentate chelates beyond the
common 2,2 -bipyridyl ligand (Chart 1). In general, we have
found that the nature of the bidentate ligand plays a key role in
determining the reactivity profiles of these systems in electron-
and proton-transfer processes. Catalytic activity is retained and
similar [Cp*H] intermediates are observed upon introduction of
substituents on the bpy framework,13.14 with the exception of
strongly electron-withdrawing nitro (-NO;) groups, which
engender more dramatic changes in reactivity.1®> On the other
hand, replacement of one or both pyridine donors with
phosphine moieties affords access to more traditional and
isolable metal-hydride species upon protonation of reduced
precursor complexes and, importantly, concurrent loss of
electrocatalytic H;, evolution activity.16-18

Adding further diversity to this area, we have recently been
exploring the chemistry of [Cp*Rh] complexes supported by the
Me,dpma ligand® (dpma = bis(2-pyridyl)methane, often
identified as dipyridylmethane in the literature;2° Me,dpma =
dimethylbis(2-pyridyl)methane)). Me,dpma is a bidentate
chelating ligand that features two unconjugated pyridine
donors linked by a —C(CHs),— bridge.!® The [Cp*Rh] complexes



of Me,dpma possess unique electrochemical properties, in that
two sequential one-electron transfer steps are observed in
cyclic voltammetry experiments, corresponding to the
Rh(I11)/Rh(11) and Rh(I1)/Rh(l) couples of
[Cp*Rh(Me,dpma)(NCCH3)]2*. This is an unusual behavior in this
class of compounds, as most [Cp*Rh] complexes display net
two-electron voltammetric profiles that indicate rapid
formation of Rh(l) upon reduction of Rh(lll).>¢ As a result, the
reductive chemistry of most [Cp*Rh] complexes is dominated
by disproportionation of transient Rh(ll) complexes.® To our
surprise, however, chemical preparation of the one-electron
reduced species in our study revealed a possible role of the

Specifically, in the solid-state structure of this complex,
obtained via single-crystal X-ray diffraction (XRD) methods, a
marginally significant distortion of one of the backbone methyl
substituents on Me,dpma was observed, suggesting a possible
interaction between the basic Rh(ll) center and one of the
methyl C—H bonds. Upon observation of this behavior, we
became curious about the role of the methyl substituents of the
Me,dpma ligand in engendering unique chemistry and have
thus undertaken studies to explicitly probe the role of these
ligand backbone substituents in tuning the structural properties
and the electrochemical and chemical reactivity of the rhodium
complexes in this family.

Me,dpma scaffold in stabilizing the Rh(ll) complex.1®
n+ _’n+ ﬁ_’n+
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Chart 1. Rhodium half-sandwich complexes supported by bidentate ligand frameworks.

Here, we now report the synthesis and characterization of half-
sandwich rhodium complexes bearing the dpma ligand,
denoted 1-L (Chart 1). The dpma ligand features a simple —CH,—
bridge between two pyridine moieties, and therefore these
complexes can be directly compared to others!® supported by
the Mexdpma ligand; complexes of dpma lack methyl groups at
the bridging methylene position, and thus lack primary C—H
bonds that could engage in direct interactions with the rhodium
center upon reduction. Notably, there are only a limited
number of available solid-state structures of complexes
supported by the dpma ligand, including several for complexes
of Cu?1-26 and Pt25:27-30, glong with a limited number with other
metals, including Pd,3! Ru,32 Hg,33 Mo,34 and Re.3> However, no
reports involving the solid-state structural characterization of
rhodium complexes of the dpma ligand have thus far appeared
in the literature,3® and no [Cp*Rh] complexes of this ligand
platform have been reported in the literature. Furthermore, our
interest in the lesser known dpma platform has been increased
by reports of C—H bond activation and olefin hydroarylation
reactivity enabled by this ligand in Pt systems.27-30 In accord with
these prior reports, we find that substitution of Me,dpma with
dpma on the [Cp*Rh] platform results in substantial structural
and chemical reactivity changes.

2. Results and Discussion
Synthesis and Spectroscopic Characterization

Complex 1-Cl was synthesized from Maitlis” useful [Cp*RhCl,],
precursor 37 using a procedure similar to literature examples for
analogous bidentate ligands (Scheme 1).1416.17 Abstraction of
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one CI-ligand per Rh center with AgPFg, removal of precipitated
AgCl, and addition of the free dpma ligand afforded target
complex 1-Cl in near-quantitative yield. Characterization for 1-
Cl was obtained by nuclear magnetic resonance (NMR)
methods. Complex 1-Cl displays a set of four distinct resonances
in the aromatic region of its 1H NMR spectrum (6 7.4-8.9 ppm),
each integrating to two protons; these signals correspond to the
four hydrogens on each of the two pyridine motifs (see Figure
S1in ESI). Asinglet at 1.57 ppm, integrating to 15 H, is indicative
of the Cp* ligand, which rotates freely in solution. No three-
bond coupling to the 100% abundance, NMR-active 103Rh
nucleus (/ = 1/2) is observed in this resonance, but one-bond
coupling to Rh is observed in the signal for the [Cp*] ring
carbons in the 13C{1H} NMR spectrum (6 97.82 ppm, d, Ycrn =
8.4 Hz; see Figure S2 in ESI).

Notably, the resonances corresponding to the hydrogens of the
bridging CH, moiety on the dpma ligand appear as distinct
doublets (6 4.57 and 4.06 ppm); each set of peaks integrates to
1 H and displays significant splitting (15.5 Hz), indicative of
geminal coupling. This appearance is reflective of the
diastereotopic nature of the two protons on this methylene
unit—while one proton is pointing toward the Cp* ligand, the
other points away from the [Cp*Rh] fragment. To assign these
two signals to the corresponding hydrogens, Nuclear
Overhauser Effect Spectroscopy (NOESY) experiments were
carried out. As shown in Figure 1, cross-peaks are observed
between the doublet at 4.06 ppm and the singlet at 1.56 ppm
(corresponding to the protons on Cp*) and between the doublet
at 4.57 ppm and one of the resonances in the aromatic region
(6 7.70 ppm), corresponding to protons on the pyridine
moieties (see also Figure S7).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Synthesis of half-sandwich rhodium complexes of the dpma ligand platform.

Given these observations, the resonances at 4.57 and 4.06 ppm
can conclusively be assigned to the downwards- and upwards-
facing protons, respectively, on the bridging methylene group
(labelled H6A and H6B, respectively, in the XRD data, vide infra).
The sharp resonances observed for the two protons on the
bridging CH, moiety indicate that these two protons do not
exchange readily on the NMR timescale, and that the complex
displays Cs symmetry in solution. Thus, exchange of the CI-
ligand (e.g. with CH3CN solvent molecules), which could activate
a fluxional process resulting in reorientation of the bidentate
dpma platform and, effectively, exchange of the two methylene
protons, appears to be slow (or entirely inoperative) on the
NMR timescale. This observation is in agreement with the
solution behavior of the related [Cp*Rh(Me.dpma)CI][PFe] (2-
Cl) complex, which displays distinct *H NMR signals (6 2.06 and
1.89 ppm, s, 3H each) for the two methyl groups on the
Me,dpma backbone.1®

Treatment of 1-Cl with 1 equiv. of AgPFe¢ in CH3CN results in very
gradual precipitation of colorless AgCl and in a concomitant
lightening in solution color from orange to light yellow.
Monitoring of reaction progress by 'H NMR indicates slow
conversion to a single new species containing both Cp* and the
dpma platform. After 3 days, the reaction was determined to be
complete by NMR, the solution was filtered, and the volatiles
were removed in vacuo to obtain 1-NCCHj; in quantitative yield.
Characterization of 1-NCCHs by 'H NMR reveals a new set of
resonances, shifted from those for 1-Cl-four signals in the
aromatic region (6 7.5-8.8 ppm), each integrating to two
protons and corresponding to the symmetric dpma framework,
a singlet at 1.63 ppm (integrating to 15 H) corresponding to the
Cp* ligand, and two doublets at 3.91 and 4.62 ppm (Zuu = 15
Hz) corresponding to the diastereotopic protons on the dpma
methylene bridge (see Figures S8-S9 in ESI for spectra).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Upper panel: partial 'H NMR (CD3CN, 500 MHz) of complex 1-Cl displaying the
resonances corresponding to the bridging methylene protons. Lower panel: partial
NOESY spectrum (CDsCN, 500 MHz) of complex 1-Cl highlighting the cross-peaks that
indicate interactions between the bridging methylene protons and other sites in the
complex (green dashed circles).

Notably, exchange of CI- for CH3CN in the present system is
substantially slower than in the case of 2-Cl, as well as other
complexes supported by similar bidentate ligands. In these
other cases, the analogous reaction is essentially instantaneous
and full conversion and precipitation of AgCl is usually observed
within less than a minute. This difference in reactivity is a
surprising consequence of substitution at the bridging position
on the ligand framework and could result from the unique
structural features of the dpma complexes 1-L vs. those of their
substituted analogues bearing Me,dpma (vide infra).

X-Ray Diffraction Studies

The structural properties of the complexes 1-L were assessed in
the solid state via single-crystal X-ray diffraction (XRD) studies.
Single crystals of 1-Cl and 1-NCCHs; were grown via vapor
diffusion of diethyl ether (Et,0) into a CH3CN solution of each
compound. Successful crystallization of 1-NCCHj3 is particularly
gratifying given the difficulties commonly encountered in the
solid state characterization of these solvento complexes, which
tend to easily desolvate.9.38 Both compounds crystallize in the
Pnma space group; in each case, both the Rh-containing
component and the outer-sphere PFs~ counteranion(s) are
located on a crystallographic mirror plane. Atoms Rh1, C6, C7,
C10, and Cl1 (1-Cl) or N3 (1-NCCH3) are located on the
crystallographic mirror plane, which bisects the C9—C9A bond in
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each complex. Thus, both complexes retain C; symmetry in the
solid state as well as in solution (vide supra).

Figure 2. Solid-state structures (XRD) of 1-Cl (upper structure) and 1-NCCH; (lower
structure). Displacement ellipsoids are shown at the 50% probability level. Hydrogen
atoms (except for H6A and H6B) and outer-sphere PFs~ counteranions are omitted for
clarity.

In the solid state, the Rh centers in complexes 1-Cl and 1-NCCH3
are six-coordinate, with the Cp* ligand bound in the expected
ns> fashion and the dpma platform bound in k2-[N,N] fashion in
each case (Figure 2). The first coordination sphere at Rh is
completed by a monodentate ligand—chloride in 1-Cl and a
CH3CN solvent molecule in 1-NCCHjs. The cationic charges from
the Rh(lll)-containing components (+1 in 1-Cl, +2 in 1-NCCH3)
are balanced by outer-sphere PF¢~ counteranions.

Due to the presence of the bridging methylene group, the dpma
ligand enforces a six-membered metallocycle (vs. the five-
membered metallocycle enforced by bpy and related ligands
that lack this bridging group, Chart 1). Consequently, the bite
angle of the dpma ligand (defined as the N1-Rh1-N2 angle) is
significantly larger (86.4(1)°) than the corresponding angle in
literature bpy complexes (=76°).3940 The dpma ligand in
complex 1-NCCH;s displays a similarly wider bite angle (85.5(2)°).
The metallocycles in 1-Cl and 1-NCCHs adopt a boat-like
conformation, with Rh1 and C6 located on the same side of a
plane defined by N1, C5, C5A, and N1A.

4| J. Name., 2012, 00, 1-3

Table 1. Selected bond/plane distances and angle in 1-Cl, 1-NCCHs, and 2-Cl.

1-Cl 1-NCCH3 2-CI?
Bond Distances (A)
Rh1-N1 2.106(2) 2.106(3) 2.130(2); 2.129(2)
Rh1-N1A 2.106(2) 2.106(3) 2.133(2); 2.122(2)°
Rh1-Ccp* (avg.) 2.163 2.160 2.175; 2.175
Rh1-Cp* ¢ 1.786 1.783 1.803; 1.803
Rhi—L 2.4078(8) 2.080(4) 2.4134(7); 2.4105(6)
(L=ql) (L = CHsCN) (L=Cl)
Bond and Plane Angles (°)
N1-Rh1-N1A 86.4(1) 85.5(2) 85.44(8); 85.58(8)¢
C5-C6—C5A 115.9(3) 117.2(4) 110.7(2); 111.5(2)¢
Cp*—(N1-Rh1-N1A)f 60.5 56.1 67.4; 66.8
Pyridine—Pyridine & 45.6 44.1 49.6; 47.8

2 Values for two independent molecules in the asymmetric unit cell listed. ® Rh1-N2
distances. ¢ Distance between Rh and the centroid of the Cp* ring. 9 N1-Rh1-N2 angles.
e C5-C6—C9 angles. f Angle between the plane defined by the Cp* ring and the plane
defined by Rh and the two pyridine N atoms. 8 Angle between the planes defined by the
two pyridine rings in the bidentate ligand.

Comparison of the structural metrics of complexes 1-Cl and 1-
NCCH; with that of 2-Cl (Table 1) is useful in assessing the
effects of the lack of methylation at the bridging position on the
coordination behavior of the dpma ligand. As previously
reported,!® the Me,dpma ligand binds to the [Cp*Rh] fragment
in similar fashion to its non-methylated analogue-via its two N
donors—although the complex crystallizes in a different space
group (P-1). Due to the six-membered metallocycle in 2-Cl,
analogous to that in 1-Cl and 1-NCCHs, the bite angle of the
Me,dpma ligand is significantly larger than that displayed by
bpy (85.44(8)° and 85.58(8)°, respectively, for the two
independent Rh complexes in the asymmetric unit cell of 2-Cl),
similar to that displayed by dpma platform in 1-Cl and 1-NCCHs.
On the other hand, methylation of the bridging position has a
much more substantial effect on the orientation of the
bidentate ligand with respect to the [Cp*Rh] fragment. In 1-Cl,
the angle between the plane defined by the five ring carbon
atoms of the Cp* ligand and the plane defined by Rh1, N1, and
N1A—a measure of the orientation of the bidentate ligand
relative to the [Cp*Rh] fragment—is 60.5°. In 2-Cl, the Me,dpma
ligand is bent further away from the Cp* fragment, with the
corresponding angles being 67.4° and 66.8°, respectively, for
the two independent molecules in the asymmetric unit cell
(Figure 3). This observation is explained by the presence of
significant steric clash in 2-Cl between [Cp*] and the upward-
facing methyl group on the ligand bridging position. In the dpma
analogue 1-Cl, this steric interaction is absent due to the lack of
methyl groups on C6. Consequently, the bidentate fragment is
found to adopt an orientation that is more similar to that of bpy,
which is also sterically unhindered due to the planar five-
membered metallocycle enforced by the conjugated ligand (cf.
~59° angle between [Cp*] and bpy planes).39.40

Notably, exchange of Cl- for CH3CN results in further narrowing
of the angle between the bidentate scaffold and the Cp* ligand
(56.1° in 1-NCCH3). This observation is likely a consequence of
the contraction of the Rh—Nncwme bond (2.080(4) A) with respect
to the Rh—Cl bond in 1-Cl (2.4078(8) A), which results in greater
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steric crowding at Rh and causes the bidentate platform to be
pushed further towards the Cp* fragment.

The consequences of steric clash between backbone methyl
groups of Me,dpma and the Cp* ligand are also evident from
differences in the conformations of the six-membered
metallocycles in complexes 1-L and 2-Cl. While none of these
metallocycles is planar, and all adopt a boat-like
conformation—i.e., the Rh center and the bridging carbon (C6)
are on the same side of the plane at the base of the “boat,”
defined by the two nitrogen and two ortho-carbon atoms (Table
2)—the respective deviations from planarity are significantly

different. In 2-Cl, Rh1 is located ca. 0.45 A from this plane, while
the distance of the plane to C6 is ca. 0.64 A. Because of the
change in orientation of the bidentate platform with respect to
the [Cp*Rh] fragment, the corresponding distortions in 1-Cl are
substantially different, with Rh1l and C6 located 0.79 and 0.57
A, respectively, from the N1-C5-C5A-N1A plane. Notably,
rotation of the dpma ligand in 1-NCCHs toward Cp* further
exacerbates these distortions, with Rh1l located further away
from the boat plane (0.94 A) and C6 located closer to the same
plane (0.54 A) than in either 1-Cl or 2-Cl.

1-Cl

1-NCCH,

2-Cl

Figure 3. Comparison of the solid-state structures of complexes 1-Cl (left), 1-NCCH3 (middle), and 2-Cl (right) highlighting the orientation of the bidentate bis(pyridine)
ligand framework relative to the Cp* motif as a function of ligand substitution and identity of monodentate ligand (CI- vs. CH3;CN).

Table 2. Selected structural parameters in six-membered metallocycles in 1-L and
2-Cl complexes.

R
Ce.
R T \/C1A‘ "Nyal/ 3h1

de+ Cy==N{ <+,

1-Cl (R=H) 1-NCCHj; (R=H) 2-Cl (R=CHs)?
de 0.57A 0.54 A 0.64 A
din 0.79A 0.94 A 0.45A

2 Average value from two independent molecules in the asymmetric unit cell.

Thus, despite their similar structural features, complexes of the
dpma and Me,dpma ligands display key differences as a
consequence of ligand methylation. In particular, steric clash
between the bulky Cp* and methyl groups on the bis(pyridyl)
framework affects the binding orientation of the bidentate
ligand as well as the distortions of the six-membered
metallocycles enforced by these platforms. These variations
appear to be sufficiently significant to result in changes in the
reactivity profile of these species as observed in the qualitative
relative rates of CI- abstraction in 1-Cl vs. 2-Cl.

Electrochemistry

The effects of the absence of methylation on the dpma
backbone on the properties of its [Cp*Rh] complexes were
further studied by electrochemical methods. Cyclic
voltammograms (CVs) of complex 1-Cl in CH5CN (see Figure S15
in ESI) reveal a complex profile, with multiple irreversible

This journal is © The Royal Society of Chemistry 20xx

electron transfer (ET) events. In cathodic scans starting at
positive potentials (>0.5 V vs. the ferrocenium/ferrocene
couple, hereafter denoted as Fc*/9), a first set of reduction
events was observed near —1.5 V vs. Fc*/%; further scanning
reveals additional reduction events between —=1.6 and =2 V vs.
Fc*/9, On the return anodic scans, multiple oxidation events are
observed between —-1.5 and +0.5 vs. Fc*/9. Furthermore,
sequential scans display different features (see Figure S16 in
ESI), suggesting that electron transfer in solution leads to
generation of multiple species and/or modification of the
electrode surface.

These observations are consistent with the electrochemical
behavior of 2-Cl, which likewise displays a complex profile in
cyclic voltammetry experiments. In complex 2-Cl, the presence
of a coordinating CI- counteranion has a deleterious effect on
the electrochemical behavior of the [Cp*Rh(Me,dpma)]?*
system due to generation of the known Rh(ll) dimer [Cp*RhCl];
upon initial 1e- reduction.194142 On the other hand,
electrochemical studies carried out on the solvento complex 2-
CH3CN (in the explicit absence of CI-) reveal the rich
electrochemical profile of this system, masked in other
experiments by Cl--promoted degradation of reduced material
produced in situ. On the basis of these observations, we
hypothesized that Cl- could play a similar role in complex 1-Cl,
and therefore undertook electrochemical characterization of 1-
NCCHs.

CVs of 1-NCCH3 (Figure 4) reveal a quasireversible reduction
event centered at —1.10 V vs. Fc*/® (AE, = 95 mV, similar to Fc*/©
under our conditions); at more negative potentials (< —1.6 V vs.
Fc*/9) a set of broad, irreversible reductions are observed, giving
rise to several anodic features (see Figure S18 in ESI). The event
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at —1.10 V is consistent with le- reduction of 1-NCCHs to a
rhodium(ll) species due to marked similarity with the Rh(lll/Il)
couple in 2-NCCHj3,1° as well as with the potentials required for
initial reduction of other [Cp*Rh] complexes supported by other
a-diimine ligands.1417.43 Furthermore, the pyridine fragments of
the dpma ligand are likely redox-inactive at these potentials,**
further corroborating the assignment of the observed process
as a Rh-centered event. However, the rhodium(llI/1l) couple in
the present system is observed at a significantly more negative
potential (AE1> = 0.25 V) than the corresponding process in 2-
NCCH3 (E1/2 =—0.85 V vs. Fc*/9; Figure 5), indicating 1-NCCH3 is a
significantly weaker oxidant than its Me,dpma-supported
analogue. The structural changes engendered by substitution of
ClI- with CH3CN in complex 1-L, whereby the bidentate ligand
adopts a different orientation may explain the observed
difference in reduction potential; the narrowing of the angle
between the bidentate platform and the Cp* ring may improve
overlap between bis(pyridyl) donor orbitals and orbitals on Rh,
resulting in stronger bonding and in a consequently more
electron-rich Rh center. Although a solid-state structure for 2-
NCCHs is not available, and direct comparison of the bond
metrics for the two complexes used in electrochemical studies
is therefore not possible, we tentatively propose that an
analogous reorientation of the bidentate ligand in 2-NCCH3
would be hindered by the backbone methyl substituents,
thereby resulting in the observed positive shift in potential for
the corresponding Rh(llI/1l) couple. Alternatively, binding of
CH3CN to Rh in 2-NCCH3 may be hindered by the more sterically
hindering methylated backbone, which would result in
decreased electron density at Rh and, consequently, in a more
positive Rh(l1/11) reduction potential for the complex supported
by the methylated backbone. Notably, this rationale is
supported by the slightly elongated Rh—Cl distances in 2-Cl vs.
1-Cl (Table 1).
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Figure 4. CV data (CH3CN, 0.1 M ["BuyN][PF¢]) for 1-NCCHs.
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Figure 5. CV data (CH3CN, 0.1 M ["Bu,N][PF¢]) for 1-NCCHj; (blue line) and 2-NCCHj3 (black
line).

The observation of multiple reductive and oxidative events
following the initial, quasireversible 1e~ reduction indicates that
introduction of further electron equivalents to the nascent
Rh(ll) complex results in substantial speciation. This finding
stands in stark contrast with the electrochemically irreversible
(Epc = —1.50V, Epa = —1.02 V vs. Fc*/0) but chemically reversible
le~ process corresponding to generation of a stable rhodium(l)
complex in 2-NCCHs. Thus, while 2e~ reduction of 2-NCCHs
results in formation of a stable, formally Rh(l) complex in which
one of the pyridine groups of the Me,dpma ligand is facially
bound to Rh via its aromatic m-system, double reduction of 1-
NCCH; results in degradation of the complex. These
observations indicate that methylation of the bis(pyridyl)
backbone is crucial to enabling access to highly-reduced species
on these platforms.

Furthermore, potential cycling within the potential window of
the quasireversible rhodium(ll1/11) couple in 1-NCCHjs results in
gradual changes to the CV profile (see Figure S21 in ESI). These
changes in the voltammetric response suggest that the le-
reduced complex may be unstable at timescales longer than
that of a single CV experiment; a lack of any detectable
degradation in the related electrochemical data for 2-NCCH3
supports a role for the backbone methyl groups in stabilizing the
electron-rich reduced metal center as we have previously
discussed.1?

Chemical Reactivity Studies

On the basis of the observed electrochemical profile of
complexes 1-L, we next endeavored to study the chemical
reduction of these species in order to provide evidence for
assignment of the various reduction processes observed in CV
experiments. In particular, le- reduction of 1-NCCHs; was
targeted to conclusively identify the putative Rh(ll) complex
analogous to [Cp*Rh'(Me,dpma)l]*, and addition of multiple
reducing equivalents was studied to assess the fate of the
complex upon degradation. These investigations provide
further insight into the consequences of methylation at the
bridging methylene position in these bis(pyridyl) scaffolds and
their [Cp*Rh] complexes.

This journal is © The Royal Society of Chemistry 20xx



Treatment of 1-NCCH3 with a slightly substoichiometric (0.95
equiv.) amount of cobaltocene (Cp,Co, E1/» =—1.34 V vs. Fc*/0)45
in a THF/CHsCN mixture results in a color change from yellow to
dark purple. Removal of volatiles in vacuo and analysis of the
dark-colored residue by NMR reveals the appearance of
cobaltocenium ([Cp2Col*, 6 5.67 ppm;46 see Figure S11 in ESI) as
the primary diamagnetic component of the product mixture.
Concurrently, disappearance of the signals associated with 1-
NCCH:; indicate conversion of the diamagnetic starting material
to a paramagnetic compound. A set of broad peaks was
observed at 16-18 ppm, consistent with paramagnetically
shifted resonances associated with a one-electron reduced
complex (see Figure S11 in ESI). Additionally, multiple minor
diamagnetic resonances (< 10% vs. [Cp,Co]*) were observed in
the aromatic and aliphatic regions, indicating the possible
presence of degradation products in agreement with the partial
degradation observed during electrochemical experiments
(vide supra). Attempts to cleanly isolate the putative Rh(ll)
species generated upon reduction (3, Scheme 1) were
unsuccessful due to the similar solubility profiles of all
components in the product mixture. Likewise, attempts to
obtain single crystals suitable for XRD have not been successful.
Therefore, we turned to electron paramagnetic resonance (EPR)
spectroscopy to probe the identity of the paramagnetic
product(s).
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Figure 6. Blue line: perpendicular-mode X-band EPR spectrum of the product of
reduction of 1-NCCH3 with Cp,Co (3:1 toluene/CH3CN, 10 K, frequency = 9.64077 GHz,
power = 2 mW). Black line: Easyspin simulation of EPR data (see ESI for simulation
parameters).

EPR data for this material obtained at 10 K in a frozen 3:1
toluene/CH3CN mixture reveal a complex signal near g = 2
(Figure 6). The experimental data was modelled using the
Easyspin?’ package in MATLAB, and was best fit as a two-
component mixture: component A displays a rhombic signal (gx
=2.17, g, =2.03, g, = 1.93) with small hyperfine coupling to the

This journal is © The Royal Society of Chemistry 20xx

I =1/2 13Rh nucleus; component B, on the other hand, displays
an isotropic (g = 2.04) signal broadened by significant
unresolved hyperfine couplings. The ratio of the two
components obtained from the fitting program was A:B=1.2/1
(see Figure S20 in ESI for further modelling parameters). The
rhombic signal observed for component A is consistent with a
Rh-centered radical as expected for Rh(ll) complex 3 (Scheme
1), analogous to the Rh(ll) complex generated by le~ reduction
of 2-NCCHjs, for which we have previously reported conclusive
assignment via structural characterization by XRD. EPR
signatures similar to that observed for component A in the
present work have been reported for literature complexes
featuring Rh centers in the unusual +Il oxidation state.4854
However, we note here that, in the absence of structural data,
retention or loss of the Rh-bound CH3CN solvent molecule in 3
cannot be conclusively established. The Rh(ll) complex
supported by the Me,dpma platform is a 17e~ species in which
the CHsCN ligand is absent; however, the differences in binding
profile between dpma and Me,dpma and in the propensity of
the complexes of these ligands to undergo ligand exchange
(vide supra) may favor generation of a 19e~ species in this case.
The observation of a signal for a second paramagnetic species
indicates that degradation can occur during reduction of 1-
NCCHj3;, corroborating the electrochemical data. The broad
appearance of this signal supports its assignment as a metal-
based radical rather than organic radical species. However, in
the absence of additional structural information, the identity of
component B cannot be conclusively determined. Therefore, on
the basis of these EPR data, we conclude that 1e~ reduction of
1-NCCHj3; results in generation of Rh(Il) complex 3 (component
A in the EPR spectrum), indicating that the dpma platform can
support a Rh(ll) center, even in the absence of stabilizing
interactions with backbone C—H bonds. On the other hand, the
observation of multiple paramagnetic components in the
product mixture implicates generation of multiple products
during reduction of 1-NCCHs.

As electrochemical experiments indicate that reduction of 3 is
accompanied by substantial follow-up chemical reaction steps,
further chemical reduction experiments were undertaken to
provide insight into the possible product(s) of these chemical
processes. Treatment of a tetrahydrofuran (THF) suspension of
1-Cl with excess sodium-mercury amalgam (Na(Hg), a common
reagent for preparation of highly-reduced Rh half-sandwich
complexes3855) results in a moderately rapid (~30 min) change
in color from yellow-orange to dark purple, as well as
generation of a more homogeneous reaction solution. Analysis
of the reaction mixture by spectroscopic methods was carried
out following filtration of the reaction mixture to remove excess
Na(Hg) and Na* salts and removal of volatile materials in vacuo.
The resulting dark purple residue was no longer soluble in polar
solvents such as CH3CN, indicating a substantial change in the
overall charge of the species, consistent with reduction, as
observed in analogous literature complexes.14.16.19
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Scheme 2. Proposed decomposition pathway via electron and proton transfer steps.

The *H NMR spectrum of the dark purple material in ds-benzene
(CeDg) indicates generation of multiple new species (Figure S12
in ESI); two resonances were observed in the region near 1.86
ppm, suggesting the presence of multiple Cp* environments,
and thus multiple [Cp*Rh] products, as well as some free (i.e.
not Rh-bound) dpma ligand. In accordance with this
assignment, multiple sets of pyridine resonances were observed
in the aromatic region. Attempts to separate the multiple
components were unsuccessful, and subsequent 'H NMR
experiments revealed substantial decomposition of the initial
mixture over time, making assignment of the identity of the two
reduced products challenging. (See Figure S12 in ESI for all
spectra discussed here).

Treatment of 1-Cl with Na(Hg) for longer times (2-16 hours)
engenders a further color change from dark purple to brown. *H
NMR analysis following workup indicated a significantly more
complex mixture than that observed at shorter reaction times,
indicating substantial decomposition following delivery of
additional reducing equivalents. However, a signal observed at
—14.6 ppm in the NMR of this mixture is consistent with
generation of a metal-hydride species, providing a key insight
into the identity of one of the products of the double reduction
of 1-Cl.

Given the known deleterious effects of Cl- on the 1e~ reduction
of both 1-Cl (on the basis of its electrochemical behavior, vide
supra) and 2-Cl (on the basis of both electrochemical and
chemical evidence),’® we additionally attempted double
reduction of 1-NCCH3 to determine whether Rh(l) compounds
could be cleanly isolated via this route. Treatment of 1-NCCH3
with 1.9 equiv. Cp*Co, (Ei2 = —-1.91 V vs. Fc*/9)% in
CH3CN/tetrahydrofuran (THF) results in a change in color from
bright yellow to brown. After 1 h, the volatiles were removed in
vacuo, and the residue extracted with hexanes. This solution
was filtered, and the solvent was evaporated to give a red-
brown material. 'H NMR analysis revealed a complex mixture of
compounds as indicated by the intricate aromatic and aliphatic
regions, and generation of a substantial amount of free dpma
ligand (see Figure S13 in the ESI). Additionally, signals in the

further
— > decomposition

traditional
observed, indicating partial generation of metal-protonated
species, as well as several peaks with substantial downfield
shifts (15 to 65 ppm), suggesting formation of paramagnetic
compounds.

Despite the complex mixtures obtained in attempts at double

metal-hydride region (-8 to -12 ppm) were

reduction of Rh(lll) complexes 1-Cl and 1-NCCHs, the
observation of metal-hydride species provides key evidence on
of the products of the chemical reaction steps accessible to
reduced forms of 1-L (see Figure S12 in ESI). Reduction of 1-L to
arhodium(l) species can be reasonably expected to significantly
increase the basicity of the metal complex—rhodium(l)
complexes supported by various bidentate ligands are well
known to undergo protonation with mild organic acids (e.g.
[EtsNH]*, pK; = 18.9 in CH3CN).13.14.56 Furthermore, interaction
between the rhodium(ll) center supported by the Me,dpma
framework and a backbone methyl C—H bond can be attributed
to significant basicity of the metal center (E,(Rh"/Rh') = -1.5 V
vs. Fc*/0),19

However, unlike previously studied bidentate platforms, the
dpma ligand possesses two doubly benzylic C—H bonds on the
inter-ring bridging methylene group. These are likely to be
sufficiently acidic (cf., the pK, of the benzylic proton in 9-CN-
fluorene, 21.4 in CH3CN)>¢ to protonate nascent reduced
species. Furthermore, we note that the binding of dpma to
rhodium(lll), as in 1, likely further increases the acidic nature of
these protons. In agreement with this interpretation of the
observed data, deprotonation of the methylene bridging
position of a boron-bound dpma ligand by free dpma has been
reported.20

On the basis of the observed NMR and electrochemical data, a
plausible pathway to explain conversion of 1-L into multiple
species upon reduction can be formulated (Scheme 2). Initial
generation of a rhodium(l) species from 1-L, in the presence of
residual rhodium(lll) complex, could lead to partial protonation
of the reduced complex(es) by 1-L. The deprotonated 1-L, now
supported by an anionic LX-type ligand, could then undergo
subsequent reduction leading to further decomposition. Based



on the intractable mixtures obtained from chemical reduction
experiments, it is apparent that the protonated species
supported by the dpma ligand are also unstable, a clear
departure from the stability of the protonated complexes—
including both [Cp*H] and [Rh—H] species—supported by other
bidentate ligands.13.16.17

3. Conclusions

Half-sandwich rhodium complexes of the bis(pyridyl) dpma
ligand have been prepared and characterized by spectroscopic,
structural, and electrochemical methods. The absence of
methylation at the bridging methylene position in this platform
vs. its previously reported Me,dpma analogue has substantial
effects on the properties and reactivity profile of [Cp*Rh]
complexes. In primis, while both ligands enforce a six-
membered metallocycle that results in a wider bite angle than
those enforced by other common bidentate ligands, the less
bulky dpma ligand can twist further towards the Cp* ligand than
its more sterically hindered analogue. Though subtle, this
change appears to have a significant effect on the relative
reactivity of the two complexes, as the qualitative rate of
chloride abstraction is much slower for dpma-supported
complex 1-Cl than Me,dpma complex 2-Cl.

Electrochemical studies in the absence of chloride reveal that
solvento complex 1-NCCH; undergoes a quasireversible one-
electron reduction at —1.10 V vs. Fc*/%. In accord with this
finding, chemical reduction experiments with Cp,Co suggest
generation of rhodium(ll) complex 3 as part of a mixture of
paramagnetic species. This behavior closely resembles that of
the complexes of the Me,dpma ligand, although both
electrochemical and chemical experiments also indicate
significant degradation during reduction in the dpma reactivity
described here. Additionally, the change in substitution on the
ligand scaffolds also results in a substantial (250 mV) shift to
more negative potential for the Rh(lll/Il) reduction of the dpma-
ligated 1-NCCHs, underscoring the significance of the change in
ligand orientation engendered by the unsubstituted bridging
methylene group.

Electrochemically, initial 1e- reduction of 1-NCCHjs is followed
by multiple irreversible reductive processes consistent with
chemical reactivity that follows transfer of additional reducing
equivalents. Chemical reduction experiments to investigate
these follow-up reactions reveal substantial degradation,
including generation of at least one metal-hydride species as
observed via 'H NMR. These observations can be readily
rationalized by the presence of two doubly benzylic protons on
the bridging methylene group of the dpma scaffold—upon
generation of highly basic reduced species beyond rhodium(ll),
deprotonation of the dpma scaffold on a second rhodium
complex (Scheme 2) can occur. This behavior stands in stark
contrast with that of the analogous Me,dpma complexes, in
which reduction to a formally rhodium(l) complex is enabled by
rearrangement of the bis(pyridyl) ligand to bind to the Rh center
via the it system of one of its pyridine rings. Thus, the observed
participation of the dpma ligand scaffold in H*-transfer
reactivity highlights the importance of the absence of acidified
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benzylic protons in the design of ligand platforms to support
reducing, and thus relatively basic, half-sandwich complexes.

4. Experimental Section
General Considerations

All manipulations were carried out in dry N»-filled gloveboxes
(Vacuum Atmospheres Co., Hawthorne, CA) or under N;
atmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and
dried over activated alumina using a PPT Glass Contour
(Nashua, NH) solvent purification system prior to use, and were
stored over molecular sieves. All chemicals were from major
commercial suppliers and used as received after extensive
drying. [Cp*RhCl;]; and dpma were prepared according to
literature procedures.37.57.58 CD3CN was purchased from
Cambridge Isotope Laboratories and dried over 3-A molecular
sieves. 1H, 13C, 1°F, and 31P NMR spectra were collected on 400
or 500 MHz Bruker spectrometers and referenced to the
residual protio-solvent signal*® in the case of 'H and 13C.
Heteronuclear NMR spectra were referenced to the appropriate
external standard following the recommended scale based on
ratios of absolute frequencies (=).69.61 19F NMR spectra are
reported relative to CCIsF, and 3P NMR spectra are reported
relative to H3PO,4. Chemical shifts (6) are reported in units of
ppm and coupling constants (J) are reported in Hz. Electronic
absorption spectra were collected with an Ocean Optics Flame
spectrometer, in a 1 cm pathlength quartz cuvette. Elemental
analyses were performed by Midwest Microlab (Indianapolis,
IN).

Electrochemistry

Electrochemical experiments were carried out in a nitrogen-
filed glove box. 0.10 M tetra(n-butylammonium)
hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in
acetonitrile served as the supporting electrolyte.
Measurements were made with a Gamry Reference 600 Plus
Potentiostat/Galvanostat using a standard three-electrode
configuration. The working electrode was the basal plane of
highly oriented pyrolytic graphite (HOPG, GraphiteStore.com,
Buffalo Grove, Ill.; surface area: 0.09 cm?2), the counter
electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA;
99.99%, 0.5 mm diameter), and a silver wire immersed in
electrolyte served as a pseudo-reference electrode (CH
Instruments). The reference was separated from the working
solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene
(Sigma Aldrich; twice-sublimed) was added to the electrolyte
solution at the conclusion of each experiment (~¥1 mM); the
midpoint potential of the ferrocenium/ferrocene couple
(denoted as Fc*/%) served as an external standard for
comparison of the recorded potentials. Concentrations of
analyte for cyclic voltammetry were typically 2 mM.

Synthetic Procedures

Synthesis of 1-Cl. To a suspension of [Cp*RhCl,], (0.6688 g, 1.08
mmol) in 5 mL acetonitrile (CH3CN) were added dpma (0.3684
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g, 2.16 mmol, 2 equiv) and AgPFs (0.5472 g, 2.16 mmol, 2 equiv)
as CH3CN solutions. The color of the reaction mixture rapidly
changed from brick-red to yellow-orange, and a colorless
precipitate formed. After 30 min, the suspension was filtered to
remove the AgCl byproduct, and the volume of the filtrate was
reduced to ca. 5 mL. Addition of diethyl ether (Et,O, 20 mL)
caused precipitation of a yellow-orange solid, which was
collected by filtration (1.2386 g, 97%). Single-crystals suitable
for X-ray diffraction studies were obtained by vapor diffusion of
Et,0 into a concentrated CH3CN solution of the title compound.
1H NMR (500 MHz, CD3CN): 6 8.79 (d, 3Jun = 5.8 Hz, 2H, H1), 7.98
(m, 2H, PyH), 7.69 (d, 3Jun = 7.9 Hz, 2H, H4), 7.48 (m, 2H, PyH),
4.51 (d, Zun = 15.5 Hz, 1H, H6A), 4.06 (d, 2Jun = 15.4 Hz, 1H,
H6B), 1.58 (s, 15H, Cs(CHs)s) ppm. 33C{*H} NMR (126 MHz,
CDsCN): & 157.09 (C5), 155.69 (C1), 141.28, 127.09, 125.93,
97.82 (d, Ycrh = 8.4 Hz, Cs(CH3)s), 46.69 (C6), 9.26 (Cs(CH3)s)
ppm. 31P{1H} NMR (162 MHz, CD3CN): &6 145.48 (sept, Upr =
706.4 Hz, PFg~) ppm. 1°F NMR (376 MHz, CDsCN): & —73.73 (d,
Yep = 706.4 Hz, PFs") ppm. Electronic absorption spectrum
(CHsCN): 236 (19,600), 260 (11,800), 367 nm (2,700 M-1 cm-1).
Anal. Calcd. for C31H2sCIFgN,PRh: C, 42.84, H, 4.28, N, 4.76 %;
Found: C, 43.02, H, 3.99, N, 5.07 %.

Synthesis of 1-NCCHs. To a solution of 1-Cl (0.0728 g, 0.124
mmol) in CH3CN (5 mL) was added a solution of AgPFs (0.0313
g, 0.124 mmol, 1 equiv.) in CH3CN. The reaction vessel was
sealed and covered with aluminium foil, and the reaction
mixture was stirred in the dark for 3 days. After 3 days, a
colorless precipitate had formed, which was filtered off.
Volatiles were removed from the filtrate in vacuo to obtain 1-
NCCH;s as a yellow foamy solid in quantitative yield. Single-
crystals suitable for X-ray diffraction studies were obtained by
vapor diffusion of Et,0O into a concentrated CHsCN solution of
the title compound. H NMR (500 MHz, CD3CN): 6 8.74 (dd, 3Ju,n
=5.7, *un = 1.6 Hz, 2H, H1), 8.10 (m, 2H, PyH), 7.81 (d, 3Jun =
7.8 Hz, 2H, H4), 7.61 (t, 3Jun = 6.8 Hz, 2H, PyH), 4.63 (d, Zun =
15.8 Hz, 1H, H6A), 3.91 (d, 2Jy,n = 15.7 Hz, 1H, H6B), 1.63 (s, 15H,
Cs(CHs)s) ppm. 13C{*H} NMR (126 MHz, CD3sCN): 6 156.83 (C5),
154.61 (C1), 142.32, 128.40, 127.09, 100.85 (d, Ycrn = 8.2 Hz,
Cs(CHs)s), 46.70 (C6), 9.36 (Cs(CHs)s) ppm. 31P{IH} NMR (162
MHz, CD3CN): 6 —144.61 (sept, YJpr = 706.6 Hz, PFs~) ppm. 1°F
NMR (376 MHz, CD3CN): 6 —72.88 (d, WUep = 706.4 Hz, PFs™) ppm.
Electronic absorption spectrum (CH3CN): 237 (20,400), 261
(8,500), 347 nm (3,300 M cm). Anal. Calcd. for
Ca3HasF12N,P2Rh: C, 37.37, H, 3.82, N, 5.68 %; Found: C, 37.08,
H, 3.61, N, 5.58 %.
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