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Abstract

[Cp*Rh] complexes (Cp* = 7P-pentamethylcyclopentadienyl) supported by bidentate chelating ligands are
useful in studies of redox chemistry and catalysis, but little information is available for derivatives bearing
“hybrid” [P,N] chelates. Here, the preparation, structural characterization, and chemical and electrochemical
properties of a [Cp*Rh] complex bearing the «?-[P,N]-2-[(diphenylphosphino)methyl]pyridine ligand (PN) are
reported. Cyclic voltammetry data reveal that [Cp*Rh(PN)CI]PFs (1) undergoes a chemically reversible, net
two-electron reduction at —1.28 V vs. ferrocenium/ferrocene, resulting in generation of a rhodium(I) complex
(3) that is stable on the timescale of the voltammetry. However, 'H and *'P{'H} NMR studies reveal that
chemical reduction of 1 generates a mixture of products over a 1 h timescale; this mixture forms as a result of
deprotonation of the methylene group of 1 by 3 followed by further reactivity. The analogous complex
[Cp*Rh(PQN)CI]PFs (2; PQN = «?-[P,N]-8-(diphenylphosphino)quinoline) does not undergo self-deprotonation
or further reactivity upon two-electron reduction, confirming the reactivity of the acidic backbone methylene C—
H bonds in the PN complexes. Comparison of the electrochemical properties 1 and 2 also shows that the extended
conjugated system of PQN contributes to an additional ligand-centered redox event for 2 that is absent for 1.

1. Introduction

Identification of ligand structure-function
relationships is an important strategy for rational
design of organometallic catalysts. In redox
chemistry, substitution of one ligand for another
often results in significant changes to the properties
of the target metal complex, for example in shifted
reduction potential, reactivity, or basicity.! Such
shifts can often lead to marked changes in catalytic
effectiveness, especially in molecular catalysis of
small-molecule activation reactions requiring
effective management of both protons (H") and
reducing equivalents (e7). Efforts to understand how
ligands impact transfer of H'/e™ form the basis of
strategies aimed at tuning of catalysts and
improving catalytic efficiencies.> However, these
efforts remain challenging due to the propensity of
both metal centers and ligands to become directly
involved in reactivity.?

We have been working to understand the
reactivity properties of a model family of
organometallic rhodium complexes that can serve,
in several cases, to couple H'/e™ equivalents and
catalyze production of H;. The complexes are
supported by the n’-pentamethylcyclopentadienyl

(Cp*) ligand, as well as an additional bidentate
ligand. The parent catalyst in this family,
[Cp*Rh(bpy)CI]" (A, Chart 1), is supported by the
workhorse  2,2"-bipyridyl (bpy) ligand. This
complex was reported in 1987 by Kdlle and Grétzel
as a catalyst for H, production,* and by other groups
to serve as a catalyst for NAD" reduction to
NADH.> For many years, this catalyst was
presumed to operate via a rhodium(Ill) hydride
intermediate, although such a species had not been
isolated or fully characterized. New interest in this
species was piqued by reports from our group® and
others’ showing that exposure of the reduced form
of A, Cp*Rh(bpy), to weak proton sources results in
generation of an isolable compound bearing the
endo-n*-pentamethylcyclopentadiene ligand (n*-
Cp*H), generated by transfer of H" to the Cp*
ring.®® (n.b., the endo face of the ring is defined as
the one facing the metal center). Related reactivity
studies have demonstrated that the exposure of the
compound bearing (n*-Cp*H) to a sufficiently
strong acid results in quantitative generation of H»
and regeneration of (n’-Cp*). Inspired by this rather
uncommon chemistry, we have been investigating
synthesis and reactivity of other [Cp*Rh]
complexes supported by various bidentate ligands
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Chart 1. Series of half-sandwich rhodium complexes.

Along this line, we have shown that reduction
and protonation of a [Cp*Rh] complex (B) bearing
the 1,2-bis(diphenylphosphino)benzene (dppb)
ligand affords access to a stable rhodium(IIl)
hydride.!® Unlike the [n*Cp*H] complexes
mentioned above, this [Rh™-H] complex is
remarkably resistant to protonolysis.®”!"!? This
result agrees with the high apparent stability of
other half-sandwich rhodium hydride complexes
studied in different contexts,'> as well as the
reactivity properties of rhodium hydrides supported
by other ligand sets.'* However, the high stability of
the dppb-supported hydride renders it somewhat
less applicable to model studies of more reactive
[Cp*Rh] systems.

More recently, we have reported the synthesis
and reactivity of a [Cp*Rh] complex (2) supported
by a hybrid ligand, 8-(diphenylphosphino)quinoline
(PQN)."> PQN presents a triarylphosphine donor
and an imine donor with appropriate placement for
binding to [Cp*Rh] in a five-membered
metallacycle. Use of PQN engenders intriguing
properties that are intermediary between those of
systems bearing diimine ligands and dppb. In
particular, use of PQN favors generation of an
isolable [Rh"-H] species that can, unlike its dppb
analogue, undergo protonolysis and evolve H> (see
Scheme 1). Moreover, 2 displays especially rich
reductive electrochemistry, undergoing a two-
electron reduction to form Cp*Rh(PQN) at—1.19 V

vs. Fc™® (all potentials referenced to
ferrocenium/ferrocene, denoted hereafter as Fc™?)
that can be further reduced by one electron at —2.26
V vs. Fc™’°,
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Scheme 1. H, evolution chemistry with the Cp*Rh(PQN)
platform.

Despite these features, the only [Cp*Rh]
system supported by a hybrid [P,N] chelating ligand
that has been investigated for its reactivity
properties is this example bearing PQN."> Because
of the especially useful properties engendered by
this donor set, we imagined that probing the
synthesis and reactivity profile of [Cp*Rh] species
supported by other hybrid [P,N] ligands could be a
useful strategy for understanding the reactivity
properties of this family of compounds. Along this
line, our attention was drawn to the x*-[P,N]-2-
[(diphenylphosphino)methyl]pyridine ligand,
commonly known as PN; this ligand is chelating,
much like PQN, but  presents an
alkyldiarylphosphine donor and an imine donor for
binding to a central metal. Importantly, although the
coordination chemistry of PN ligands has been
studied with a variety of transition metals,'® only a
few Rh complexes supported by PN are known.!” In
particular, we were pleased to find that structural
data from X-ray diffraction (XRD) analysis was
available in the Cambridge Structural Database'®
for [Cp*Rh(PN)CI]PFs (1)," suggesting that this
compound could be prepared. However, no
information on the synthetic methods needed for
preparation of 1 or information regarding its
properties are available, encouraging further work
to establish how its reactivity compares with other
members of our family of complexes from previous
studies.

Here, we report the synthetic procedures,
characterization data, and reactivity studies of the



[Cp*Rh] complex 1 supported by PN. New
structural data for 1 from XRD are compared both
to that previously available'® as well as to our prior
data for the PQN-ligated analogue 2;"° these
analyses suggest that PN is a slightly more effective
donor than PQN to Rh. Consistent with this
structural data, 1 undergoes a net two-electron
reduction near —1.28 V vs. Fc'°, a value that is
significantly more negative than that of 2, resulting
in generation of a transient rhodium(I) complex (3)
that is stable on the timescale of voltammetry. 3
displays no further reductions in our accessible
solvent window. Chemical reduction of 1 with
Na(Hg), however, does not yield 3 as an isolable
compound; rather, a mixture of products forms as a
result of further reactivity leading to generation of
several observable compounds that has been studied
by 'H and *'P{'H} nuclear magnetic resonance
(NMR). Taken together, the results suggest that the
highly basic nature of 3 and the acidic backbone C—
H bonds of PN engender unexpected reactivity upon
chemical reduction of 1 that is unavailable in 2,
which lacks acidic backbone protons. Avoidance of
acidic moieties in supporting ligands is thus a
strategy that can guide future work with highly
basic [Cp*Rh] complexes intended for study of
H'/e” management in catalysis.

2. Experimental
2.1 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*RhCly], was prepared according to
literature procedure.’® The PN ligand was
synthesized by the method of Hung-Low.*!
Deuterated NMR solvents were purchased from
Cambridge Isotope Laboratories; CD3CN was dried
over molecular sieves and C¢Ds was dried over
sodium/benzophenone. 'H, *C, and *'P 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 'C.

Heteronuclear NMR spectra were referenced to the
appropriate  external standard following the
recommended scale based on ratios of absolute
frequencies (2).2

2.2 Electrochemistry

Electrochemical experiments were carried out
in a nitrogen-filled 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?), 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 1 mM.

2.3 Crystallography

A full hemisphere of diffracted intensities (560
5-second frames with an @ scan width of 1.00°) was
measured for a single-domain crystal of 1 using
graphite-monochromated Mo Ka radiation (A =
0.71073 A) on a Bruker SMART APEX CCD
Single Crystal Diffraction System. X-rays were
provided by a fine-focus sealed X-ray tube operated
at 50 kV and 35 mA. Preliminary lattice constants
were determined with the Bruker program
SMART.* The Bruker program SAINT? was used
to produce integrated reflection intensities from the
frames and determine final lattice constants using
8486 peak centers. The data set was corrected
empirically for variable absorption effects using
equivalent reflections. The Bruker software
package SHELXTL was used to solve the structure
using “direct methods” techniques. All stages of
weighted full-matrix least-squares refinement were
conducted using Fo, data with the v2014.11-0
software package.”® Relevant crystallographic and



refinement data are given in Table S1 of the
Supporting Information document.

The final structural model for 1 incorporated
anisotropic thermal parameters for all nonhydrogen
atoms and isotropic thermal parameters for all
hydrogen atoms. All non-methyl hydrogen atoms
were fixed at idealized riding model sp’ or sp’-
hybridized positions with C-H bond lengths of 0.94
or 0.97 A. All five [Cp*] methyl groups were
incorporated into the structural model as sp’-
hybridized rigid groups with C-H bond lengths of
0.98 A that were allowed to rotate freely about their
C-C bonds in least-squares refinement cycles. The
isotropic thermal parameters of all hydrogen atoms
were fixed at values 1.2 (nonmethyl) or 1.5 (methyl)
times the equivalent isotropic thermal parameter of
the carbon atom to which they are covalently
bonded.

2.4 Synthesis

2.4.1 Synthesis of
2-[(Diphenylphosphino)methyl]pyridine

PN was synthesized according to a modified
literature procedure.?! A solution of n-butyllithium
in tetrahydrofuran (2.03 mL, 2.65 mmol, 1 equiv.)
was added to a “thawing” sample of 2-picoline in
tetrahydrofuran (0.500 g, 5.4 mmol, 1 equiv.) that
had been previously frozen at in a cold well in an
inert atmosphere glovebox with liquid nitrogen (—
196 °C). Allowing the sample to melt upon addition
of the n-butyllithium solution over 20 min resulted
in a bright orange solution. This solution containing
n-butyllithium and 2-picoline was then refrozen in
the same manner, and subsequently a solution of
chlorodiphenylphosphine in tetrahydrofuran (1.185
g, 5.37 mmol, 1 equiv.) was added. Allowing the
mixture to warm to room temperature and stir for 2
h yielded a bright yellow solution. The solution was
filtered, and volatiles removed in vacuo to yield a
dark orange solid. Direct extraction with hexane
(without use of an acid/base extraction step as
previously called for in ref. 21) and removal of the
volatiles in vacuo yielded a useful quantity of an air-
sensitive white solid. (Yield: 0.385 g, 26%)
Spectroscopic data for the isolated material agreed
with those previously reported for PN.?’

2.4.2 Synthesis of 1

To a suspension of [Cp*RhCl], in acetonitrile
(0.110 g, 0.177 mmol, 1.0 equiv.) were added
AgPFs(0.180 g, 0.712 mol, 2 equiv.) and PN (0.097

g, 0.0348 mmol, 2.05 equiv.) as acetonitrile
solutions. The color of the reaction mixture rapidly
changed from brick-red to orange, and a yellow
precipitate formed. After 15 min, the suspension
was filtered to remove the AgCl byproduct, and the
volume of the filtrate was reduced to ca. 1 mL.
Addition of diethyl ether (ca. 20 mL) caused
precipitation of a yellow solid, which was collected
by filtration (0.0456 g, 38%). Vapor diffusion of
diethyl ether into a concentrated acetonitrile
solution of the product yielded single-crystals of 1
suitable for X-ray diffraction studies. "H NMR (500
MHz, CD3;CN) 6 8.61 (d, J=5.7 Hz, 1H), 8.01 (t, J
= 7.81 Hz, 1H), 7.78 (ddd, J = 11.8, 8.3, 1.4 Hz,
2H), 7.72 - 7.67 (m, 1H), 7.67 — 7.64 (m, 3H), 7.64
—7.59 (m, 2H), 7.58 — 7.52 (m, 2H), 7.45 (ddd, J =
8.6, 5.3, 2.2 Hz, 2H), 4.43 (dd, J = 17.4, 14.5 Hz,
1H), 4.14 (dd, /= 17.4, 10.7 Hz, 1H), 1.50 (d, J =
3.8 Hz, 15H) ppm. C{'H} NMR (126 MHz,
CD3CN) & 154.84 (s), 141.01 (s), 13587 (d, J =
10.8 Hz), 133.68 (d,J = 2.84 Hz), 132.85(d, J=3.0
Hz), 130.19 (t, J=9.8 Hz), 126.62 (s), 125.52(d,J
=10.9 Hz), 102.47 (d, J = 3.0 Hz), 102.42 (d, J =
2.84 Hz), 43.31 (d, J = 34.5 Hz), 9.37 (s), ppm.
SIP{'H} NMR (162 MHz, C¢D¢) & 51.57 (d, J =
140.3 Hz), —144.65 (sep, J = 706.2 Hz) ppm. 1 was
found to be acutely air-sensitive and satisfactory
elemental analysis could not be obtained. In lieu of
elemental analysis, 'H NMR was used to confirm
diamagnetic spectroscopic purity.

2.4.3 Chemical Reduction of 1

A suspension of 1 in tetrahydrofuran (0.5 g,
0.717 mmol) was stirred over freshly prepared
sodium-mercury amalgam (1% Na in Hg; 0.049 g
Na’, 1.78 mmol, 10 equiv.) and stirred for 48 h,
during which time the yellow suspension became a
dark blue solution. The mixture was filtered, and the
volatiles removed in vacuo. Further extraction with
hexanes and removal of solvent in vacuo yielded a
dark blue solid suitable for NMR studies in CgDs.

3. Results and Discussion

3.1 Synthesis and characterization of 1

The dimeric complex, [Cp*RhCl,]»,% is useful
for straightforward synthesis of [Cp*Rh] complexes
with chelating bidentate ligands.”® For complex 1
addition of 2 equivalents of AgPFs to 1 equivalent
of [Cp*RhCl,],, followed by 2.05 equivalents of
free PN ligand results clean generation of complex
1 (Scheme 2).
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Scheme 2. Synthesis of 1

The characterization of 1 by proton nuclear
magnetic resonance ('"H NMR) reveals a signal at
1.50 ppm (integrating to 15H) corresponding to the
equivalent protons on [Cp*]; this resonance
displays coupling to the phosphorous nucleus (*Jy p
~ 3.9 Hz) of the PN ligand. This coupling is
assigned as H,P coupling due to the uniform
absence of H,Rh coupling for the methyl groups in
analogous [Cp*Rh] complexes bearing non-
phosphorus-containing ~ bidentate  ligands.'"!>1
Additionally, the 'H NMR of 1 reveals two
multiplets at 4.43 and 4.14 ppm (Figure 1, middle
spectrum), each integrating to 1H and
corresponding to the chemically inequivalent
methylene protons on the bidentate [P,N] ligand.
These multiplets exhibit geminal coupling to each
other (Jyn = 17.4 Hz) as well as coupling to the
phosphorus nucleus (3Jup = 14.5 Hz and *Jup =
10.7 Hz, respectively) resulting in two doublets of
doublets that display the expected “roofing”
behavior. For comparison, the 'H{*'P} NMR
spectrum displays only two doublets at 4.43 and
4.14 ppm (Juu = 17.4 Hz; see Figure 1, top
spectrum). This result confirms the geminal
coupling between the chemically inequivalent
protons, through decoupling of phosphorus. The
“roofing” appearance of the methylene peaks is
expected considering that the difference in chemical
shift between the chemically inequivalent protons is
comparable in magnitude to their chemical coupling
(Jun). The 'TH NMR spectrum of 2 does not display
resonances near 4.25 ppm because the quinoline
bridge of the PQN ligand lacks methylene protons.'?
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Figure 1. Characterization of 1 and 2. Upper spectrum:
'H{*P} NMR of 1; Middle spectrum: 'H NMR of 1
(middle); Lower spectrum: 'H NMR of 2.

Further characterization of 1 with *'P{'H}
NMR (Figure 2, upper spectrum) reveals a doublet
at 51.57 ppm ("Jp.ra = 140.3 Hz), confirming direct
bonding between rhodium and the phosphorus atom
of PN. For comparison, the *'P{'H} NMR of 2
(Figure 2, lower spectrum) shows a doublet at 47.90
ppm (Jprn ~ 143.8 Hz).!® The more downfield
position of the 3!P resonances in 1 is indicative of a
more electron rich phosphorus atom, suggesting
that PN behaves as a more strongly donating ligand
in 1 than PQN in 2.

0 58 56 54 52 50 48 46 44 42 40
Chemical Shift (ppm)
Figure 2. 3'P{'H} NMR spectra: 1 (upper) and 2 (lower).

3.2 X-ray Diffraction Studies

As mentioned earlier, we were pleased to find
that 1 was previously characterized by XRD
analysis and reported to the Cambridge Structural
Database as a Private Communication.'® However,



no description of the origin of the structure or the
properties of 1 have been made available in prior
work. Thus, we pursued further structural data to
provide needed context for the work here, and to
obtain information for comparison to the previously
reported data.!” Vapor diffusion of diethyl ether into
acetonitrile yielded orange crystals of 1 suitable for
X-ray diffraction studies. The resulting solid-state
structure reveals the geometry of the formally
Rh(IIT) metal center in 1 to be pseudo-octahedral
(Figure 3). The first coordination sphere around the
metal contains the x*-[P,N] scaffold, a single bound
chloride anion, and the [n’-Cp*] ligand. Notably,
there is good agreement between the previously
reported structural data and the data from our study;
the bond lengths (and their estimated standard
deviations, see Table 1) do not differ significantly
between the two data sets, confirming that these
data are collectively suitable for interpretation here.

Figure 3. Comparison of the solid-state structures of 1 and
2.5 Outersphere hexafluorophosphate (1) and triflate (2)
cournteranions and all hydrogen atoms are omitted for
clarity. Phenyl groups are truncated for clarity. Thermal
ellipsoids are shown at the 50% probability level.

1 (new) 1 (prior work) | 2
CCDC entry 1973828 233218 1858635
Rh-Cl (A) 2.416(2) 2.4176(6) 2.402(6)
Rh-P (A) 2.2730(18) 2.2949(5) 2.3037(6)
Rh-N (A) 2.119(3) 2.1275(15) 2.122(2)
Rh—Cpeent (A) | 1.832 1.837 1.830
2P-Rh-N (°) | 81.14° 81.36° 82.20°
Reference this work Ref. 19 Ref. 15

Table 1. Comparison of bond lengths and angles for
complexes 1 and 2.

From inspection of our new structural data, the
angle between the plane of the [Cp*] ligand and the
plane of the bidentate PN ligand (the plane defined
by the Rh, N and P atoms) is 60.5°, similar to the

analogous angle (62.0°) in the structure of 2
supported by PQN."> This similarity suggests that
the increased flexibility of the PN ligand does not
markedly influence the geometry of the Rh center in
1. In addition, the P-Rh—N bond angle does not
differ significantly (<1° difference) between 1 and
2, despite the greater rigidity enforced by the
quinoline moiety within the PQN ligand of 2. These
similar structural features are consistent with the
comparable Rh""/Rh' reduction potentials measured
for 1 and 2 (vide infra).

However, comparison of the bond lengths of 1
and 2 reveal that the Rh—P bond in 1 is marginally
shorter than that in 2; the shorter bond length in 1
may again indicate that PN (at the P atom) is a
stronger donor ligand and therefore engenders a
more basic Rh center than that found in 2. The more
negative reduction potential of 1 versus 2 (vide
infra) is also consistent with these structural
findings.

3.3 Electrochemical studies

Past studies of [Cp*Rh] complexes supported
by 2,2 -bipyridyl (bpy) derivatives®!!!? and dppb'®
have shown that electrochemical reduction of the
compounds proceeds through a net 2e” reduction
from Rh'™ to Rh' via an ECE’-type mechanism (E =
electron transfer, C = chemical reaction).?’ In such
studies, initial reduction (E) leads to ejection of the
monodentate ligand (usually chloride or solvent)
(C) and thus a positive shift in £(Rh"/Rh') such that
it is positive of the E(Rh™/Rh") associated with the
starting compound. In our prior work, 2 was found
display a similar electrochemical profile,
undergoing reduction from Rh™ to Rh' at —1.19 V
vs Fc™ (Figure 4, lower panel).!> Unique to the
PQN system, this 2e” reduction is followed by a
third reduction at —2.26 V vs. Fc'?, a feature that we
have previously predicted to be PQN-ligand-
centered on the basis of chemical reactivity.

We find that 1 displays similar electrochemical
properties in comparison with these previously
investigated systems. The cyclic voltammogram
(CV) of 1 (Figure 4, upper panel) shows a single
reduction event at —1.28 V vs Fc™°, consistent with
a net 2¢ reduction from Rh™ to Rh' (vide infra).
Evidently, the ECE’-type mechanism dominates the
electrochemical behavior of 1 as it does with 2,



consistent with the similar chelating nature and
structural features of PN and PQN, respectively.
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Figure 4. Cyclic voltammetry of 1 and 2. Electrolyte: 0.1 M
TBAPFs in acetonitrile; Scan rate: 100 mV/s; Working
electrode: highly oriented pyrolytic graphite (HOPG); [Rh]
in each experiment was ca. 1 mM. Initial potentials were ca.
—0.8 V for 1 and ca. 0.6 V for 2.

The CV profile of 1 is consistent with a
sequence in which the chloride-bound Rh™ species
undergoes le™ reduction to a transient 19-electron
species. The expected subsequent loss of the CI”
ligand (as occurs with 2) would form a 17-electron
complex that could undergo immediate transfer of a
second electron, giving rise to a Rh! product (3). We
have assigned this sequence leading to generation of
3 on the basis of observed chemical reactivity (vide
infra), along with the close similarity of the
appearance of the electrochemical data for 1 with
the prior systems we have studied in the [Cp*Rh]
family. We also note that scan rate-dependent
studies show that both 1 and 3 are freely diffusing
in solution, consistent with their solubility in
acetonitrile (see Supporting Information, Figure
S14).

As mentioned above, 2 undergoes a third, one-
electron reduction at —2.26 V that we have
tentatively assigned as a reduction associated with
PQN ligand."® Consistent with this theory, no third
reduction is observed in the CV data for 1 (Figure
5). The extended conjugation of PQN due to the
presence of the quinoline moiety is expected to give
rise to this notable difference in accessible
oxidation states, as expected on the basis of the
reduction potentials for quinoline and pyridine.*
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Figure 5. Comparison of CV data for 1 and 2. Electrolyte:
0.1 M TBAPF¢ in acetonitrile; Scan rate: 100 mV/s;
Working electrode: highly oriented pyrolytic graphite
(HOPG); [Rh] in each experiment was ca. 1 mM. Initial
potential: 1 and 2 ca. —0.5 V. * indicates reduction of a small
impurity of [Cp*RhCl,],.3!

Comparison of all the reduction potentials of
the [Cp*Rh] complexes studied in our group to date
reveals that 1 has the most negative Rh'"!/Rh!
reduction potential yet accessed in our series.'®
L1215 Comparing the most closely related cases of
1 and 2, this finding agrees with the available
structural data implicating a greater donor strength
for PN in comparison with PQN. More broadly, 3
can be anticipated from the electrochemical work to
be rather basic in nature due to the rather negative
potential at which this compound is generated.
Indeed, we find that 3 is quite basic on the basis of
chemical reactivity observed upon chemical
reduction (vide infra).

3.4 Identification of the Product Mixture Resulting
from Chemical Reduction of 1 Followed by
Chemical Reactivity

The electrochemical data suggest that a Rh'
complex, 3, is formed upon two-electron reduction
of 1 and is stable at least on the timescale of
seconds-to-minutes, as interrogated by CV. To
further investigate the nature of 3 and/or further
chemical reactivity of this species, we targeted
chemical reduction of 1 by treatment with sodium
amalgam (Na(Hg)). This reductant was selected for
its rather negative reduction potential (£° =~ —2.36),
sufficiently negative for reduction of 1 on the basis
of the CV results.** Addition of a solution
containing 1 in tetrahydrofuran to a vial containing



Na(Hg) results in a marked color change from
orange to purple and eventually blue over the
timescale of thirty minutes to an hour. From this
rapid color change, we theorize that electron
transfer from Na(Hg) to the starting compound 1 is
relatively fast, a theory also supported by the
electrochemically quasi-reversible voltammetry.
Removal of THF solvent yields a dark blue solid
that can be extracted and redissolved for
characterization of products with '"H NMR and
SIP{'H} NMR.

Three rhodium species are detectable in the
reaction mixture resulting from reduction of 1 with
Na(Hg). '"H NMR spectra shows two major sets of
aromatic resonances in a 2:1 ratio (Figure S8). 'H
NMR also reveals accompanying aliphatic
resonances corresponding to Cp* protons (relative
to the aromatic protons, integrating to 30H and 15H,
respectively) at 1.63 ppm (/= 2.7, 1.0 Hz) and 1.94
ppm (J = 2.0 Hz). These signals correspond to
formation of two diamagnetic species bearing intact
[n°-Cp*] ligands, one of which is 3 (see Scheme 3).
The 'H NMR spectrum also features a unique
doublet at 3.02 ppm (3Jup = 10.4 Hz); on the basis
of proper integration, this doublet is associated with
the species giving the [n’-Cp*] resonance at 1.94
ppm (the relative integration of the specific ortho-
pyridyl proton, Cp* protons, and methylene protons
in this species is 1:15:2 protons). The integration of
this doublet as 2H is consistent with formation of 3,
as the methylene protons on the bridge of the PN
ligand of 3 are spectroscopically equivalent; this
compares well with the known C, symmetry of
related formally Rh' compounds bearing bidentate
chelating ligands.!’3® This assignment is further
supported by findings from the two-dimensional
"H-"H NMR techniques NOESY and COSY that
confirm the expected coupling network for 3 (see
Figures S11 and S12). Furthermore, *'P{'H} NMR
features a large doublet at 61.1 ppm associated with
3; the significant increase in coupling constant for
this set of resonances (Jprn ~ 244.7 Hz) in
comparison with those associated with 1 ({Jprn =
140.7 Hz) is consistent with reduction of the metal
center upon formation of 3 from 1.
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Scheme 3. Schematic reactivity of 1 upon reduction by
Na(Hg).

The upfield region of the "H NMR collected on
the mixture resulting from reduction of 1 with
Na(Hg) features a doublet of doublets at —12.0 ppm
that integrates as 1H with respect to the second full
set of peaks associated with the [n>-Cp*] signal at
1.63 ppm. This set of resonances indicates
formation of the [Cp*Rh] hydride complex 4; in
particular, the distinctive doublet of doublets can be
confidently ascribed to the hydride H-atom itself, as
it displays the expected 'Jurn and 2Jup couplings
(40.8, 30.1 Hz). Also associated with 4, two
doublets of doublets of doublets appear in the
aliphatic region of the '"H NMR spectrum at 4.18
ppm (J=17.6,12.4,2.3 Hz) and 3.48 ppm (J~ 17.3,
8.5, 1.0 Hz), integrating in a 2:1 ratio with the
hydride peak at —12.0 ppm. These resonances are
associated with the expected methylene protons of
the PN ligand bound to 4; due to the pseudo-
octahedral geometry of 4, the protons on the
bridging methylene unit in PN are diastereotopic.



This situation is similar to that encountered for the
methylene protons in 1 (see Figure 1). Notably, the
assignment of the formulation of 4 as a hydride
bearing an unmodified PN ligand was confirmed by
the two-dimensional NMR studies (Figure S11 and
S12). Consistent with this model, the *'P{'H} NMR
spectrum shows a second major doublet centered at
59.5 ppm corresponding to 4 with 'Jp gy = 148.5 Hz.
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Figure 6. Upfield region of selected 'H NMR spectra. Upper
panel: chemical reduction of 1; lower panel:
[Cp*Rh(PQN)H]"OTT".
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Figure 7. Partial 3'P{'"H} NMR spectra for the products of
chemical reduction of 1 (upper) and [Cp*Rh(PQN)H]" OTf
(lower).

In addition to the large signals associated with
the major products of reduction being 3 and 4, an
additional doublet of doublets is observed by 'H
NMR at—13.3 ppm (J = 38.5, 28.4 Hz). This signal
indicates generation of a second, minor [Rh'-H]

species, 5. Indeed, re-inspection of the full '"H NMR
spectrum reveals an accompanying set of minor
peaks in the aromatic region and a small [n’>-Cp*]
peak at 1.39 ppm also associated with 5. Most
unique, a doublet appears at 3.84 ppm with 2Jup =
10.2 Hz which integrates as 1H with respect to the
hydride signal at —13.3 ppm; this doublet indicates
that 5 bears an LX-type ligand derived from PN that
is presumably generated by deprotonation of 4 by 3.
The *'P{'H} NMR spectrum of the mixture also
displays an expected minor doublet associated with
the hydride complex 5 at 7.81 ppm ('"Jprn = 195.4
Hz; see Figure S10). As in the other cases, two-
dimensional NMR studies confirm the full
assignment of the structure of 5 (Figure S11 and
S12). Notably, Norton and co-workers have
examined similar [Cp*Rh] hydride complexes to 5
bearing LX-chelate ligands like 2-phenylpyridine.**

The hydride resonances associated with 4 and 5
are reminiscent of those we have measured for the
[Cp*Rh(PQN)H]" species generated by two-
electron reduction of 2 followed by addition of
anilinium triflate (pK. = 10.6 in CH3CN) as an
exogenous proton source.”> The 'H NMR of this
species displays an upfield set of resonances at —9.9
ppm appearing as a doublet of doublets due to H,Rh
and H,P coupling (/ =~ 36.6, 19.9 Hz). This is
notably similar to the resonances observed for the
hydride ligands of 4 (6 =—12.0 ppm, J = 40.8, 30.1
Hz) and 5 (6 =—13.3 ppm, J = 38.5, 28.4 Hz).

The electrochemical data showing reduction of
1 and generation of 3 do not indicate that chemical
reactivity to form 4 and 5 occurs on the timescale of
cyclic voltammetry. Therefore, this reaction must
be rather slow, taking place over the timescale of
tens of minutes to an hour and therefore not
observable on the electrochemical timescale.
However, based on the appearance of the CV data
as well as the rapid color change from orange to
purple and then eventually blue observed upon
treatment of 1 with Na(Hg), electron transfer can be
assumed to be reasonably fast.

Based on the observed products, 3 is capable of
deprotonation of other species in solution. The
most likely species to undergo deprotonation are
rhodium-containing species, as deprotonation of the
tetrahydrofuran solvent is unlikely due to its high
intrinsic pK, value. The two most likely endogenous
proton sources are either the Rh'!! starting material,



1, or a formally Rh" species generated by reduction
of 1. Although the reduction of complex 1 is fast
upon addition of Na(Hg), 1 has very poor solubility
in tetrahydrofuran and becomes soluble only upon
chemical reduction. This poor solubility could
contribute to the simultaneous presence of both 3
and unreacted 1, and enable 1 to serve as a proton
source for generation of 4 from 3 in solution. The
acidic protons of the backbone C—H bonds of the
PN ligands would be present in both 1 and its one-
electron reduced species; either of these could lead
to generation of the major hydride product 4.
Similarly, the minor hydride 5 could be generated
by deprotonation of nascent 4 by 3.

Notably, the NMR spectra suggest that a greater
quantity of 4 than 5 is produced. This is reasonable,
in that the initial solution contains mostly 1 at the
start of exposure to Na(Hg), favoring possible
deprotonation of 1 by nascent 3. Additionally, there
could be a difference in acidity of the backbone C—
H bonds of the PN ligands in 1 and 4. As the hydride
ligand in 4 is a more effective donor than the
chloride ligand in 1, the effective pK, of the C-H
bonds of PN could be correspondingly higher for 4
than for 1, making 1 more acidic and giving a higher
driving force for proton donation. Notably,
however, we do not observe the immediate products
of deprotonation of the starting material 1 or the
analogous Rh" species. Thus, other Rh species
bearing a deprotonated form of the PN ligand may
be tentatively concluded to wundergo further
reactivity and/or decomposition under the
conditions of reduction by Na(Hg).

4. Conclusions

We  have  described the  synthesis,
characterization, electrochemical properties, and
chemical reactivity profile of a [Cp*Rh] complex
(1) bearing a hybrid, methylene-bridged «>-[P,N]-2-
[(diphenylphosphino)methyl]pyridine ligand (PN).
Electrochemical studies of 1 reveal a quasi-
reversible two-electron reduction at —1.28 V vs
Fc*’°. This negative reduction potential corresponds
to generation of the Rh' complex 3, a rather basic
compound that, on the basis of chemical reactivity,
can be concluded to be capable of deprotonation of
the methylene C—H bonds of PN. Multiple products
arise from this reactivity over a timescale of hours;
these include two observable Rh™ hydride
compounds with [n°-Cp*] ligands but, noticeably,

no compounds bearing [n*-Cp*H] ligands. As the
reduction of 1 results in the deprotonation of the
acidic methylene C—H bonds and further speciation,
this system is not amenable to further studies of H»
generation during catalysis. Taken together, this
work suggests that avoidance of acidic moieties in
ancillary/supporting ligands®® can be implicated as
a winning strategy for improving the stability of
complexes intended for study of H'/e” management
during reductive catalysis.
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