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ABSTRACT: Redox-induced reactions of organometallic complexes are ubiquitous in molecular electrochemistry and electrocataly-
sis research. However, detailed knowledge of the kinetic parameters associated with individual elementary steps in these reactions is
often challenging to obtain, limiting understanding of the reactivity pathways that can be used to construct new catalytic cycles. Here,
the kinetics of redox processes in model [ Cp*Rh] complexes have been explored with substituted bis(2-pyridyl)methane (dipyridyl-
methane, dpma) ligands. Complementing prior work with [ Cp*Rh] complexes bearing 2,2 "-bipyridyl ligands, we find that the redox
chemistry in these species is strongly affected by the disrupted inter-ring conjugation of dpma ligand frameworks. In particular,
[Cp*Rh] complexes bearing x*-dpma ligands with varying substitution at the bridging methylene position undergo a unique Electro-
chemical-Chemical (EC) process upon reduction from Rh(II) to Rh(I) as observed by cyclic voltammetry; transient electrogenerated
Rh(I) species undergo a ligand rearrangement that results in facial n* coordination of one pyridine motif on the dpma platform. Studies
of a family of [Cp*Rh] complexes bearing dimethyl- (Me.dpma), dibenzyl- (Bn.dpma), methyl,methylpyrenyl- (MePyrdpma), and
bis(methylpyrenyl)- (Pyr.dpma) substituted dpma ligands reveal a uniform trend in the first-order rate constants associated with this
EC process involving ligand rearrangement, providing kinetic insight into a key process that enables stabilization of low-valent rho-
dium by substituted dpma-type ligands.
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plication arises when follow-up chemical reactivity results in poten-
tial inversion of sequential reductions (as in ECE-type reactions).>®
Scheme 1 shows a series of reactions in a model catalytic cycle to il-
lustrate these points. In this scheme, a model pre-catalyst, [Cata]*" is
reduced by le to [Cats]*, and [Cats]* then undergoes a subsequent
le™ reduction to generate an electron-rich complex [Catc]’. The
low-valent [Catc]® species is of particular interest to us, since many
redox reactions of contemporary relevance (H* reduction to Ha,
CO: reduction to CO or other products) involve transfer of at least
2e". Due to its nascent electron-rich nature, [Catc] in our scheme
undergoes a chemical reaction to generate a more stable form,
[Catp]°. Compounds like [ Catp] are notable, in that their formation
after loading with multiple reducing equivalents is directly relevant
to multielectron catalysis under reducing conditions.

To serve as viable redox catalysts, metal complexes must bear lig-
ands capable of supporting multiple metal/complex oxidation states.
Non-innocent ligands that directly participate in redox chemistry are
particularly noted for their ability to augment metal-based electron
transfer and the resulting tendency to promote novel reactivity
modes.” Ligands based upon the workhorse 2,2"-bipyridyl® (bpy)
and pyridine-diimine’ (PDI) cores are two such platforms, in which
low-lying 7* molecular orbitals help stabilize reduced metal com-
plexes.'” PDI-based ligands can undergo multiple reduction events,
obviating the need for metal-centered ET processes."' Similarly, the
conjugated bpy ligand can accept electron density through 7-back-
bonding'*'* as well as directly accept electrons to generate reduced
forms'* Such redox-active ligands and their compounds are com-
mon in molecular catalysis precisely because their properties help



stabilize the various charge states of intermediates. With stability
supported across multiple oxidation states, catalytic intermediates
become accessible and redox cycles can be constructed, even for
complex multielectron reactions.

We have recently been exploring the synthetic chemistry of the
dimethyl-2,2"-dipyridylmethane (Me:dpma) ligand,”* as we have
found that Me.dpma represents a notable counterpoint to the more
common and well-studied bpy. In particular, disruption of the inter-
ring conjugation found in bpy with Me:dpma results in ©* orbitals
that are less accessible for back-bonding or electron transfer as com-
pared to those of bpy.'® However, we have found that Me.dpma is
nonetheless capable of stabilizing reduced complexes. In particular,
upon reduction of a model [Cp*Rh] complex (Cp* = n*-pentame-
thylcyclopentadienyl) bearing x*-Me:dpma to the formally Rh(I)
oxidation state, one pyridyl ring of Me>dpma rotates (flips) and fa-
cially coordinates to the Rh center in an 1* fashion." As demon-
strated by crystallographic studies and complementary X-ray ab-
sorption spectroscopy, this rearrangement results in dearomatiza-
tion of the flipped pyridyl ring and stabilization of the reduced metal
center to a significant degree.!”

[Cp*Rh(Me.dpma)NCCH;](PFe), (1*™¢2) is amenable to elec-
trochemical studies of this redox chemistry; avoidance of halide(s)
precludes formation of [ Cp*RhCl]. following le reduction and en-
ables accurate electrochemical studies.”® Cyclic voltammograms
(CVs) collected with this complex reflect the chemical reactivity de-
scribed above. CVs reveal two discrete 1e™ reductions; the first 1e
reduction is electrochemically quasi-reversible and chemically re-
versible, occurs at —0.85 V vs ferrocenium/ferrocene (denoted here-
after as Fc*?), and leads to generation of an isolable Rh(II) com-
plex."” A second le” reduction leads to generation of the formally Rh'
form of the compound (Ey. = ~1.50 V vs. Fc*’°). However, the ap-
pearance of the CVs confirm involvement of the reduction-induced
chemical reaction in which Me>dpma flips to stabilize the low-valent
complex via n*-coordination of one pyridine ring; the process ap-
pears electrochemically irreversible at lower scan rates but shows im-
proved reversibility at faster scan rates. Thus, an Electrochemical-
Chemical (EC) process is taking place, as defined by Nicholson and
Shain'® and studied extensively by Savéant.!”
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The well-defined chemistry and electrochemistry of
an attractive model for studying metal complexes that undergo EC
processes. However, our prior work with this system bearing
Me:dpma was primarily chemical in nature. As our work has also
been restricted solely to Me»dpma (and its unsubstituted analogue
dpma??), the role of the ligand substituents in influencing the noted
reactivity and kinetics remain unclear. However, such information
would clarify the electrochemical reaction sequence and provide
new insight into a ligand-promoted charge stabilization process like
those often needed in molecular catalysis. The coordination chem-
istry of dpma-type ligands has been limited to only a few exam-
ples on Cu,*' Hg,”* Pt,”® Pd,** and Rh."*** Notably, Schley and co-
workers recently reported use of aryl-substituted dpma ligands in
iridium catalysis, highlighting the usefulness and powerful tunability
of these platforms.

Here, we report the synthesis and characterization of a family of
novel Rodpma ligands (LR, Chart 1) featuring substituents on the
methylene “bridge” position and their [Cp*Rh™] complexes (1'%,
Scheme 2). We find the novel ligands LBnz, LMePyr, and LPyr» are
readily synthesized by methods designed to tolerate the benzylic C—

Hbonds present in the new derivatives.”” Electrochemical studies in-
dicate that, for all these complexes, reduction from Rh(II) to Rh(I)
results in ligand reorientation and binding of one pyridine ring in an
1’ fashion. In line with this interpretation, reduction of 1'*" with
Na(Hg) results in ligand rearrangement as shown via isolation and
full characterization of the corresponding Rh(I) complex 4**"
firming that the reactivity upon reduction tolerates bulkier, aromatic
substituents on the dpma core and that the Rh-arene interactions
are restricted to the pyridine motifs on the dpma ligand. However,
digital simulations of the experimental cyclic voltammograms with
DigiElch® reveal that the bulkier ligands undergo kinetically slower
ligand reorientation, showing that ligand derivatization impacts the
kinetics of reduction-induced dpma reorganization. Taken together,
our findings show that disubstituted dpma ligands can stabilize mul-
tiple oxidation states and could thus be useful for developing new re-
dox catalysts.

, con-

RESULTS AND DISCUSSION

Synthesis and Characterization of Ligands and [Cp*Rh]
Complexes. The new substituted dipyridylmethane (dpma) ligands
were synthesized based on modified literature procedures.””?® In
prior work, treatment of dpma with sequential additions of nBuLi
and Mel resulted in double methylation of the bridging methylene
carbon of dpma. Here, we expanded upon this effective strategy by
substituting other alkyl halides in place of methyl iodide in order to
install sterically bulkier groups (see Chart 1) at the central meth-
ylene carbon. In order to prepare LBn,, the starting material bis(2-
pyridyl)methane® was reacted with sequential additions of nBuLi
and benzyl bromide. On the other hand, to prepare LPyr», additions
of tBuOK and 1-(chloromethyl)pyrene®® were utilized; use of
tBuOK in particular enabled preparation of LPyr; whose immediate
precursor features a pyrene ring that is more susceptible to undesired
reactivity with the more nucleophilic nBuLi. The mixed derivative,
LMePyr, was prepared analogously from 2,2-(ethane-1,1-diyl)di-
pyridine® by treatment with single additions of tBuOK and 1-
(chloromethyl)pyrene. This synthetic approach highlights that
dpma ligands can be prepared via modular synthetic methods; in the
case of our substituted dpma ligands, varying steric bulk can be in-
stalled above and below the plane containing the pyridyl rings.
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Chart 1. Substituted LR.dpma ligands

The dimeric [Cp*RhCL]. complex®"* is a generally useful precur-
sor for the synthesis of [ Cp*Rh] complexes bearing chelating biden-
tate ligands.® The family of A" complexes (Scheme 2) were pre-
pared by addition of 1.0 equivalent of AgPFs to 0.5 equivalents of
[Cp*RhClL ] followed by the addition of 1.05 equivalents of the de-
sired LR. ligand to yield rhodium(III) complexes as orange solids.
The A" compounds were very stable in our hands, and thus our in-
itial characterization efforts focused on these derivatives. However,
treatment of the A" complexes with 1.0 equivalent of AgPFs in
CH;CN results in rapid formation of the corresponding yellow sol-
vento complexes 1'*%; while isolation of these species is challenging
due to the lability of the bound solvent molecule, these solvento
complexes lack a halide ligand, and were therefore utilized in the
electrochemical studies to avoid electrochemically-induced genera-

tion of [Cp*RhCl], (vide infra).
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Scheme 2. Synthesis of series of 1'®* Rh complexes.

Following isolation of the A"™®* complexes, proton nuclear mag-
netic resonance ('H NMR ) was used to confirm chelation of the new
disubstituted dpma ligands to rhodium. In the cases of all the new
complexes, a strong singlet appears at ca. 1.60 ppm; this resonance is
attributable to the fifteen equivalent protons associated with the
freely rotating [ Cp*] ligand and integrates to 1SH with respect to the

two ortho-pyridyl protons of the associated x*-LR. ligand (Figures
S7, 12, S19). Additionally, the *'P{'"H} NMR spectra of the com-
plexes Areveal a septet attributable to the presence of the hexafluor-
ophosphate counteranion ('Jor = 706 Hz). The 'H NMR spectrum
for A** reveals two unique singlets integrating to 2H each (3.85
and 3.67 ppm) corresponding to the chemically inequivalent meth-
ylene protons associated with each of the freely rotating benzyl sub-
stituents. These signals contrast with the single "H NMR resonance
at 4.52 ppm (integrating to 4H) associated with the four equivalent
methylene protons of the free LBn; ligand.

On the other hand, the "H NMR spectrum of A" reveals a more
complex case in which three unique resonances associated with the
methylene protons of the methylpyrenyl substituents are observed.
One singlet at 4.66 ppm integrates to 2H, corresponding to one set
of methylene protons associated with the methylpyrenyl substituent
pointing away from [Cp*] which can freely rotate. Two further dou-
blets are present at 6.28 and 6.59 ppm integrating to 1H each, corre-
sponding to the two methylene protons on the methylpyrenyl sub-
stituent which points toward [Cp*]. These protons are chemically
inequivalent, presumably due to hindered rotation of the upper
methylpyrenyl substituent which would encounter steric clash if
fully rotated upward, as can be estimated based on the solid-state
structure of A*™ (vide infra). These methylene protons exhibit the
expected geminal coupling to each other (*Juu = 8.1 Hz) resulting in
the measured doublet resonances.

The 'H NMR spectrum for the non-symmetrically substituted
free LMePyr ligand reveals a singlet integrating to 2H at 4.56 ppm
that corresponds to the two equivalent methylene protons of the sin-
gle methylpyrenyl substituent; another singlet at 1.63 ppm inte-
grates to 3H and corresponds to the methyl substituent. In the spec-
trum of A", this singlet corresponding to the methyl substituent
shifts to 1.73 ppm. The methylene protons for the methylpyrenyl
substituent, however, are detected in this case as two broad singlets
at 5.02 and 4.14 ppm; this is again indicative of hindered rotation of
the methylpyrenyl substituent when LMePyr is bound to [Cp*Rh].
This stereochemical assignment, which predicts that the
methylpyrenyl substituent is facing toward the [ Cp*] ligand, is con-
firmed by the X-ray diffraction studies described below; it is also sup-
ported by detectable through-space coupling that occurs between
the protons of the pyrenyl group and [Cp*] methyl groups in
NOESY NMR of A™*"" (see SI, Figure S17). Taken together, the
NMR data thus confirm the presence of the bidentate dpma ligands
on the [Cp*Rh] for the new complexes.

Vapor diffusion of diethyl ether (Et:O) into an acetonitrile
(CH1CN) solution containing A**** or CH,CL solutions of A
and A" afforded orange crystals suitable for X-ray diffraction
(XRD) studies. The resulting solid-state structures (see Figure 1) re-
veal the geometries of the formally Rh(III) metal centers in all three
complexes to be pseudo-octahedral. The first coordination sphere
around each Rh center contains the appropriate x*-[N,N]-disubsti-
tuted dpma ligand, a single chloride anion, and the [*-Cp*] ligand.
The bond metrics (Table 1) for the new structures reported here
compare well with those for the previously investigated derivative
AM?, suggesting that the more sterically demanding ligands devel-
oped here do not markedly perturb the properties of the Rh(III)
center. The N1-Rh-N2 chelate angles (Table 2) do not vary signifi-
cantly, either, suggesting there only a subtle influence from the pres-
ence of the two more sterically demanding aromatic substituents in



these cases. And, as mentioned above, the structure of A™*"* con-
firms that the methylpyrenyl substituent is oriented toward [Cp*] as
predicted on the basis of NMR data (vide supra).

ALMePyr

Figure 1. Solid-state structure of A'®*2, AL?¥2 and ALMePyr (XRD).
Hexafluorophosphate counteranion and hydrogen atoms are omit-
ted for clarity. Thermal ellipsoids are shown at the 50% probability
level.

The angle between the chelation plane of the bidentate ligand (a
plane defined by the positions of the N1, N2, and Rh atoms) and the
plane defined by the [1*-Cp*] ligand is similar across the series
(66.27-66.77°), except for the case of A¥* which displays a nar-
rower angle of 64.78°. The uniqueness of A*™" is attributable to the
steric bulk of the second methylpyrenyl substituent, which causes a
marginally significant distortion of the first coordination sphere
about Rh. Accordingly, all these angles are significantly greater than
the analogous value for [Cp*Rh(bpy)Cl]* (~59°)*; this is con-
sistent with the greater out-of-plane steric bulk of all the x*>~R.dpma
ligands here in comparison with x*-bpy ligand.

RBN (A) C;‘*l&) ZN1-Rh-N2 2;3:12 Ref.
A 221122((22)) 1.803 85.44(8)° | 66.77° Rﬁf’
ALBn2 22111222((22))' 1.811 84.03(8)° | 66.37° ﬂi
ANy 2211?5((33))' 1.809 85.30(2)° | 66.27° ﬂi
ALPye 221112 i(é))' 1.810 85.10(2)° | 64.78° ﬂi

Table 1. Tabulated bond lengths and angles of A" found from
XRD.

Our previous studies have shown that
[Cp*Rh(Me.dpma)NCCH;](PFe), (1*™¢) has a unique electro-
chemical profile in which a distinct Electrochemical-Chemical (EC)
process is observable upon reduction of the system from Rh(II) to
Rh(I).*" A similar profile was observed here for the new series of
1'® complexes (Figure 2.) The 1'"** complexes, which are the ace-
tonitrile solvento analogues of the chloride-bound A precursors
described above, were used in the electrochemical studies to avoid a
detrimental side reaction observed in the presence of chloride."* The

1 complexes could be cleanly generated in all cases with the addi-
tion of one equivalent of AgPFs (Scheme 2) to the corresponding
A" complexes. The A™ complexes were fully characterized by 'H,
BC{'H}, *’P{'"H} and "F NMR, elemental analysis and XRD, while
the more sensitive 1'** complexes, on the other hand, were charac-
terized solely by '"H NMR to confirm full conversion of A"?to 1'*
after in situ generation and isolation for immediate use in the elec-
trochemical studies. The complexes 1'** were studied as opposed to
complexes A" to avoid the formation [ Cp*RhCl], complex follow-
ing le reduction observed in electrochemical studies conducted in
the presence of chloride/halide ligands that promote dimerization.
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Figure 2. Cyclic voltammetry of 1'™? (blue), 1'®? (red), and
1'MePyr (pink) and 1™ (purple). Conditions: Electrolyte, 0.1 M
TBAPFs in CH;CN;j scan rate, S0 mV/s; working electrode, highly
oriented pyrolytic graphite (HOPG); [Rh] in each experiment ca.
1 mM. Initial potentials 1"™¢2, ca. — 0.5 V; 1'*% ca. — 0.4 V.

Cyclic voltammetric studies of solutions containing the 1'** com-
plexes reveal similar cathodic and anodic events in each case (Figure
2), in line with our initial chemical and electrochemical studies of
12, With a high degree of similarity to that of 1", the cyclic volt-
ammogram of 1'®" reveals that initial quasi-reversible le” reduction
(Eia (RH™/Rh" ) = -0.84 V) that leads to generation of 25
(Scheme 3). A second le reduction is observed at a more negative
potential (Ep(Rh"/Rh")= ~1.40 V); this process appears fully irre-
versible at lower scan rates, implicating the relatively rapid conver-
sion of the nascent 3'** (a formally Rh(I) form bearing x>
Bn.dpma) into 4'** (bearing the flipped version of the ligand with
an 1’ pyridine ring; see Scheme 3 for structures of all these com-
pounds).”* Consistent with stabilization of the reduced Rh center by
the rearrangement of the pyridine ring, the return anodic scan re-
veals a coupled irreversible oxidation (E,.(Rh'>Rh") = -1.05 V) that
leads to regeneration of 2"*"* via oxidation of 4**** followed by reor-
ientation of the Bnodpma ligand to the original k’ configuration. This
model for the cyclic voltammetric response of 1'** is consistent with
the high degree of reversibility of the initial Rh™/Rh" couple, since
2" js cleanly regenerated by the proposed anodic reaction se-
quence. The model is also supported by the anodic electrochemical
behavior of isolated 4'*"* (vide infra), which shows two oxidation
events (see SI, Figures S35 and S36) that closely mirror those dis-
played in cyclic voltammetry experiments carried out with 1'*"%. The
voltammetric responses of 1" and 1'* closely mirror those of
1"¥¢* and 1'*"; a minor broadening of the cathodic and anodic
waves for 1'™, as well as a slight apparent increase in the diffusion



coefficient for the pyrene-appended compounds (see SI, Table S2),
may implicate interactions between the carbon working electrode
surface and the compound engendered by the extended aromatic =
system of the pyrene groups. 1'*%, 1'M**, and1"""* were all found
to be freely diffusing on the basis of scan rate dependence cyclic volt-
ammetry studies (see S, Figures $30, S33, S38, S41).
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Scheme 3. Electrochemical reduction scheme for the family of 1'**

complexes.

The values of the midpoint potential for the initial quasi-reversi-
ble Rh™/Rh" reduction among the series of 1"®* complexes show
that there is a slight electronic dependence based on the electron-
donating or -withdrawing properties of the substituents appended to
the LRybackbone (Table 2). 1'™2, which features the most electron-
donating substituents, two methyl groups, has the most negative
Rh"™/Rh" potential (Ei» = -0.86 V vs. Fc™). 1'* has the next
more-positive reduction potential (Ei2 = -0.84 V vs. Fc"°), con-
sistent with the presence of the more electron-withdrawing aromatic
benzyl substituents3 The most positive reduction potentials in the
series are associated with the methylpyrenyl substituted 1'¥*** and
1'% complexes (Ei» = - 0.80 V vs. Fc™°). This is consistent with
the presence of the large aromatic 7-system in the pyrenyl function-
alities, which can be expected to be the most electron-withdrawing.
Notably, there is no significant trend among the E,. and E,. values
associated with the Rh"/Rh' redox events in the series of complexes,
suggesting that the electronic influence of the ligand substituents
does not strongly affect the peak potentials associated with Rh"/Rh'
interconversion.

Evs R\ [AE,RW™T [ E, R | B Rh"
1™ [ 086V | 78mV | -145V | -102V
1™ 084V [ 79mV | -140V | -105V
™ [T_080V | 72mV | 148V | 117V
1™ [ 2080V | 109mV | -143V | 093V

Table 2. Reduction potentials for series of 1"* complexes.

Further support for the reaction sequence outlined in Scheme 3 is
provided by the chemical isolation (see Experimental Section) and
structure of 4“*" obtained from XRD analysis (Figure 3). These data
confirm that the structural rearrangement of the ligand that results
in 0’ pyridine coordination upon reduction of the compound to the
Rh' oxidation state remains operative even when aryl substituents
are appended to the ligand backbone that could alternatively interact
with the metal center in the reduced form of the complex. Indeed,
we find that one of the pyridine moieties of 4"*"* binds to the Rh cen-
ter in a closely similar fashion as in the 4> complex'® in which the
Rh center interacts with pyridine and effectively dearomatizes the
ring. Analogous to the bonding metrics in 4", the Rh center is
within bonding distance of C10 (C10-Rh: 2.065(2) A) and C9
(C9-Rh 2.113(2) A) attesting to the ligation of Rh to the C9-C10
olefin. Indicative of the bonding within the pyridine ring of 4, the
C9-C10 bond elongates in comparison to the length found in 1***
as a result of strong n-backbonding. Dearomatization of the hetero-
cycle results in localization of double bond character within the ring,
comparable to the case of 4"¥** in which alternating short/long C-
C/C-N bond distances are observed (Figure 3). A remarkable fea-
ture observed in the 4"*> XRD structure is the significant pyrami-
dalization of C10, consistent with the upfield shift in the 'H NMR of
H10 (SI Figure $24) consistent with the anticipated sp*-hybridiza-
tion of C10 in both structures.'* Notably, NMR studies corroborate
the XRD finding that one of the pyridine motifs on the dpma frame-
work is the only arene ligand interacting with Rh even in the pres-

ence of other aromatic fragments. Based on the bonding metrics

4LBn2 4LMe7.

measured for , we reason that the Rh center in
interacts with its olefinic ligand in a similar to manner to that in 4*™¢*,
Thus, metal-to-olefin backdonation within the context of the
Dewar-Chatt-Duncanson'” model stabilizes the formally Rh' center
in both cases.'® Multiple attempts to isolate the 2e” reduced forms of
the A™™ and A" complexes were unsuccessful, due to
cogeneration of side products with similar solubility profiles
following chemical reduction.

and 41on2

1.358(4) c11 1.430(3)
c12 c10
= <~ 1
1.427(3)
ISERN co 2

°Rh
1.303(2) 1.404(2)

1: 2.065(2)
2:2.113(2)

&)

Figure 3. Solid-state structure of 4'®*2 (XRD) and selected bond
metrics (A). Hydrogen atoms (except H10) are omitted for clarity.
Thermal ellipsoids are shown at the 50% probability level.



Upon observing the analogous EC processes for the various 1'*
complexes resembling the process encountered in our prior studies
with the LMe>-ligated complex, we next endeavored to quantify the
rate of the redox-induced ligand rearrangement observed for conver-
sion of 3"* to 4** (Scheme 3). In cases where a redox process in-
volves an EC mechanism, the current corresponding to re-oxidation
of the reduced form of a given compound is negligible at slower scan
rates, since the immediate product of reduction is consumed by the
coupled chemical reaction before it can undergo reoxidation on the
return anodic sweep. In order to understand this situation and ana-
lyze the rate of ligand rearrangement, we turned to the Zone Dia-
grams for electrochemical analysis developed by Savéant."” Savéant
has used Zone Diagrams for general cases of the EC mechanism to
understand the competition between the rate of diffusion, the prop-
erties of the redox induced chemical reaction (as a function of its
equilibrium constant K) and a dimensionless parameter, A, which de-
scribes the competition between the rate of the coupled chemical re-
action and the rate of diffusion. The dimensionless parameter ) is in-
versely dependent upon the scan rate at which the cyclic voltammo-
gram is measured. Therefore, as illustrated in the Zone Diagrams,"
as the scan rate of the voltammetry is increased, the dimensionless
parameter A decreases. As A decreases, the reduced form of the metal
complexis allowed less time to diffuse in solution, and as a result, less
time is allotted for the chemical process involved to occur. Thus, at
the higher scan rates, the peak current associated with re-oxidation
of the reduced form of the complex on the anodic sweep increases
until it reaches a maximum value under conditions where the cou-
pled chemical reaction has insufficient time to affect the appearance
of the voltammetric data.

In order to provide the experimental data needed to quantify the
rate of the ligand rearrangement of interest here, we performed cy-
clic voltammetry with each complex 1"** over a wide range of scan
rates. Taking 1'®*as an example, Figure 4 shows selected voltammo-
grams of the compound taken at 50, 1000, and 2500 mV/s. The sec-
ond reduction in the data exhibits the tell-tale characteristics of an
EC mechanism; the expected increase in the cathodic peak current
with increasing scan rate (increasing with a square root dependence
per the Randles-Sev¢ik equation®) at Epc = ~1.40 V vs Fc™° is asso-
ciated with observation of a corresponding anodic process only at
higher scan rates. At a slower scan rate, the dimensionless parameter
Ais large, meaning that the system has ample time for the reduction-
induced chemical reaction to occur. Conversely, at higher scan rates
we observe the appearance of the re-oxidation coupled to the most
negative reduction event, corresponding to the presence of a now
electrochemically quasi-reversible process. This increase in anodic
current is a direct result of the influence of the dimensionless param-
eter A now having a smaller value, meaning at the faster scan rate we
can overcome the rate of the diffusion and the rate of the chemical
reaction to re-oxidize the reduced form of the compound. By this
method we can measure the rate of the reduction-induced reaction
observed by CV. Analogous scan rate dependent studies yielded sim-
ilar behavior for each of the complexes 1'*in the series (Figures S31,
S$34, 39, S42).

The rate constant for the chemical step in the EC process de-
scribed above was taken as the target of our analysis. In order to
measure this first-order rate constant (k.) for the ligand reorienta-
tion/flip chemical step (see Scheme 3), we turned to digital simula-
tion of our CVs since the well-resolved nature of the redox processes
enable us to clearly model the data (Figure 5).*° To examine the rate
constant of the EC process, we focused on the anodic return wave

that is a result of the oxidation of the doubly reduced complex out-
pacing the coupled chemical reaction. This anodic feature directly
reports on the value of A. In order to extract the value of k., we simu-
lated our entire library of scan rate dependent cyclic voltammograms
at which the anodic return wave was measurable, in order to capture
the increasing chemical reversibility of the redox process involving
our chemical reaction of interest (see Scheme 3). Notably, within
our model, the value of k. is independent of scan rate and concentra-
tion (at all scan rates, see SI Figures $54 and SS5) even though the
value of A does change at each scan rate, giving rise to the variable
appearance of the data. The chemical properties of the system were
thus interrogated at all of the scan rates for which a return wave is
observable (1'*: 300-2500 mV/s, 1**"2: 250-2000 mV/s, see SI
Figure S44, S47-S53).
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Figure 4. Cyclic voltammetry of 1'®"2 at increasing scan rates. Con-
ditions: Electrolyte, 0.1 M TBAPFs in CH3CN; working electrode,
highly oriented pyrolytic graphite (HOPG); [Rh] in each experi-
ment ca. 1 mM.

To extract the kinetic information from the simulated data for our
compounds, the reaction sequence given in Scheme 3 was pro-
grammed into DigiElch. Additionally, experimentally determined
values for certain variables were added to the model as needed, in-
cluding the following: the double layer capacitance of the highly ori-
ented pyrolytic graphite (HOPG) working electrode (determined
via scan rate dependence of electrode background currents in our 0.1
M TBAPF,/CH:CN electrolyte; 1.0 x 10~ F) (see S, Figure $43);
the solution resistance determined at several applied voltages (c.a.
110 -150 Q); the area of the HOPG working electrode (0.09 mm?);
the temperature (298 K); and the concentration of the given 1'**
compound in solution (ca. 10> M). Based on the appearance of the
voltammetry, the initial value of the charge transfer coefficient, a,
was set to 0.5 in all cases. The potentials shown in Table 2 (Ei/,, B,
E;.), obtained from inspection of the initial voltammetric data were
also input as starting points for the simulation software to fit the re-
duction potentials internally. Following optimization, the reduction
potentials determined by DigiElch matched well with those deter-
mined manually by inspection of the data (see SI, Figures S44, S47-
$53). With this approach, we were able to determine the k. values
for the target EC process (see Scheme 3 and Table 3). Reasonable
values were also extracted for diffusion coefficients (cm?/s) and het-
erogenous electron transfer rates (k’, cm/s) for each of the 1'%
plexes (see SI, Table S2).
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Figure 5. Measured (left) and simulated (right) CV of 1*™¢2, Scan
rates of 500 mV/s (upper), and 1500 mV/s (lower). Measured CV
conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working elec-
trode, highly oriented pyrolytic graphite (HOPG); [Rh] in each ex-
periment ca. 1 mM. Initial potentials ca. —0.5 V. Simulated CV con-
ditions: mechanism in shown in Scheme 3; reduction potentials
(Table 2); double layer capacitance 1.0 x 10 F (Figure S43); re-
sistance c.a. 110 —150 Q; working electrode area 0.09 cm?; temper-
ature 298 K; concentration c.a.1 mM.

Based on the results of the simulations, a distinct relationship be-
tween k. and the steric bulk of the substituents on the methylene
bridge (Table 3) can be observed. We find that the least sterically
bulky methyl substituents in 1'"™** engender the fastest ligand rear-
rangement with k. = 1.65+0.08 s7'. The 1'*"* complex, featuring the
more sterically bulky benzyl substituents, has k. = 1.31 + 0.19 s™*
which is slower. 1'M*™ complex, featuring single methylpyrenyl and
methyl moieties, displays a significantly slower rate of the ligand flip
with k. = 0.60 £ 0.14 s™". The pyrene moiety features a considerably
larger steric profile than the other substituents in this family of com-
plexes, and as a result, the k. value associated with the EC process for
1P s significantly slowed compared to the other derivatives. The
value of k. for 1" is even smaller at 0.16 + 0.01 s, supporting the
notion that the steric bulk of the substituents appended to the meth-
ylene bridge of the LR2 ligands influences the rate of the ligand flip
giving rise to stabilization of the Rh' oxidation state. The k. meas-
ured for the 1™ EC process is an entire order of magnitude slower
than that observed for 1"¥*2. Taken together, the simulations indi-
cate that the substituents’ steric bulk affects how long it takes to in-
terconvert between intermediates upon reduction; greater steric
bulk inhibits the rate of the ligand flip of the single pyridine moiety.
Appealingly, the results show that the rates determined by digital
simulation are significantly different from one another (see SI Figure
$55). Confirming the first-order nature of the ligand reorienta-
tion/flip step, the value of k. was found to be independent of the so-
lution concentration of 1*** (see SI, Figure S54).

LMe2 LBn2 LMePyr LPyr2
1 1 1 1

ko (s) 1.65+0.08 | 1.31+0.19 | 0.60+0.14 | 0.16 +0.01

Table 3. First order rate constants (k) for the EC process observed
for the family of complexes. Error bars are shown as +1 o and were
determined by replicate measurements/simulations at the various
scan rates given in the main text.

These findings are of potential relevance to the development of
new ligand frameworks for use in molecular electrocatalysis, as
(pre)catalysts prepared with sterically bulky substituents may be
prone to slow interconversion between intermediates. Use of bulky
ligand substituents is especially likely in cases where a given catalyst
is incorporated into elaborate supramolecular constructs; electrode
surface attachment schemes and use of chromophore-catalyst as-
semblies are two examples of such situations. In these cases, the in-
terconversion of intermediates could impact the expected catalysis,
since simpler model compounds may not reflect the kinetic proper-
ties of highly functionalized analogues.””** Along a similar line, the
attachment of functionalities in the second coordination sphere (like
acids or bases) via tethering groups could slow reactions following
redox activation steps.* In particular, the kinetics of formation of the
species 4 here that feature n’-pyridyl ligands are of particular in-
terest to us, since low-valent organometallic complexes are espe-
cially promiscuous in adopting a variety of coordination modes with
carbon-based ligands.** Monitoring changes in coordination
mode(s) and activation of substrates by electrochemical means of-
fers interesting opportunities to develop new reaction schemes ame-
nable to use in molecular electrocatalysis.

CONCLUSIONS

We find that transient Rh' species bearing substituted x’-dpma lig-
ands undergo a unique Electrochemical-Chemical (EC) process in
cyclic voltammetry upon reduction from Rh(II) to Rh(I); transient
electrogenerated Rh(I) species undergo a ligand rearrangement that
results in facial n* coordination of one pyridine motif. Our studies
indicate that the introduction of sterically bulky substituents engen-
ders significant changes in the first-order rate constant associated
with the chemical step of the noted EC process (k.). We find that the
steric bulk engendered by the 1" systems slows k. by an order of
magnitude compared to the value measured with 1'™**. This study
represents a relatively uncommon case where a series of elementary
rate constants could be well quantified via modeling of scan rate-de-
pendent electrochemistry data collected under readily accessible
conditions (Scheme 4). Thus, we anticipate that our findings could
be of use in interpretation of results from other systems where more
complex reactivity may preclude direct measurement of individual
elementary rate constants, such as in systems where molecular elec-
trocatalysis is taking place.
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Scheme 4. Reactivity pathway measured for the family of [ Cp*Rh]
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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 com-
mercial suppliers and used as received after extensive drying. [Cp*RhCL],
was prepared according to literature procedures.’"** The substituted dpma
ligands were synthesized by the methods of Canty and Mohr.”” Bis(2-
pyridyl)methane, 2,2"-(ethane-1,1-diyl)dipyridine, and 1-(chlorome-
thyl)pyrene were also prepared according to literature methods.”>***°

Deuterated NMR solvents were purchased from Cambridge Isotope La-
boratories; CD3CN was dried over molecular sieves and CsDs was dried over
sodium/benzophenone. 'H, ®C, and "’F NMR spectra were collected on 400
or 500 MHz Bruker spectrometers and referenced to the residual protio-sol-
vent signal* in the case of 'H and "*C. Heteronuclear NMR spectra were ref-
erenced to the appropriate external standard following the recommended
scale based on ratios of absolute frequencies (£).**'’F NMR spectra are re-
ported relative to CCLsF. Chemical shifts (§) 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 and 1-cm path-
length quartz cuvettes. Elemental analyses were performed by Midwest Mi-
crolab, Inc. (Indianapolis, IN).

Electrochemistry. Electrochemical experiments were carried out in a ni-
trogen-filled glove box. 0.10 M tetra(n-butylammonium )hexafluorophos-
phate (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 config-
uration. The working electrode was the basal plane of highly oriented pyro-
Iytic 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 (Bioana-
Iytical 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 poten-
tials. Concentrations of analyte for cyclic voltammetry were typically 1 mM.

Synthetic Procedures. Ligands were synthesized by modification of re-
lated procedures from the literature.””?

Synthesis of LBna. A Schlenk flask with bis(2-pyridyl)methane (dpma;
0.6509 g, 3.82 mmol, 1.0 equiv.) was cooled to -78°C. A solution of nBuLi
(1.67 mL, 4.59 mmol, 1.2 equiv.) was added dropwise and allowed to stir for
15 min then benzyl bromide (0.59 mL, 4.47 mmol, 1.3 equiv.) was added
dropwise. The sequential addition of nBuLi (1.95 mL, 5.35 mmol, 1.4
equiv.) and benzyl bromide (0.68 mlL, 5.74 mmol, 1.5 equiv.) was then re-
peated in the same manner. The resulting yellow solution was stirred with a
saturated solution of sodium bicarbonate. The liquid phase was separated by
filtration and title ligand was then purified and obtained by a dichloro-
methane/water separation followed by a column with $0:50 dichloro-
methane:acetone column. (0.9889 g, 74% yield). 'H NMR (500 MHz,
CeDe): §8.51 - 8.46 (m, 2H), 6.99 - 6.93 (m, 7H), 6.90 - 6.80 (m, 7H), 6.69
(dd, J = 8.1, 1.2 Hz, 2H), 6.58 (ddd, ] = 7.5, 4.8, 1.1 Hz, 2H), 4.01 (s, 4H)
ppm. BC{'"H} NMR (126 MHz, CsDe): § 165.26 (d, ] = 5.2 Hz), 148.39 (d,
J=5.1Hz),139.47 (d,] = 5.2 Hz), 135.01 (d, ] = 5.3 Hz), 131.21 (d, ] = 5.3
Hz),128.37,127.77 (d,] = 5.1 Hz) 126.14 (d, ] = 5.4 Hz), 124.75 (d, ] = 5.4
Hz), 121.11 (d, ] = 5.4 Hz), 5921 (d, ] = 5.3 Hz), 44.68 (d, ] = 5.3 Hz) ppm.

Synthesis of LMePyr. A solution of tBuOK in THF (0.300S g, 2.67 mmol,
1.2 equiv.) was added dropwise to a Schlenk flask charged with 2,2"-(ethane-
1,1-diyl)dipyridine (0.4111 g, 2.23 mmol, 1.0 equiv.) at -78°C. The solution
was stirred for 45 min and turned a light peach color. A solution of 1-chloro-
methylpyrene in THF (0.7274 g, 2.90 mmol, 1.3 equiv.) was added to the
Schlenk, which was then allowed to warm to room temperature and refluxed
overnight. Following reflux, the solution was cooled then stirred with a satu-
rated solution of sodium bicarbonate and the liquid phase separated by fil-
tration. Purification was accomplished by extraction of the product mixture
with dichloromethane/water followed by column chromatography with
chloroform as the initial eluent. However, the desired ligand was finally
eluted from the column with methanol (0.4559 g, 51% yield). '"H NMR (500
MHz, CD:CL): § 8.66 - 8.61 (m, 2H), 8.25 - 8.09 (m, 3H), 8.06 - 7.90 (m,
4H),7.85 (d,J=7.9 Hz, 1H),7.52 (td, J = 7.8, 1.9 Hz, 2H), 7.21 - 7.12 (m,
3H),7.02 (dd, ] = 8.0, 1.1 Hz, 2H), 4.56 (s, 2H), 1.64 (s, 3H) ppm. *C{'H}
NMR (126 MHz, CD,CL): § 167.46, 149.12, 136.44, 134.38, 131.89,
131.27, 131.09, 130.27, 129.87, 127.94, 127.19, 126.99, 126.26, 125.32,
125.23,125.04, 125.00, 124.42, 123.06, 121.75, 41.80, 25.87 ppm.

Synthesis of LPyr. A solution of tBuOK in THF (0.8587 g, 7.65 mmol,
2.5 equiv.) was added dropwise to a Schlenk flask charged with bis(2-
pyridyl)methane (dpma; 0.5211 g, 3.06 mmol, 1 equiv.) at —=78°C. The solu-
tion was stirred for 45 min and turned a light peach color. A solution of 1-
chloromethylpyrene in THF (0.1.9952 g, 7.95 mmol, 2.6 equiv.) was added
to the Schlenk then warmed to room temperature and refluxed overnight.
Following reflux, the solution was first allowed to cool and then a stirred with
a saturated solution of sodium bicarbonate; the liquid phase was then sepa-
rated by filtration. The liquid phase was then extracted with dichloro-
methane/water and subjected to column chromatography with chloroform
as the eluent. The desired ligand was eluted from the column with methanol
(0.5504 g, 30% yield). "H NMR (500 MHz, CDCL): § 8.71 (s, 2H), 8.10
(dd,J=7.6,1.2 Hz, 2H), 8.02 (d, ] = 7.3 Hz, 2H), 7.99 - 7.89 (m, 7H), 7.86
(d,] = 8.0 Hz, 3H), 7.75 (d, ] = 8.0 Hz, 2H), 7.70 (d, ] = 9.4 Hz, 2H), 6.99
(s, 4H), 6.54 (s, 2H), 4.74 (s, 4H) ppm. “C{'H} NMR (126 MHz,
CDsCN): § 146.97, 131.35, 130.82, 130.69, 130.57, 130.23, 128.77, 127.43,
127.27,125.96 (d, ] = 4.2 Hz), 125.13,124.98,124.71 (d, ] = 2.5 Hz), 124.20,
123.25,100.12, 41.53 ppm.

Synthesis of A**™2, To a suspension of [Cp*RhCL.]» in CH;CN (0.1717 g,
0.278 mmol, 0.5 equiv.) were added AgPFs (0.140S g, 0.556 mmol, 1.0
equiv.) in CH;CN and L**ligand (0.1947 g, 0.556 mmol, 1.0S etriquiv.) as
a THF solution. The reaction mixture rapidly changed from brick red to or-
ange, and a yellowish precipitate formed. After 15 min, the suspension was
filtered to remove the AgCl byproduct, and the volume of the filtrate was
reduced to ~1 mL. Addition of Et2O (~80 mL) caused precipitation of a
yellow solid, which was collected by filtration. Pure material was obtained via
recrystallization with vapor diffusion of Et,O into a concentrated CH;CN
solution of the title compound (0.1581 g, 37%). Vapor diffusion of EtO into



asmaller concentrated CH3CN solution was employed to obtain single crys-
tals suitable for X-ray diffraction studies."H NMR (500 MHz, CDsCN): §
9.00 (dd, = 5.8, 1.7 Hz, 2H), 7.73 (ddd, ] = 8.3, 7.4, 1.8 Hz, 2H), 7.52 (ddd,
J=74,5.7, 1.4 Hz, 2H), 8.37 (d, ] = 8.3 Hz, 2H), 7.35 - 7.16 (m, 4H), 7.03
~6.99 (m, 4H), 6.60 - 6.50 (m, 2H), 6.49 - 6.44 (m, 2H), 3.85 (s, 2H), 3.67
(s, 2H), 1.59 (s, 15H) ppm. *C{'H} NMR (126 MHz, CD;CN): § 161.15,
159.57, 157.97, 140.25, 139.11, 136.30, 135.26, 131.5S, 131.32, 130.78,
129.34, 128.84, 128.58, 128.34, 128.01, 126.89, 126.77, 126.12, 125.28,
124.95, 99.14, 55.79, 49.06, 40.75, 9.5S ppm. “F NMR (376 MHz,
CDsCN): § —73.80 (d, 'Jep = 706 Hz) ppm. *'P{'H} NMR (162 MHz,
CD:;CN): 8 -145.50 (sept, 'Jer = 706 Hz) ppm. Anal. Calcd for
CisHi7CIFeN.PRh: C, 54.67; H, 4.85, N, 3.64. Found: C, 54.70; H, 4.88, N,
4.97. Caled for C3sHs CIFsN2.PRh + 1CH3CN: C, 54.86; H, 4.98, N, 5.19.
This analysis is consistent with observation of CH3CN in the "H NMR spec-
tra for A*®"2 (see SI).

Synthesis of A™P", To a suspension of [Cp*RhCL]> in CH3;CN (0.0999
g, 0.162. mmol, 0.5 equiv.) were added AgPF¢ (0.0817 g, 0.323 mmol, 1.0
equiv.) in CHsCN and L™~ ligand (0.1320 g, 0.331 mmol, 1.0S equiv.) as
a THEF solution. The reaction mixture rapidly changed from brick red to or-
ange, and a yellowish precipitate formed. After 15 min, the suspension was
filtered to remove the AgCl byproduct, and the volume of the filtrate was
reduced to ~1 mL. Addition of Et2O (~80 mL) caused precipitation of a
yellow solid, which was collected by filtration. Pure material was obtained via
crystallization by vapor diffusion of EtO into a concentrated CH,Cl solu-
tion of the title compound (0.080 g, 30%). The same method was employed
to obtain single crystals suitable for X-ray diffraction studies. 'H NMR (500
MHz, CDsCN): §9.05 (bs, 2H), 8.29 (d, J = 1.04 Hz, 3H), 8.23 - 8.12 (m,
SH), 8.12 - 8.05 (m, 3H), 7.93 (d, ] = 7.9 Hz, 2H), 7.61 (t, ] = 6.8 Hz, 2H),
6.52 (d,J=7.9Hz,2H), 5.02 (broad s, 1H), 4.14 (broad s, 1H), 1.73 (s, 3H),
1.68 (s, 15H) ppm. *C{'H} NMR (126 MHz, CD;CN): § 158.48, 141.44,
141.12, 132.29, 131.58, 131.44, 128.68, 128.54, 128.20, 128.03, 127.46,
126.52, 126.13, 125.82, 125.33, 124.62, 124.56, 99.20, 99.18, 52.26, 40.45,
23.81,9.59 ppm. F NMR (376 MHz, CD;CN): § -73.83 (d, 'Jrp = 706 Hz)
ppm. *'P{'"H} NMR (162 MHz, CDsCN): § -145.51 (sept, 'Jor = 706 Hz)
ppm. Satisfactory elemental analysis could not be obtained for A"™*", but
NMR methods confirm the diamagnetic purity of the isolated material.

Synthesis of A”2, To a suspension of [ Cp*RhCL]> in CHsCN (0.0399 g,
0.0646 mmol, 0.5 equiv.) were added AgPFs (0.0326 g, 0.129 mmol, 1.0
equiv.) in CHsCN and L™ ligand (0.0793 g, 0.132 mmol, 1.05 equiv.) as a
THE solution. The reaction mixture rapidly changed from brick red to or-
ange, and a yellowish precipitate formed. After 15 min, the suspension was
filtered to remove the AgClbyproduct, and the volume of the filtrate was re-
duced to ~1 mL. Addition of Et20 (~80 mL) caused precipitation of a yel-
low solid, which was collected by filtration. Pure material was obtained via
crystallization by vapor diffusion of Et,O into a concentrated CH>Cl solu-
tion of the title compound (0.0250 g, 26%). Vapor diffusion of Et.O into a
smaller concentrated CH,Cl solution was employed to obtain single crystals
suitable for X-ray diffraction studies. 'H NMR (500 MHz, CD;CN): § 9.16
(s,2H), 8.74 (d,J = 9.3 Hz, 1H), 8.51 (dd, ] = 8.5, 4.7 Hz, 2H), 8.37 (d, ] =
7.6 Hz, 1H), 8.28 - 8.07 (m, 7H), 8.04 — 7.93 (m, 4H), 7.85 (dd, J = 13.6,
9.1 Hz, 3H), 7.74 (d, ] = 9.3 Hz, 1H), 7.59 (d, ] = 5.8 Hz, 3H), 7.54 (d, ] =
8.1 Hz, 2H), 6.59 (d, ] = 8.0 Hz, 1H), 628 (d, ] = 8.1 Hz, 1H), 4.66 (s, 2H),
1.73 (s, 15H) ppm. *C{'H} NMR (126 MHz, CD;CN): § 158.32, 140.34,
132.36, 132.13, 132.00, 131.91, 131.74, 131.34, 130.47, 130.43, 129.73,
129.27, 129.18, 129.11, 129.05, 128.82, 128.34, 128.29, 128.17, 127.94,
127.63, 127.29, 126.84, 126.57, 126.4S, 126.39, 126.33, 126.02, 125.50,
125.32, 125.28, 124.84, 124.81, 123.96, 123.38, 99.37, 99.31, 57.27, 44.96,
39.08, 9.63. ppm. ’F NMR (376 MHz, CD;CN): § -74.77 (d, 'Jrp = 706
Hz) ppm. *'P{'"H} NMR (162 MHz, CD;CN): § —144.65 (sept, 'Jor = 706
Hz) ppm. Anal. Calcd for CssHasCIFsN.PRh: C, 64.94; H, 4.46, N, 2.75.
Found: C, 61.50; H, 4.65, N, 2.45. Calcd for CssHasCIFsN>PRh + 1CH,Cl.:
C,61.02; H, 4.80, N, 2.61. This analysis is consistent with the single co-crys-
tallized CH,Cl, solvent molecule found in the solid-state structure of A"
(see SI).

Synthesis of 1"®2, To an orange solution of A"®? in CHsCN (0.0508 g,
0.064 mmol) was added AgPFe (0.0167 g, 0.066 mmol, 1 equiv.) in CH;CN.
The solution lightened to a pale-yellow color, and a colorless precipitate
formed. The mixture was stirred for 3 hours; it was then filtered through

Celite to remove AgCl and the volatiles removed in vacuo. 1"*"*'H NMR
(500 MHz, CDsCN): 5 8.99 (dd, ] = 5.9, 1.7 Hz, 2H), 8.01 - 7.87 (m, 2H),
7.79 - 7.61 (m, 4H), 7.36 - 7.24 (m, 4H), 7.11 - 6.99 (m, 4H), 6.60 (d, ] =
7.1 Hz, 2H), 6.44 (d, ] = 7.3 Hz, 2H), 3.83 (s, 2H), 3.59 (s, 2H), 1.60 (s,
1SH) ppm.

Synthesis of 1'™*P", To an orange solution of A"™*"" in CHsCN (0.0462
g, 0.047 mmol) was added AgPFs (0.0119 g, 0.443 mmol, 1 equiv.) in
CH3;CN. The solution lightened to a pale-yellow color, and a colorless pre-
cipitate formed. The mixture was stirred for 3 hours; it was then filtered
through Celite to remove AgCl and the volatiles removed in vacuo. 1" 'H
NMR (500 MHz, CDsCN): §9.16 (s, 2H), 8.76 (d, ] = 9.3 Hz, 1H), 8.53 (t,
J=8.1 Hz, 2H), 8.39 (d, ] = 7.6 Hz, 1H), 828 - 8.17 (m, 4H), 8.15 - 8.07
(m, 2H), 8.05 - 7.96 (m, 4H), 7.87 (dd, J = 17.0, 9.2 Hz, 3H), 7.79 - 7.71
(m, 4H), 7.67 (d, ] = 9.3 Hz, 1H), 7.59 (d, ] = 8.1 Hz, 2H), 6.46 (d, ] = 8.0
Hz, 1H), 6.40 (d, ] = 8.2 Hz, 1H), 4.50 (s, 2H), 1.78 (s, 15H) ppm.

Synthesis of 1", To an orange solution of A"™™?in CHsCN (0.0532 g,
0.053 mmol) was added AgPFe (0.0132 g,0.052 mmol, 1 equiv.) in CH;CN.
The solution lightened to a pale-yellow color, and a colorless precipitate
formed. The mixture was stirred for 3 hours; it was then filtered through
Celite to remove AgCl and the volatiles removed in vacuo. 1""* '"H NMR
(500 MHz, CDsCN): §9.02 (broad s, 2H), 8.34 — 8.27 (m, 2H), 8.20 (d, ] =
2.8 Hz,2H), 8.17 (s, 1H), 8.15 (s, 1H), 8.13 - 8.06 (m, 4H), 7.93 (d, ] = 8.0
Hz, 1H), 7.76 (t, ] = 6.7 Hz, 3H), 6.45 (d, ] = 8.0 Hz, 1H), 4.55 (broad s,
1H), 4.18 (broad s, 1H), 1.73 (s, 1SH), 1.68 (s, 3H) ppm.

Synthesis of 4"*™, A suspension of A”*"* in THF (0.0698 g, 0.0759 mmol)
was stirred over freshly prepared sodium-mercury amalgam (1% Na in Hg;
0.0175 g Na°, 0.759 mmol, 10 equiv.) for 6 hours, during which time the yel-
low suspension became a dark red homogeneous solution. The mixture was
filtered, and the volatiles removed in vacuo. Extraction with Et,O and re-
moval of the volatiles in vacuo provides the title compound as a dark red solid
(0.0349 g, 77%). Extraction with hexanes can provide additional pure mate-
rial, if the extracted solution is cooled to —35°C; these conditions provide
additional pure and crystalline product. This strategy was employed using
pure material to obtain single-crystals of the title compound suitable for X-
ray diffraction studies."H NMR (400 MHz, CsDs) § 8.42 (dd, J=3.5,1.8 Hz,
1H),8.33 (d,] = 5.5 Hz, 1H), 7.10 - 7.02 (m, 4H), 6.93 - 6.83 (m, 3H), 6.74
~6.68 (m,2H), 6.57 (td, J=7.7, 1.6 Hz, 1H), 6.51 (dd, ] = 7.7, 1.9 Hz, 2H),
624 (d,J = 7.9 Hz, 1H), 6.17 (ddd, ] = 7.2, 5.6, 1.4 Hz, 1H), 6.10 (dd, J =
8.5,3.5 Hz, 1H), 4.85 (d, J = 13.4 Hz, 1H), 4.23 (d, ] = 13.4 Hz, 1H), 3.38
(d,J=13.7Hz, 1H), 3.04 (d,] = 13.6 Hz, 1H), 1.50 (s, 1SH). "C NMR (126
MHz, Ce¢Ds) § 165.03, 151.77, 146.11, 145.17, 140.43, 139.16, 131.82,
131.10,127.37,126.17,125.86,125.67,121.32,111.63,91.23 (d, ] = 5.5 Hz),
88.55 (d,J = 16.9 Hz), 65.64, 53.03 (d, ] = 12.7 Hz), 46.83,41.89,9.01 ppm.
482 i5 acutely air sensitive and satisfactory elemental analysis results could
not be obtained.
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TOC Synopsis:

Chemical and electrochemical methods have been used to quantify the rate of a reduction-induced
ligand rearrangement that occurs in a series of new [Cp*Rh] compounds bearing substituted di-
pyridylmethane ligands. Simulations of cyclic voltammetry data have been used to extract the rate
constants for several derivatives, revealing that the bulkier ligands “flip” more slowly.



