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ABSTRACT: Proton-coupled electron transfer (PCET) reagents
have emerged as powerful tools for transferring net H atoms to
organic substrates from relatively weak X—H bonds. One
advantage of employing PCET reagents is the tunability of the
X—H bond strength by independently varying their redox potential
and/or pK, for selective substrate reductions; however, the rational
development of modular catalytic PCET reagents based on these
features remains underdeveloped. Here, we address important
mechanistic questions relevant to a dimethylaniline-appended cobaltocene PCET mediator that our lab has previously introduced.
Specifically, we examine where protonation occurs within the reactive Co(Il, NH)* intermediate of a Brensted-base modified
cobaltocene mediator, whether substrate reduction and hydrogen evolution reaction (HER) proceed by a common or bifurcated
mechanistic pathway, and how the redox, acid—base, and structural properties of PCET mediators can dictate their reactivity and
selectivity. We show that substrate compatibility can be tuned and, via a model study with N-aryl imine substrates, provide data
pointing to a multisite PCET (MS-PCET) pathway. Moreover, we rigorously characterize the site of protonation in the reactive
reduced, protonated form of the mediator, and through kinetic analysis establish that the pathway for undesired competing HER is
fundamentally different and involves Cp-ring protonation. Our findings point to a high degree of flexibility in the design of reductive

PCET mediators.

B INTRODUCTION

The ability to distinguish between unsaturated bonds (e.g,, C =
O, C =N, C = C) in organic substrate reductions is valuable in
complex syntheses." Proton-coupled electron transfer (PCET)
has emerged as an appealing strategy for carrying out reductive
organic transformations at lower driving force than stepwise
proton and electron transfer.”* Tuning the reduction potential
and/or the pK, of the PCET reagent directly influences the
driving force of net H atom transfer to a substrate; this
modularity is highly appealing for the development of
chemoselective PCET processes through reagent design.”””
Despite this, the development of tunable reductive PCET
catalysts is underexplored.®

When designing new PCET mediators, it is important to
consider the mechanism by which they operate. Two limiting
pathways can be delineated for concerted reductive PCET:
hydrogen-atom transfer (HAT) and multisite PCET (MS-
PCET) (Figure 1A).” Whereas HAT involves the concerted
transfer of a hydrogen atom from the donor to an acceptor in a
single step, MS-PCET refers to processes where the proton
and electron are transferred from different sites, either on the
same or different molecules.”'’ Such mechanistic distinctions
can have implications for new reagent and reaction design, as
has been reported by various laboratories.*”"* Specifically,
while reductive HAT reagents have proven highly useful,'*
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they can suffer from kinetic and thermodynamic limitations if
accessed electrocatalytically with a proton source. This is
because protonation at the metal to furnish a metal hydride
(M—H) is often accompanied by a second electron transfer
that leads to a competitive hydrogen evolution reaction
(HER):

M-H+e -M-H; M-H) +H"
- H,+M (1)

In contrast, a MS-PCET strategy can afford selective access
to intermediates containing weak X—H bonds (<50 kcal/mol)
(e.g, using a phosphoric acid and iridium photocatalyst).”"
Our laboratory has described an electrocatalytic PCET
(ePCET) mediator comprised of an N,N-dimethylaniline-
appended cobaltocene (Figure 1B), with a homolytically weak
N—-H bond in its reduced protonated state (Co(Il, NH)";
BDFEy_y; = 37 keal/mol).'® This state is kinetically stable to
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Figure 1. (A) Representative examples of reductive HAT** and MS-
PCET reagents.”” (B) Prior studies of an aniline-appended
cobaltocene PCET mediator. (C) Design of amine-appended
cobaltocene mediators featured in this study.

HER, enabling its use under controlled potential electrolysis at
—1.30 V vs Fc*/° (all potentials herein referenced to Fc*’?) to
perform ePCET to aryl ketones,'” activated alkenes,'® and in
tandem electrocatalysis for N, reduction'” and hydride transfer
reactions.”

Our prior reports have posited several ideas important to
future PCET mediator designs that merit closer examination.

Some of these are pertinent to the present study, as follows:

1) Is a MS-PCET the best descriptor for the pathway of
substrate reduction between the reduced-protonated
form of the mediator (Co(II, NH)*) and substrate? To
address this issue, it is paramount to establish where the
proton resides in the reactive Co(Il, NH)" state. It has
been assumed to reside at the N atom of the N,N-
dimethylaniline group, but this has yet to be firmly
shown. Even if such an assignment is correct, whether
the proton migrates from the appended base to the Cp-
ring prior to the net H atom transfer step remains an
open question and should also be addressed.

Relatedly, if an MS-PCET pathway is relevant to
substrate reduction, is such a pathway also relevant to
competing HER, or is a distinct mechanism operative,
thereby bifurcating selectivity between substrate reduc-
tion and HER? We have previously speculated that
Co(II, NH)* shows attenuated reactivity toward HER
because of the cost of bringing two cations together in a
bimolecular step relative to a more favorable reaction

2)
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with an uncharged substrate present at higher concen-
tration than Co(II, NH)". This argument follows from a
conservation of mechanism for both substrate reduction
and HER and needs to be tested. An appealing
alternative would be that HER follows a more
conventional Cp-ring protonation pathway, ideally
showing a distinct kinetic signature.

Mechanistic understanding will guide the design of
mediators, with important parameters including tunable
bond-dissociation free energy (BDFE) values, under-
lying redox potentials, pK, values, and correlated
patterns of reactivity. Relatedly, for cobaltocene
mediators of the present type one should consider
what types of spacers and special separation between the
metallocene redox subunit and the proton relay are
compatible with MS-PCET, and how the pK, of the
appended base (or, conversely, the cobaltocene subunit)
impacts substrate versus HER selectivity and substrate
scope.

3)

The present experimental study begins to address each of
these important issues. Here we focus on a cobaltocene bearing
an isolated tertiary amine as a useful experimental probe.
Specifically, we envisioned that N’-phenyl-N-methylpiperazine-
appended cobaltocene mediator (Co(Il, N’, N); Figure 1C)
could be protonated by a weaker acid at the distal nitrogen
(Co(Il, N’, NH)). Moving to a more-basic amine protonation
site results in substantial strengthening of the N—H bond
(BDFEy_y = 43 kcal/mol) relative to the parent mediator,
well-matched for reactivity with imine substrates (BDFEy_g
(calc) = S0 kcal/mol), making this an effective model system
for PCET reactivity.”"

B RESULTS AND DISCUSSION

Using 4-bromo-N’"-phenyl-N-methylpiperazine as a precursor,
the desired Co(Ill, N’, N)* compound (Figure 2) was

= =

col col

Co (/11 N)*° Co (I, N', N)*°
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E%N—Me

Co (I, C, N)*°

Figure 2. Structures and associated naming system of base-appended
cobaltocenes discussed in this study.

prepared in analogy to previously reported Co(Ill, N)*.'°
We measured the pK, of Co(Ill, N’, NH)** in MeCN to be
15.6.> Cyclic voltammetry (CV) of Co(III, N’, N)* at 100
mV/s with 100 mM TBAPE, electrolyte in MeCN shows a
reversible Co (III/II) reduction at —1.35 V and an irreversible
oxidation feature at 0.58 V. We assign the oxidative features to
N-centered oxidation, consistent with reported amine
oxidations.”* The Co(III/II) redox couple at —1.35 V is
unperturbed upon addition of 20 mM picolinium triflate
([PicH][OTf]; pK, (MeCN) = 13.3), whereas the oxidative
feature at 0.58 V vanishes, consistent with protonation to form
Co(III, N’, NH)?*; these data provide a BDFEy_y; of 43 kcal/
mol (Figure 3A).

Having performed our thermochemical measurements in
MeCN, we evaluated the reductive protonation of imines in
1,2-dimethoxyethane (DME), in which the BDFEy_y is
anticipated to be similar.”> Addition of 10 mM imine substrate
causes the wave at —1.35 V to become irreversible, rising in
current, indicative of electrocatalysis (Figure 3B). We
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Figure 3. (A) Thermochemical considerations for accessing Co (I,
N’, NH)". (B) CVs corresponding to color coded inset legend (top)
and CPE using Co(III, N’, N)* with N-phenyl benzaldimine substrate
(1) and [PicH][OTf] at —1.35 V vs Fc*/® (bottom). CV conditions:
scan rate = 100 mV/s, 100 mM [TBA][PF,] in DME using a boron-
doped diamond (BDD) disk working electrode, glassy carbon (GC)
disk counter electrode, and Ag/AgOTTf reference. CPE conditions:
divided cell using a BDD plate working electrode, Zn foil counter
electrode, and Ag/AgOTT reference.

conducted controlled potential electrolysis (CPE) at —1.35 V
with 2 mol % Co(Ill, N, N)*, 0.15 mmol of N-phenyl
benzaldimine, and 0.3 mmol of [PicH][OTf], with 200 mM
[TBA][PFq] as electrolyte in DME. After the passage of 12 C,
imino-pinacol product 2 was confirmed in 69% yield (1:1 d.r.),
with 4% 1 remaining. While the reaction proceeds without the
addition of Co(Ill, N’, N)* in 34% yield, only 41% of the
starting material remains; using 2 mol % [Cp,Co][PFq] instead
of Co(Ill, N’, N) gives similarly poor performance (28% yield
of 2 with <5% starting material remaining).

To probe the chemoselectivity of the ePCET process using a
weaker acid, we wondered whether these conditions would be
amenable to an in situ protocol using aniline and benzaldehyde
as starting materials. With TsOH-H,O, which is required to
protonate our first-generation mediator, Co(IIl, N)*, benzal-
dehyde substrates suffered from deleterious electrode-mediated
decomposition. Given an estimated BDFEq_y; of 37 kcal/mol

2611

for the benzaldehyde ketyl radical,”® we intuited that Co (II,
N’, NH)" might be selective for net H atom delivery only to
the condensed imine product (BDFEy_y of 50 kcal/mol for a-
amino radical intermediate; Figure 4A).

A
Ph., .H
a NH2 -H:0 n-Ph ePCET
K, - A X
Ph H Ph H AG =-7 kcal/mol | pp~ >y
1
BDFEp_y (calc)
ePCET = 50 kcal/mol
------------ BDFEq_ (calc)
AG = +6 kcal/mol =
+6 kcal/mol = 37 kcal/mol Co (I, N, NH)*
BDFEy_y = 43 kcal/mol
B

80

1 mM Co (lll, N°, N)* + 20 mM [PicH][OTf]
- + 10 mM benzaldehyde + 10 mM aniline

@D 1 mM Co (lll, N, N)* + 20 mM [PicH][OTf]
60 - + 10 mM benzaldehyde

@D 1 M Co (Ill, N, N)*

40 -

i (nA)

20 A

1 scan direction
—_—
0
-20 T T
-1.0 -14 -1.8
E vs Fc (V)
Controlled-Potential Electrolysis
2 mol% Co (Ill, N’, N)* PR
4 equiv [PicH][OTf] oh
] ©/NH2 200 mM [TBA][PFg] in DME Ph
+
N HN.
Ph™ "H Divided Cell, BDD(-)/Zn(+) Ph
0.15mmol  0.15 mmol -1.35V vs Fc*© 62%2yield

19 C passed, 6 h (1:1 dur)
Figure 4. (A) Thermochemical considerations for PCET to either
benzaldehyde or 1 using Co(II, N’, NH)*. (B) CVs corresponding to
color coded inset legend (top) and CPE using in situ condensation
protocol (bottom). CV conditions: Scan rate = 100 mV/s, 100 mM
[TBA][PF,] in DME using a BDD disk working electrode, GC disk
counter electrode, and Ag/AgOTf reference. CPE conditions: Divided
cell using a BDD plate working electrode, Zn foil counter electrode,
and Ag/AgOT( reference.

CV experiments in the presence of 10 mM benzaldehyde
and 20 mM [PicH][OTf] showed that the Co(III/II) couple
remains reversible (Figure 4B). Upon addition of 10 mM
aniline to the cell with stirring for 30 s, however, the Co(III/II)
couple becomes irreversible, consistent with ePCET to in situ-
generated 1. Under slightly modified CPE conditions, with 4
equiv of [PicH][OTf] and a 1:1 mixture of benzaldehyde to
aniline, the desired imino-pinacol coupling product 2 was
generated in 62% yield (1:1 d.r.).

To investigate the nature of the PCET step, further CV
studies were carried out to obtain kinetic data pertinent to
electrocatalysis.””>* With benzaldimine 1 as the substrate the
rate was found to be first order in 1 (Figure SA), zeroth order
in [PicH][OTf] (Figure SB), and first order in cobalt (see
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Figure S. (A) Plot of log(kyy,) with respect to log([1]). (B) Plot of
log(k,p,) with respect to log([PicH]*). (C) Comparison of CVs taken
at 100 mV/s with [PicH][OTf] (purple) and [PicD][OTf] (green).
(D) CVs of para-substituted N-aryl benzaldimines and Hammett
analysis; CV conditions: Scan rate = 100 mV/s, 1 mM Co(III, N’,
N)*, 10 mM imine, 20 mM [PicH][OTf], 100 mM [TBA][PF] in
DME using a BDD disk working electrode.

Supporting Information, Figure S39). Comparing [PicH]-
[OT{] versus [PicD][OTf] afforded a kinetic isotope effect
(KIE) of 2.8 + 0.5 (Figure 5C)."® Comparing the relative rates
of para-substituted N-phenyl benzaldimines (R = Me, F, Cl,
CF;; Figure SD) via a Hammett plot analysis reveals a linear
correlation with a small negative slope, indicative of a buildup
of slight positive charge in the transition state.”” ' Such a
model would be consistent with H-bonding between the
mediator and the imine in an association complex equilibrium
of the MS-PCET process. These results are in accord with our
previous study using substituted acetophenones and the parent
mediator Co(I1I, N)* in the presence of TsOHeH,0."® The
trend also holds with para-substitution on the aniline
component (see Supporting Information, Figure S41).
Collectively, the data are consistent with a rate-limiting

2612

PCET step to form an alpha-amino radical, followed by
imino-pinacol homocoupling.

Based on anticipated differences in basicity, we have inferred
that only distal N-protonation is accessible for Co(Il, N’, N)
using [PicH][OTf]. However, in our prior reports using Co(1I,
N) as an ePCET mediator we have inferred, but not explicitly
characterized, the structure of the protonated Co(II)* form.
We were therefore interested in firmly establishing the location
of the proton, i.e. whether it rests on the aniline nitrogen as
anticipated, or possibly on a ring of the cobaltocene subunit
instead (Figure 6A).”> Knowledge of this is critical to mapping
the competing pathway for HER, as discussed next.

A

+
= ot = [ oy
co H Co”H
| 1+ vs | Me
<o = N
“Me “Me
B @
- = =+ - . ] oTf
COH H
| 1*m
< o—nMe
WM u
= “ort

T
COH D+

<Q|>>_©_,Lf’\/|e

“Me

250

350 400 450
B (mT)

300

Figure 6. CW X-band EPR spectra of protonated (blue), deuterated
(black), and methylated (red) Co(II, N).

To address the protonation site, we synthesized a
trimethylanilinium analog, Co(Il, NMe)*, of the putative N-
protonated form, and compared its spectral and electro-
chemical features with those of the in situ-formed, Co(Il,
NH)". Protonation at the cobaltocene core (either at Cp or
Co) is expected to give rise to significant differences in the
continuous wave-electron paramagnetic resonance (CW-EPR)
spectra of Co(H/D) (I, N) * and Co(II, NMe)*.

X-band CW-EPR spectra at 10 K in THF of the proton and
deuteron isotopologues (formed in situ by reaction with 2-
methoxypyridinium triflate, [*°™*PyrH or D][OTf]) are
indistinguishable from one another and from the methylated
analog (Figure 6B, Figure S20 for simulation). Further, the
protonated and methylated complexes show very similar UV—
vis absorption profiles, and analogous Co(III/II) redox
couples, respectively (see Figures S1 and S2). Taken together,
these data verify that the protonation site is indeed the aniline
nitrogen, as expected; the unpaired spin is localized on the
cobaltocene subunit. This conclusion supports the idea that
the base-appended cobaltocene platform acts as a unimolecular
MS-PCET mediator rather than as an H atom shuttle.

Next, we addressed whether isomerization from the
anilinium form to a Cp-ring-protonated species might be
necessary for productive PCET-to-substrate reactivity. To
probe this possibility, we focused on the mechanism for
competitive HER. While previous studies have suggested that
HER by cobaltocenes primarily occurs through Cp or Co
protonation,”"** we have wondered whether HER mediated by
Co(1I, NH)* might occur through a bimolecular mechanism

https://doi.org/10.1021/jacs.5¢18522
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with MS-PCET character given its weak BDFEy_y of 37 kcal/
mol.'®

To address this issue experimentally, we designed a base-
appended cobaltocene mediator bearing an N-methyl-4-
phenylpiperidine moiety, Co(Il, C, N), to deconvolute effects
of N-protonation on the cobaltocene fragment (Figure 7A).
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Figure 7. (A) Kinetic analysis of HER and kinetic isotope effect study.
(B) Comparison of rate of hydrogen evolution by different Bronsted
acids.

Addition of [PicH][OTf] (pK, (THF) = 8.6) to Co(I, C, N)
resulted in an 8 nm red shift in the spectrum, assigned to
Co(I, C, NH)* (Figure $S45). Following the decay of the
Co(1II) feature at 544 nm, we observed a first-order decay to its
oxidized form, and formation of H, confirmed by GC analysis
of the headspace (Figure 7A). Tight isosbestic points observed
in the UV—vis time course indicate that there is no buildup of
another intermediate.

Most strikingly, the rate of HER with [PicH][OTI] is first
order in acid (Figure 7A), implying a mechanism distinct from
substrate (imine/ketone) reductions, which show zero-order
dependence on acid concentration. To rule out a mechanism
that proceeds through rate-limiting reduction of the acid by
Co(II), we measured the observed rates (k,,) of HER for
various electronically and sterically differentiated anilinium and
pyridinium Brensted acids (Figure 7B). The observed rates
correlate well with the reported pK, values in THF** (a =
0.36) of the acids and not with their expected 1-electron
reduction potentials (where the anilinium acids should behave
differently from the pyridinium acids). Furthermore, we
measured a primary KIE of 3.9 on deuteration of [*°M*PyrH]-
[OTf] (Figure 7A). While the absolute activity of the acids in
THF may be complicated by homoconjugation and/or sterics,
it is clear that the observed rate of HER correlates well with
independently measured pK, values.”> These data, taken
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together, are consistent with a rate-limiting proton transfer
step. Analysis of the oxidized Co(IIl, C, N)* reaction product
revealed no incorporation of deuterium into any position,
consistent with Co-centered, ipso or stereospecific protona-
tion/hydrogen-evolution mechanisms.

On the basis of these and other studies,”**™* we propose
the HER mechanism depicted in Figure 8A. Rate-limiting
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Figure 8. (A) Proposed mechanism for hydrogen evolution reaction
by base-appended cobaltocenes. (B) Structure—activity relationship
study of base-appended cobaltocenes on rate of HER.

protonation of the Cp ring of Co(Il, C, NH)* forms an
electron deficient Co(II) dienyl cation. The Co(II/I) redox
couple of this species is estimated to be shifted about 1 V
positive*” of the Co(III/II) couple, enabling rapid reduction
by [Co(Il, C, NH)]OTf to a Co(I) species possessing a
hydridic Cp-H*****>*" capable of protonation by the acid to
generate H, and return the oxidized Co (III, C, NH)". This
HER mechanism is satisfying in that it parallels the HER
mechanism proposed for cobaltocene itself and is distinct from
the MS-PCET pathway operative for substrate reductions.”>**

An important issue for mediator design arising from the
above discussion concerns the comparative basicity of the
cobaltocene subunit as a function of the mediator structure;
this issue should correlate with competing HER. We hence
compared the rates of HER between different mediators to
gauge the comparative basicity of the cobaltocene core (Figure
8B).

Using [*“MePyrH][OTf], a sufficiently strong acid to
protonate Co(II, N) and Co(I, N’, N) at N, we find that
the rate of HER by Co(1I], C, N) is ~ 4 times faster than Co(II,
N). This observation suggests that N-protonation of Co(1I], N)
inhibits HER by inductively diminishing the basicity of the
cobaltocene subunit (i.e., it serves as an electron-withdrawing
group). To account for confounding charge effects, we also
synthesized and measured the rate of HER by phenyl-
substituted cobaltocene. The rate is very similar to Co(I, C,
N), indicating charge repulsion between the cationic
ammonium and the pyridinium acid has a minimal inhibitory
effect. Finally, comparing Co(Il, C, N) to Co(Il, N’, N), the
latter is oxidized significantly faster by [>°MPyrH][OTf]. We
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infer that protonation of the distal N in Co(IL, N’, N) lowers
the pK, of N’ to such a degree that the cobaltocene fragment is
competitively basic. At the same time, the electron-donating
nature of N’ likely increases the basicity of the Cp ring relative
to Co(Il, C, N). Importantly, these observations collectively
establish that the basicity of the cobaltocene subunit of the
mediator is the primary feature dictating competing HER.
Given that the active parent mediator state, Co(Il, NH)*,
appears to have minimal spin-density delocalized onto the
anilinium, we wondered whether the site-isolated Co(II, C,
NH)* could still act as a multisite PCET reagent, or if
rearrangement to the aniline-protonated isomer of Co (I, N,
NH)", ie. Co(Il, N'H, N)*, is instead necessary for PCET
reactivity. Under conditions with no observable rate of HER
(eq 2), addition of imine to Co(I, C, NH)" yielded rapid

Ph
Ph 1equivCo(ll, C,N) NH
)|\ 10 equiv [LutH][OTf] Co(llL,C,N) 12 Ar @
Ar H THF,-80 °C
88% recovery HN
Ar = 4-OMePh 7 minutes “Ph
1.2 equiv 86% yield (1:1 d.r.)

formation of the diamine product (86% vyield, 1:1 dr) and
Co(1Il, C, N)* (88% recovery). The rapid reaction of the
Co(ll, C, NH)* with the imine supports our proposed
mechanism of productive PCET reactivity occurring through
the distal N-protonated form, and not via isomerization to a
ring- or aniline-protonated form. Hence, we infer that distinct
catalytic cycles are at play for HER versus substrate reduction,
as generalized in Figure 9.
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Figure 9. Bifurcating pathways for HER versus MS-PCET substrate
reduction by Bronsted-base modified cobaltocene mediators.

B CONCLUSIONS

To close, in this study we have elucidated the site of
protonation in the reactive Co(Il, NH)" intermediate,
determined that substrate reduction and hydrogen evolution
proceed by bifurcated mechanistic pathways, and examined
how the redox, acid—base, and structural properties of PCET
mediators dictate their reactivity and selectivity. To address
these issues, we prepared new mediators with modified pK,’s,
dependent on protonation site and correlated pK, strength of
the acid employed. This approach enabled imino-pinacol
coupling reactivity, which was previously inaccessible owing to
a much strong acid (tosic acid) being necessary for the parent
mediator. The design of these new mediators has enabled
definitive experiments critical to understanding their mecha-
nistic nuances. Most notably, we have verified the N-atom of
the Bronsted-base appendage to be the site of protonation in
the reactive Co(II) state, and our data are consistent with a
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unimolecular MS-PCET mechanism, independent of acid
concentration, for substrate reduction. However, mechanistic
bifurcation between productive PCET and undesired HER is
at play, with HER following an acid-dependent first-order rate
that mostly likely occurs via protonation of a Cp ring on the
cobaltocene subunit (see Figure 9). These findings point
toward a highly flexible design of base-appended cobaltocenes
for targeting selective PCET reactivity in future studies.
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