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The electrochemical proton reactivity of transition metal complexes receives
significant attentions. A thorough understanding of proton-coupled electron
transfer (PCET) pathways is essential for elucidating the mechanism behind a
proton reduction reaction, and controlling the pathway is a key focus in the
field of the catalyst development. Spin interactions within complexes, which
arise during electron transfer, can affect significantly the PCET pathway.
Herein, we explore the phenomenon of spin rearrangement during the elec-
trochemical reorganization of high-spin cobalt complexes. Our findings reveal
that opposing spin interactions, induced by different coordination environ-
ments, can alter the PCET pathway. Finally, detailed analysis of the PCET
pathway allows us to propose mechanisms for proton reduction in high-spin
cobalt complexes.

Carbon-free hydrogen gas has large energy content per unit mass,
making it a promising energy carrier to establish a carbon-neutral
energy system'”, Research interest in green H, production has been
focused on catalyst development and revealing of the reaction
mechanisms*”. Transition metal complexes have shown specific pro-
ton reactivities and proton-coupled electron transfer (PCET) patterns
according to their coordination environments®™, In the intensive
research in progress to understand PCET steps, regulation methods of
proton transfer (PT) and electron transfer (ET) have been highlighted.
PT and ET are separate events, but concerted proton-electron transfer
(CPET) becomes possible if individual events demand relatively large
energies®. ET occurs through three different pathways: metal-
centered*”, ligand-centered®”, or metal-ligand mixed™. Ligand
identity affects the molecular orbital (MO) levels of complexes,
impacting the ET step”. A redox-active ligand lowers the free energy of
reaction step and as well participates in the ET steps®°. However, if the
MO of redox-active ligand is ill-matched with d orbitals of a metal site,
ET will occur purely in a metal-centered way'. For PT, hydricity of
metal-hydride (M-H) should be balanced according to a catalytic
direction”. Thus, a proton source is selected considering the pK,
value to lead into a desired reaction pathway?.

H, gas is produced through a sequential PCET process; thus,
modification of individual PCET steps certainly affects overall effi-
ciency of catalysis. There are two main strategies to design catalytic
systems: altering external or internal factors. Proton sources with
various pK, values change the PCET pathway. A sufficiently low pK,
condition causes fast PT due to the lowered free energy difference”.
ET and PT proceed in order under a relatively high pK, condition; or,
two ET events can precede PT. On the other hand, the PCET process is
modified by an applied potential. For example, at a relatively negative
potential, PT occurs after consecutive ET events rather than a single ET
step”. As internal methods, formation of metal-hydride (M-H) is
subject to a proton-relaying agent'®?=2, Although rare, M-H bond
formation could occur along with M-L (ligand) bond dissociation,
in situ generating a catalytically active species®>*. In high-spin systems,
exchange coupling effect was critical to determine the ET path®. Pre-
viously, antiferromagnetic spin coupling of Fe-polypyridyl complex
could stabilize a reduced intermediate species™.

In this work, we demonstrated the regulation of PCET steps of Co
complexes by selecting their exchange coupling states. The strategy of
our research is to induce opposite exchange coupling patterns in Co
complexes. This selective manipulation was achieved by converting
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octahedral structures into square planar or square pyramidal through
electrochemical rearrangement, thereby inducing opposite spin
interactions when spin rearrangement occurs in the Co complexes.
Depending on the exchange coupling pattern, the free energy of
subsequent ET step changes, thus allowing control of the following
PCET process. Briefly, i) under ferromagnetic coupling condition, ET to
the d orbital is facilitated, progressing to a CPET process, and ii) under
antiferromagnetic coupling condition, ET to the T* requires a large
energy, proceeding via a stepwise PT-ET process.

Results and discussion

Synthesis and characterization of Co complexes and Zn analogs
[(Imbpy)Co(CH3CN);](PF¢), ([11*") was prepared through a bromide
elimination from (Imbpy)CoBr, by using 2 equiv. of AgPFs in CH;CN
(Imbpy =[2,2"-bipyridin]-6-yl-N-(2,6-diisopropylphenyl)methani-
mine). [(Imbpy)Co(bpy)(CH3CN)I(PF), ([2]*") was synthesized by a
reaction of [1]** with 1 equiv. of 2,2’-bipyridine (=bpy). As known?’, the
imino moiety can function as a spin acceptor, so herein, its electro-
chemical reactivity was investigated in coordination with Co ion. For
comparison, to distinguish from a ligand-based redox reaction, Zn(ll)
ion was used as a central metal to synthesize [(Imbpy)Zn(CH3;CN);]
(PFe), ([31*) and [(Imbpy)Zn(bpy)(CH3CN)1(PF¢), ([4]*") as analogs of
the Co complexes (Fig. 1). Crystals of [1]**-[4]*" suitable for X-ray
crystallography were obtained through diffusion of diethyl ether into
each complex solution in CH3CN (Supplementary Fig. S1, Supple-
mentary Table S1). X-ray analysis results of [1]** and [2]** revealed a
pseudo-octahedral geometry surrounding each Co center and the well-
aligned m-conjugate linkage of the Imbpy ligand in the planar structure
(Fig. 2). The bulky 2,6-diisopropylphenyl group prevented possible
double coordination of Imbpy ligands to a Co center or dimerization of
complexes, commonly found in planar-type Co complexes®®. Further-
more, the bulky group caused the bpy ligand to bind orthogonally to
the Imbpy-Co site in [2]*". For the Zn analogs, [3]** showed a trigonal
bipyramidal coordination, but [4]*" had a pseudo-octahedral structure,
similar to that of [2]*".

Electronic properties of complexes [1]*-[4]** were examined by
UV/Vis spectroscopy. [1]** showed weak absorption bands at 308 and
319 nm, and [2]** exhibited similar absorptions at 297 and 306 nm. The
simulated absorption spectra of [1]** and [2]** suggested that the
absorption at 306 nm was attributed to metal-to-ligand charge transfer
(MLCT) (Supplementary Fig. S2a, b). For comparison, UV/Vis spectra of
the Zn analogs of [3]*" and [4]** were obtained. [3]** showed weak
absorption bands at 319 and 329 nm and [4]** exhibited absorptions at
300, 310, and 327 nm (Supplementary Fig. S3). Due to the full occu-
pancy of the d orbital of the Zn complexes, those absorption bands
were assigned as MLCT. The v(CN) frequency of Co-NCCH; in [1]*
appeared at 2313 and 2287 cm™, and [2]** showed one peak at

2278 cm™ (Supplementary Fig. S4a, b). The v(CN) peaks were observed
within the known Co-NCCHj; frequency range®**°, The v(CN) peaks of
[3]* appeared at 2297 and 2326 cm™, and a peak of 2255cm™ was
detected with [4]*" (Supplementary Fig. S5). Both [1]** and [2]** were in
high-spin states with three unpaired electrons. The effective magnetic
moment (Uer) values of [1]** and [2]** were measured at 3.80 and 4.59,
respectively, by the Evans measurement at room temperature (Sup-
plementary Fig. S6a, b). The results indicated high-spin Co(ll) ground
states (S=3/2) in both cases. DFT calculation data showed the spin
density plot of *[1]** and *[2]* ([1]": x = spin multiplicity), indicating an
open-shell quartet (S =3/2) with only a spin on the Co center (Sup-
plementary Fig. S7a, b). As expected, '[3]** and '[4]** were diamagnetic
and the 'H NMR spectra were provided in Supplementary Fig. S8a, b.

Identification of reduced complexes

To understand reactivity of the reduced Co complexes, *[1]** and *[2]*
were reacted with equivalent amounts of reductant in tetrahydrofuran
(THF)/CH5CN solution. Interestingly, infrared (IR) spectrum of *[1]'
exhibited only one v(CN) stretching frequency at 2099 cm™, and v(CN)
shifted slightly to 2096 cm™ by further reducing to *[1]° (Supplemen-
tary Fig. S4a). The single v(CN) peak indicated dissociation of two
CH;CN ligands from the Co site. During the electrochemical reorga-
nization, the Co-NCCH3 bond dissociation was energetically favored by
AG =-8.92 kcal/mol. Due to the electron-rich environment, electron
density over Co center was significantly back-donated into the Co-
NCCH; bond, which was the reason of the large v(CN) shift. However,
the second reduction barely changed the v(CN), indicating a ligand-
based step. Similarly, reduction of *[2]** to 3[2]" induced electro-
chemical reorganization along with the Co-NCCHj3; bond dissociation,
showing extinction of v(CN) peak (Supplementary Fig. S4b).

As seen from the IR spectra, *[1]** and *[2]** experienced Co-
NCCH; bond dissociation after the first reduction, suggesting forma-
tion of square planar or square pyramidal intermediates for °[1]" and
3[2]", respectively (Figs. 3¢ and 4c). This structural reorganization
simultaneously rearranged the spin distribution over the Co coordi-
nation, and very interestingly, caused opposite patterns of the
exchange coupling. From the temperature-dependent Evans method,
S[11%, in situ generated from a reaction of *[1]** with 1 equiv. of potas-
sium anthracene (Cj4H;0K), showed an effective magnetic moment
(Hefr) Of 4.69-4.57 in a range of —40 °C to 25 °C, which indicated four
unpaired electrons with assigning the ferromagnetic spin coupling
state of 5[1]* (Supplementary Fig. S9a). The i of 3[2]" was measured as
3.27-3.22 between —40 °C to 25 °C, indicating two unpaired electrons
with the antiferromagnetic coupling state of *[2]" (Supplementary
Fig. S9b). DFT calculations were carried out to understand the spin
distribution over the species. A square planar °[1]* possessed a high-
spin Co(ll) as coupled with an Imbpy(--) radical. The first reduction was

[1?*:M=Co,L=CHsCN,n=3
[8°*:M=2Zn,L=CHsCN,n=2

[2]>* : M = Co
[4]%* : M =2Zn

Fig. 1| ChemDraw structures. Structures of a [1]** and [3]*, b [2]** and [4]** with PF¢" as counter ions.
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Fig. 2 | Single crystal structures. a [1]*. b [2]*". ¢ [3]*". d [4]** with 50% probability ellipsoids. Counter ion (PF¢") and hydrogen atoms are omitted for clarity. Structural

parameters are given in Supplementary Table S1.

the metal-based reduction of Co(Il-> 1) in the octahedral geometry
(labeled as *[1’]"), and the subsequent reorganization rearranged spin
distribution giving Co(ll) with an Imbpy(--), resulting in 5[1]* (Fig. 3a).
The electrochemical reorganization of *[2’]" also induced spin rear-
rangement to form *[2]" species (Fig. 4a). Different from the current Co
complexes, Chang and coworkers previously reported a direct ligand-
based reduction reactivity of [Fe(tpyPY2Me)]l, where the partially
antiferromagnetic coupling induced consecutive two-electron reduc-
tion to give a doubly reduced triplet tpyPY2Me ligand, coupling with
an Fe(ll) center’.

Theoretical reduction potential of [1]** was -0.88 V, which was
close to the experimental value. Both °[1]* and *[2]* showed strong
orbital overlaps between d and p orbitals in the Co-Imbpy coordi-
nation, which could be the reason of the significantly positive shift of
the reduction potential. From the spin density plot, °[1]" appeared to
be in an open-shell quintet ground state of Co(Il) with Sc, =3/2 and
Simbpy =1/2. The measured peg suggested the ferromagnetic cou-
pling of unpaired spins in 5[1]" (Fig. 3¢). The square pyramidal [2]"
had a high-spin Co(ll) state (Sc, =3/2) with Imbpy(--) (Simbpy =1/2),
which was more favorable than another state of high-spin Co(l)
(Sco =1). Theoretical reduction potential of -0.89 V matched well
with the experimental value. The small per of 3[2]" was due to an
opposite spin-filling in the m orbital of Imbpy. 3[2]" had anti-
ferromagnetic coupling of unpaired spins; the spin density plot

suggested that 3[2]" had an open-shell triplet ground state (Fig. 4c).
The first reductions of [1]** and [2]*"/* occurred in the same way of
Co(ll > I) and subsequent reorganization led to the new spin dis-
tribution of Co(ll) with Imbpy(--); however, the presence of ortho-
gonal bpy coordination in *[2]* caused the different spin coupling
pattern from S[1]".

Next, we examined the spin states of *[1]° and *[2]°, of which
samples were prepared from reactions of “[1)** and *[2]*" with 2 equiv.
of Ci4HioK, respectively. The peg of *[1]° were measured as 3.51, indi-
cating three unpaired electrons; and the g of 1.87 of %[2]° indicated
one unpaired electron (Supplementary Figs. S10a, b). [1]"° was a metal-
based Co(ll>1) reduction step, since the ferromagnetic coupling
within Co(ll)-Imbpy(--) allowed the d orbital-filling with pairing spins
(Fig. 3d). On the other hand, the reduction step of [2]"° filled the
orbital of bpy rather than the Co(ll) orbital, giving another anti-
ferromagnetic spin coupling within Co(ll)-bpy(--) (*[2]°), since the
already existing antiferromagnetic spin coupling in 3[2]" hindered a
metal-based reduction (Fig. 4d). The different patterns of exchange
coupling in 5[1]* and *[2]" led to the different ET paths (Figs. 3 and 4),
resulting in the more positive reduction potential for [1]7° than
[2]"" (Fig. 5).

The oxidation states of Co at each reduced state were analyzed by
X-ray photoelectron spectroscopy (Supplementary Fig. S11). While the
oxidation state of Co(ll) in *[2]** barely changed upon reduction to
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Fig. 3 | Electrochemical reorganization followed by spin rearrangement in
*[1]*. a Electrochemical reorganization induced by reduction of *[1** to *[1']*,
subsequent Co-NCCH; bond dissociation to generate *[1]*, and additional

reduction step to give *[1]°. Spin density plots and orbital configurations of b *[1'T",
¢ °[11%, and d *[1]° in open-shell ground states. B3LYP/Def2-SVP//Def2-TZVPPD
solution phase calculations in CH;CN.

3[2]" and ?[2]°, a significant change of the oxidation state was observed
with reduction of “[1]** to *[1]°. The Co 2ps/, and 2p,; binding energy of
*[2]** appeared at 780.9 and 796.8 eV*, respectively and showed
almost no shift in the reduction to *[2]" and %2]° (Supplementary
Table S2). The Co 2p spin-orbit splitting values of *[1]** appeared at
781.6 and 797.6 eV, and those showed a slight shift in 5[1]*. However, a
significant shift of 0.8 eV was observed in the reduction of *[1]" to *[1]°.
This result supported the assignment of Co(l) in *[1]°.

Electrochemistry

Cyclic voltammograms (CVs) of “[1]**-'[4]** were obtained to examine
the electrochemical behaviors (Fig. 5). Each first reduction step of
[11*"* and [2]** exhibited a redox couple at the similar potentials of
-0.81V and -0.85V vs. Fc”", respectively. Unlike the Co complexes,
[3]** and [4]** showed further negative potentials at -1.24 V and
-1.31V vs. Fc*, respectively. The significantly positive potentials of
[1**" and [2]*"* were assigned as metal-based Co(ll->1I) reduction.
After the first reduction step, as accompanied by Co-NCCH; bond
dissociation, spin rearrangement occurred to give a Co(ll) state cou-
pled with Imbpy(--). The relatively positive Co(ll/I) reduction poten-
tials is attributed to low electrochemical reorganization energy, which
could reduce energy required for the reduction of complex. Compu-
tational studies of ’[1]" and 3[2]" showed involvement of the Imbpy 1r*
orbital to occupy the spin density. Thereafter, the exchange coupling
patterns differentiated the next ET path. The [1]"° occurred in a metal-
based way at -1.65V vs. Fc”*, whereas the [2]"° occurred at a more
negative potential of -1.92 V. The potential value of [2]"° was close to a
reduction of bpy ligand and the spin density of ?[2]° also suggested the
bpy-based reduction process. The magnetic property of *[2]° state

supported the presence of unpaired spin on the bpy ligand. CV curves
of *[1]*" and *[2]*" were obtained in non-coordinating solvent of
dichloromethane (Supplementary Fig. S12a, b), where a significant
decrease in the oxidative current was observed indicating dissociation
of CH;CN*% The first reduction steps for Zn complexes, [3]** and '[4]*,
appeared at the similar potentials, which indicated the redox events
were the Imbpy-based processes. Spin density plots of [3]" and Y[4]
also suggested the ligand-based reduction, using the " orbital of
Imbpy ligand (Supplementary Fig. S13a, b). [3]"° appeared at -1.77 V vs.
Fc%*; [4]7° at -1.80 V vs. Fc*. Both spin density plots of [3]° and '[4]°
showed open-shell singlet ground states. Although [3]° had no spin
density, '[4]° showed « and B spins over 1t orbitals of Imbpy and Bpy
ligands (Supplementary Fig. S14a, b).

Proton reactivity of Co complexes

Electrochemical reactivity of *[1]* and *[2]* were examined in the pre-
sence of PANH,*HBF, (pK, = 10.62 in CH3CN) as a proton source®. The
hydricity values of *[1]* and *[2]*" were calculated to be 62.25 kcal/mol
and 61.33 kcal/mol, respectively*. Thus, PANH,-HBF,, which falls within
the appropriate pK, range for forming Co-H, was used as a proton
source. The reductive current increase was observed as a function of the
proton concentration, indicating catalytic proton reduction (Fig. 6). The
catalytic onset potential of “[1]** was -1.39 V vs. Fc”* (Fig. 6a), which was
more positive by 260 mV than [1]"° (Onset potential was defined at a
point reaching 0.07 mA.). “[2]** exhibited the catalytic current at -1.32V
vs. Fc”', significantly positive by 600mV than [2]"° (Fig. 6b).
Interestingly, *[2]** showed two shoulder peaks at -1.43 V and -1.57 V vs.
Fc”, which indicated two possible catalytic pathways. The reaction
mechanisms will be discussed below.
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Fig. 4 | Electrochemical reorganization followed by spin rearrangement in
*[2]*. a Electrochemical reorganization induced by reduction of *[2]* to *[2'T",
subsequent Co-NCCH; bond dissociation to generate *[2]*, and additional
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reduction step to give ?[2]°. Spin density plots and orbital configurations of b *[2']",
¢ ’[2]", and d %[2]° in open-shell ground states. B3LYP/Def2-SVP//Def2-TZVPPD
solution phase calculations in CH;CN.

CV curves of “[1]** and *[2]** were obtained by increasing the scan
rate to obtain their diffusion coefficients through the Randles-Sevcik
equation (Supplementary Fig. S15a, b). The diffusion coefficients of
‘[ and “[2]*" were 4.165 x10° cm?/s and 3.855 x107° cm?/s, respec-
tively. Catalytic parameters were tabulated in Supplementary Table S3.
The TOF was obtained using the FOWA method* (Supplementary
Fig. S16a, b) and compared with those of known Co complexes***%4¢47
(Supplementary Fig. S17, Supplementary Table S4). “[2]*" showed a
high TOF . value of 11,176 s, comparable to catalytic systems?**®
with a proton-relaying agent. On the other hand, *[1]** recorded a
moderate TOF .« value of 6544 s™., While the detailed mechanism will
be discussed below, the high TOF,,, value of “[2]*" is likely due to the
imino-N site playing as a proton-relaying agent. In contrast, *[1]*
appears to follow a different reaction route, directly forming Co-H.
[2]*" showed better efficiency than *[1]** in terms of TOF relative to
overpotential. Chronopotentiometry (CP) was performed at -0.4 mA
to evaluate the catalytic efficiency of complexes. *[1** and *[2]*
showed the high Faradaic efficiency (FE) of 88% and 100%, respec-
tively, for reduction of PhNH,-HBF,. The slightly low FE of *[1]** would
be related to a ligand protonation step, causing decomposition of
complex. Protonation of imino-C site appeared energetically favorable
and H; evolution looked possible with AG = -3.07 kcal/mol (Supple-
mentary Fig. S18). However, the ligand-based proton reduction turned
out inefficient from the result of Zn analogs. As seen from CVs (Fig. 5),
the redox reactions of '[3]*" and '[4]** were the ligand-based processes.
1[3]*" exhibited catalytic current increase (Supplementary Fig. S19a),
but a severely low FEy, of 28% was obtained. Even the case of '[4]*
showed the continuous decrease of current (Supplementary Fig. S19b).

P,
2P
o
e
0.0 ~05 -1.0 15 2.0

Potential (V vs. Fc*?)

Fig. 5| Cyclic voltammograms (CVs) of complexes. CVs of *[1]*, *[2]*, '[3]*", and
'[41* in order from top to bottom. Reaction conditions: 2 mM of complex in CH5CN,
0.1 M "BuyNPF, electrolyte, and 100 mV/s scan rate.

The ligand protonation of 2[4]" by PhNH,-HBF,, forming ?[4-NH]**, was
energetically favored by -9.60 kcal/mol. Although the imino-N proto-
nation could occur, the newly generated species presented the poor
catalytic reactivity due to the instability. The results showed that the

Nature Communications | (2024)15:8688


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53099-3

| — 50 mm
——40mM

-05

-10

15

Potential (V vs. Fc*%)

20

b
~1.01 —50 mM
——40mM
-084 — 30 mM
”a ——20mM
E s 10mM
€ 0 mM
€04
E 0.
o
-0.2
0.0
-05 -10 -15 20

Potential (V vs. Fc*%)

Fig. 6 | Catalytic proton reduction reactions. a CV of “[1]**, b CV of *[2]*" in the presence of PhANH,-HBF,. Reaction conditions: 2 mM of complex in CH5CN, 0.1 M nBuyNPF¢
electrolyte and 100 mV/s scan rate. Concentration of PhNH,-HBF, was increased from 0, 10, 20, 30, 40, up to 50 mM.

w
o

-
o

Molar absorptivity (10° M'em™)

N
o
1

Oeq.

] ——02eq.
——0.4 eq.
—0.6eq.
—0.8eq.
—1.0eq.

Molar absorptivity

N
o

n
(=]

275

300
Wavelength (nm)

300

350

400

o

~ 150

e | °2r z

S RNHPE ]

s 120 1 geo-,
o) ©

T 90 5 30-\/\
g "\ S ‘\.\""‘
= / 275 300

‘é_ 604 Wavelength (nm)
2

Qo

@©

&

°

=

350

Wavelength (nm)

Wavelength (nm)
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formation of a Co-H intermediate was a key step for the efficient H,
evolution by *“[1]** and *[2]*".

The first reduction steps of [1]** and [2]*** were all metal-based
events, but the catalytically active Co(lll)-H was not generated due to
the spin rearrangement and formation of Co(ll) state coupled with
Imbpy(--). The spin coupling patterns within the Co-Imbpy of °[1]* and
3[2]* determined next PCET pathways. From the electrocatalytic data,
each complex exhibited the catalytic current increase before the
reduction potential of [1]*° and [2]"°.

Stepwise electron and proton reactions of *[1]** were examined by
UV-vis absorption spectroscopy. A titration reaction of °[1]* with
PhNH,-HBF4 showed no difference in the UV-vis spectra (Supplemen-
tary Fig. S20), indicating no direct reaction with protons. Since the
catalytic current appeared before the second reduction potential, the
proton reduction could occur in a concerted method (CPET) rather
than a stepwise way. Unlike [1]*, another titration reaction of *[2]* with
PhNH,-HBF 4 exhibited stepwise proton reactivity as observed from the
UV-vis spectroscopy of the titration experiment (Fig. 7a). As increasing
PhNH,-HBF, concentration, the absorbance band at 285 nm decreased,
while the absorbance at 300 nm increased with giving an isosbestic
point at 291 nm. The increasing peak at 300 nm was assigned as LMCT
of ’[2-NH]*" from the TD-DFT calculation. No visible light absorption
was observed in the larger wavelength range, suggesting the proto-
nation barely affected the d orbitals of the metal center. DFT calcula-
tion showed that the Imino-N of Imbpy ligand was the favorable
protonation site (Fig. 8, Supplementary Fig. S21). TD-DFT simulation of
the absorption spectra also showed a crossing point at 292 nm with
increasing absorption at 300 nm, suggesting the Imino-N protonation
(Fig. 7b). In the conversion of >[2]" to *[2-NH]*, the proton transfer rate
constant was obtained as kops = 0.0127 s’M™ (Supplementary Fig. S22),
and the pK, of 3[2-NH]** was 9.24 (Supplementary Fig. S23). The

Fig. 8 | Reaction scheme of ligand protonation. Reaction scheme of 3[2]" with
PhNH,-HBF, to generate 3[2-NH]*".

protonation step from 3[2]" to 3[2-NH]** could be reversed in the pre-
sence of a base. ’[2-NHJ** was deprotonated using phenyl lithium
(PhLi), which showed the same UV-vis absorption spectrum as that of
3[2]* (Supplementary Fig. S24).

Additionally, 2H NMR spectroscopy of 3[2]" with PhND,-DBF,
exhibited a new peak at 6.8 ppm (at -40°C) (Fig. 9a), suggesting
protonation of the ligand. For comparison, *[2]*" with PhND,-DBF,
showed no peak other than the deuterium source (Supplementary
Fig. S25).

To assign the spin state after the stepwise ET-PT of “[2]*, the
magnetic moment was obtained through the temperature-dependent
Evans method measurements (Fig. 9b). The pegr values of 3.72-3.87
were obtained between -40 to 25 °C, indicating the mixed triplet and
quintet states. The triplet spin state of *[2-NH]** could induce intra-
molecular proton transfer to generate Co(ll)-H species. Although
forming the quintet state of 5[2-NH]** from 3[2]* had a bit large free
energy of AG =2.15kcal/mol, the intermediate also showed energeti-
cally favorable path to form Co(ll)-H with AG = -86.74 kcal/mol. To
observe generation of Co(ll)-H species, spectroelectrochemistry
method was used. First, we reacted *[2]** with 2 equiv. of Na/Hg and 1
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Fig. 9| NMR spectroscopy about ligand protonation. a Temperature-dependent 400 MHz 2H NMR spectra of >[2]* with PhAND'DBF, in CH5CN, a free PhND,-DBF, peak is
given for comparison. b Temperature-dependent 400 MHz Evans method 'H NMR spectra of 3[2]" with PhNH,-HBF, (10 mM).

equiv. of PhANH,-HBF, to obtain the UV-vis spectrum of 2[2-H]". Next, in
a separate reaction, we added 1 equiv. of PhNH,-HBF, into *[2]** solu-
tion and applied a potential of -1.6V vs Fc'° while recording the
absorption spectra over a period of 0-170 s. Over time, we were able to
obtain absorption peaks similar to that of the *[2-H]" (Supplementary
Fig. S26). Bocarsly and coworkers reported the para-protonation of
pyridinium during the reduction*®, Parallel reactions of >[2]* using
PhNH,-HBF, and PhND,-DBF, showed no IR spectral evidence of de-
aromatization of pyridyl moiety (Supplementary Fig. S27), denying the
pyridyl protonation route. In calculation, the para-protonation of
pyridyl moiety required a large energy of AG =17.54 kcal/mol. Other PT
paths into the Imbpy ligand have been considered together. For a
possible protonation of pyridyl moiety*’, the pyridyl protonation
forming 3[2-pyNH]*" was uphill process by 3.93 kcal/mol. Another
protonation of the imino-C site was disfavored with AG =7.10 kcal/mol
(Supplementary Fig. S21). Those results supported the protonation of
imino-N site was the correct PT pathway.

Mechanistic consideration

DFT calculations were used to propose the reaction mechanisms of
*[1]*" and *[2]*" (Fig. 10). After the first ET step of *[1]**, subsequent Co-
NCCHj; bond dissociation led to spin rearrangement to give Co(ll)
coupled with Imbpy(--) in *[1]". Ferromagnetic coupling state of *[1]"
allowed additional reduction of Co(ll > I) and the CPET step proceeded
to give Co(l)-H of *[1-H]* (AG = -94.10 kcal/mol) (Supplementary
Fig. S18). Another reaction pathway of the imino-C site protonation
was possible, as calculated favorable with AG = -105.87 kcal/mol, and
subsequent H, evolution looked possible with AG = -3.07 kcal/mol.
However, the proton reduction by *[1-CH]" intermediate seemed
inefficient. Experimental results with the Zn analogs also showed that
ligand-protonated intermediates were unstable during the electro-
catalysis. Instead, the CPET pathway forming *[1-H]" was more likely
the selected catalytic pathway. Also, the final H, production by *[1-H]*
was a lot favored by AG = -14.52 kcal/mol (AG*=1.88 kcal/mol). Con-
sistent with the calculated value, experimentally determined
AG*ogk = 0.218 kcal/mol (Supplementary Fig. S28). In the reaction
mechanism, the rate-determining step (RDS) was the H, generation
step, and the kinetic isotope effect (KIE(H/D)) value was obtained as
1.34 (Supplementary Fig. S29).

For *[2]", the first ET step into *[2]** caused Co-NCCHj; dissociation
and induced the spin rearrangement. At this time, unlike the case of °[1]",
the Co(ll) with Imbpy(-—) possessed antiferromagnetic spin coupling
state. Since the second reduction into Co(ll) was disfavored in *[2]",
direct formation of Co-H could not occur. Instead, a PT step occurred to
give protonation of imino-N of *2-NHJ* (AG=-2.30kcal/mol,
AG*=13.69 kcal/mol). The formation step for >[2-NH]** was RDS, and the
KIE(H/D) value was 2.05 (Supplementary Fig. S30). Other than *[2-NH]*,
another protonated intermediates were considered and the energy

differences were compared in Supplementary Fig. S21. Formation of
Co(lll)-H as *[2-H]*" was disfavored with 20.58 kcal/mol, and another
case of bpy-protonation (*[2-bpyNH]*) required 18.42 kcal/mol. The
catalytic proton reduction via ’[2-H]" intermediate was the most
favorable way; however, as seen from the CV (Fig. 6b), there existed
another probable catalytic pathway. As discussed, one is via a proton
shift from 3[2-NH]* to generate *[2-H]" and subsequent H, evolution
from Co(ll)-H with external PhNH,-HBF,; (AG=-26.93kcal/mol,
AG*=1.60kcal/mol). The experimental activation energy was
obtained as AG*y9gx = 0.216 kcal/mol (Supplementary Fig. S31). The
imino-N could play as a proton-relaying agent to induce intramole-
cular proton transfer to generate Co(ll)-H. The other one could be
through 2[2-H-NH]*, requiring a bit larger potential energy by
3.17 kcal/mol than ?[2-HY*, but the final H, production by ?[2-H]" was
also energetically favored with AG =-30.10 kcal/mol (Supplementary
Fig. S21).

In closing, we revealed unique exchange coupling property of Co
complexes to control the PCET process. The opposite exchange cou-
pling types of Co-Imbpy complexes could be induced by modifying the
coordination environment. The Co complexes experienced Co(ll > I)
metal-based reduction for the first ET step. Next, subsequent electro-
chemical reorganization caused spin rearrangement to give a Co(ll)
state coupled with an Imbpy(--) radical. Importantly, the spin rear-
rangement occurred to give opposite exchange coupling types
depending on the coordination environment. One Co(ll)-Imbpy(--)
species possessed ferromagnetic spin coupling state in a square planar
intermediate, whereas the other Co(ll)-Imbpy(--) species had anti-
ferromagnetic spin coupling in a square pyramidal intermediate with
orthogonal Imbpy/bpy coordination. The PCET proceeded with the
concerted fashion under the ferromagnetic coupling condition, if the d
orbital became available for the next ET. The CPET path could generate
the catalytically active Co(ll)-H species. On the other hand, the PCET
proceeded with the stepwise PT-ET steps under the antiferromagnetic
coupling condition, since next ET step should use 1* orbital of ligand
as overcoming a large free energy. The generated catalytic species
could use the imino-NH as a proton-relaying agent. Consequently, the
opposite exchange coupling states led to concerted or stepwise PCET
pathways and determined the catalytic efficiency.

Methods

Characterization methods

'H-NMR (400 MHz) and *H-NMR (61 MHz) spectra were recorded on
JEOL NMR spectrometer (JNM-ECS400). UV/VIS spectra were recorded
on a Perkin-Elmer UV/VIS NIR Spectrometer Lambda 950 (Perkin
Elmer, Shelton, USA). X-ray photoemission spectroscopy (XPS) data
were obtained using a Thermo Fisher Scientific NEXSA equipped with
an Al k-a source gun with a pass energy of 50 eV and a binding energy
step size of 0.1eV for narrow scans. The reference was carbon, and a
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vacuum transfer module was used to transfer samples prepared in an
inert environment into the vacuum chamber without exposure to air.
More details on the synthetic procedures are provided in the supple-
mentary information.

Electrochemistry

Electrochemistry measurements were performed using INTERFACE
1010 E potentiostat/Galvanostat/ZRA. Cyclic voltammetry studies were
conducted in a three-electrode cell equipped with a glassy carbon disk
(3.0mm diameter) working electrode, a platinum wire counter

electrode, and a Ag/AgNO; (0.01 M) / CH3CN non-aqueous reference
electrode (also containing 0.1 M "BuyNPF), separated from the solu-
tion by a porous coralpor tip. The working electrode was polished
prior to each experiment with a 0.05 um alumina polishing agent on a
pad. The electrolyte was 0.1 M tetrabutylammonium hexafluoropho-
sphate ("BusNPFg) in CH;CN freshly prepared with an anhydrous sol-
vent and saturated with Ar or N,. At the conclusion of each experiment,
the potentials were referenced against ferrocene/ferrocenium (Fc/Fc*)
used as an external standard. The scan rates for all cyclic voltammo-
grams were 100 mV/s unless otherwise noted.
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Spectroelectrochemistry

Sepctroelectrochemical measurements were performed using INTER-
FACE 1010 E potentiostat/Galvanostat/ZRA, Perkin-Elmer UV/VIS NIR
Spectrometer Lambda 950 (Perkin Elmer, Shelton, USA) and 1 mm SEC-
C Thin Layer Quartz Glass Spectroelectrochemical cell Kit (Basi) with
Platinum Gauze Working Electrode. The reference electrode was Ag/
AgNO;3 (0.01 M)/ CH3CN non-aqueous reference electrode (also con-
taining 0.1M "BuyNPF), separated from the solution by a porous
coralpor tip. The counter electrode was a platinum wire counter
electrode. The sample was prepared in an Ar-filled glove box, and high-
purity N, was purged over the spectroelectrochemical cell to block
ambient air while taking UV/Vis spectrum measurements. UV/Vis
spectra were measured during chronoamperometry, where a complex
and 1 equiv. of PhNH,-HBF, were present in the sample.

Data availability

Details about materials and synthetic procedures, experimental pro-
cedures, computational details, mechanistic studies, characterization
data, and NMR spectra are available in the Supplementary Information.
Source data file of coordinates is provided together with this pub-
lication. Additional data are available from the corresponding author
upon request. The authors declare that the data supporting the find-
ings of this study are available within the paper, its supplementary
information files. Crystallographic data for the structures reported in
this Article have been deposited at the Cambridge Crystallographic
Data Centre, under deposition numbers CCDC 2279793 (‘[1]*),
2279698 (*[2]*), 2279700 ([3]*") and 2279701 ('[4]*"). These data can
be obtained free of charge from https://www.ccdc.cam.ac.uk/
structures/ are provided with this paper. Source data are provided
with this paper.
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