Electronic Supplementary Material (ESI) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2022

Electronic Supplementary Information for

Determining overpotentials for the oxidation of alcohols by

molecular catalysts in non-aqueous solvents

Amy L. Speelman,2 James B. Gerken,? Spencer P. Heins,2 Eric S. Wiedner,2 Shannon S. Stahl,® Aaron M.

Appela*

aCenter for Molecular Electrocatalysis, Pacific Northwest National Laboratory, Richland, WA 99352,

*E-mail: aaron.appel@pnnl.gov
bDepartment of Chemistry, University of Wisconsin—Madison, Madison, Wisconsin 53706-1322, USA.

Table of Contents

1. TabUIALEA VAIUES OF AG 41 H2 () «eeeeeeeeerereeeeaeeeeeieeetetet ettt e et et et et e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaeees
2. Calculation of equilibrium potentials from Egr/Hz (org). .. . .veervreerriiiiieiiie e
2a. Calculation from E°H+/H2 (org) AN PKa ..uveieiieiiiiiiiiiee et e e e sirreee e e s s ssnraeeeeeeessnnnes
2D, CalCUIALION FIOM EBHAHZ (0rg)«+++++eeeeeereereeeeereeeeeeeeeeeeeettetteeeeeeeeeeaaeaaeeeaaaeaaaaaaaaaaaaeaaaaaaaaaaaaaaeeaeaeaeaaaeeaeees
3. ESUIMALION OF AGOS0I (0rg)+++vtrteerssnrrrrrrrseessiiitutrrtrteesssiisttteeeeeesssasstareeseeesssassrareeeeessaasbbseeeeeesssanssraeeesaesss
4. Evaluation of standard potentials for 2-electron oxidation of alcohols ...........cccccciiiiiiii i,
4a. Calculation of agueous standard potentials for 2-electron oxidation of alcohols..............ccccveeeees
4b. Evaluation of AAG®sov ~ O approximation for 2-electron oxidation of alcohols.................eveveeveennes
4c. Alternative thermochemical schemes for calculation of E°R2CO/R2CHOH (0rg) «+vvvrvrrrrrrrrrrrerrrrrrerrereesennns
AC.i. Calculation frOM ECR2COIR2CHOH (@Q) +rrreeerrrrrrrrrrreeessissrsrereeesssinsssreeseesssansssseeseessssmmssrererseessmnsssseeens
4.c.ii Calculation from hydricity Of iISOPrOPOXIAE .........oeveiiiiiiiiiiiie e
5. Evaluation of E° for 4-electron oxidation of alcohols t0 @Sters ...........cccceiiiiiiiiiii e
5a. Calculation of standard potentials for 4-electron oxidation of alcohols to esters...........ccccvveeeennn.
5. CalCUlation Of ECEIOACEIOH (MECN) ++vtteeeeruuurtrieeeeeeiiittttteeeeesssaatbe et e e e e s s asaabbe e e e e e e e s s aanbbb e e e e e e e s ananbbaeeeeeeenas
6. Evaluation of E° and E*’ for 4-electron oxidation of alcohols to carboxylic acids and carboxylates
6a. Calculation of aqueous standard potentials for oxidation of alcohols to carboxylic acids .............
6b. Calculation of standard potentials for oxidation of alcohols to carboxylic acids in organic solution
6¢. Calculation of E°acom/etoH (MecN) 8N ECACO-/EIOH (MECN) ... vviiviiiiiiiciiiic i
6d. Alternative thermochemical scheme for calculation of E°Hco2HMeOH (MeCN)...vvvvvrrreeeesiiiiiiiieeeeeeeiiiens
7. Evaluation of E° for 6-electron oxidation of methanol t0 COa...........coceiiiiiiiiiiiiee e
7a. CalCUlAtiON Of ECCOMEOH (BG) ++vrrreeerrrnrrrrrrrreeeiiiitittteeee e s sttt eee e e e s s s sbbbe et e e e e s s saabbbeeeeeeessaabbeeeeeaesssananes
7h. CalCulation Of ECCO2MEOH (MECN) «ettiurrtitieeeeeeiiiitet et e e e e sttt et e e e e s sttt e e e e e s s bbbt e e e e e e s sanabbeeeeeeeessannes
7c. Calculation of E°co2MeoH (org) TTOM ECCO2/MEOH (a0) ++rrreeerrrrrrrrrrrreeeiiiirtrreereessisssrrereeeesssssssrssereeessssnnes
8. Calculation of standard potentials from liquid-phase AG®f ..........cceeiiiiiiiiiiiiiiee e

9. Determination of overpotentials for BnOH and 'PrOH oxidation with [Ni(P®B!2N'®{,;)(MeCN)2][BF4]2 under
buffered CONAItIONS ...

L T R dC T (<] (=] [0 =TS

USA.



1. Tabulated values of AG®+n 12 (g)

The values of AGr in Table S1 were taken from the CRC Handbook of Chemistry and Physics?! or
the NIST Chemistry WebBook? (either directly or via calculation from AH® and S°). To our knowledge, gas-
phase AG°s are not available for benzyl alcohol and benzoic acid. The values were therefore calculated
from liquid-phase (BnOH) or solid-state (PhCOzH) AG®s and the vapor pressure at 298 K taken from the
PubChem database® (AG°s or15g) = —RT In(P)).

Table S1. Values of AG°s used for calculation of AG®+n H2 (g)

AG(g)
(kJ/mol)
HO0  -228.6
MeOH  -162.3
EtOH -167.9
iPrOH -173.2
BnOH -4.6
HCHO  -102.5
MeCHO  -133.0
MeCO  -152.6
HC(O)OMe  -299.9
EtOAc  -329.5
HCOH  -351.0
AcOH  -375.1
PhCOH  -210.7
CO2 -394.4

The values of AG°+nH2 (g) in Table S2 were calculated as follows:

Alcohol — Aldehyde or ketone:
Alcohol — Ester:

Alcohol — Carboxylic acid:
Methanol - COz:

AG°:2 () = AG°#(alcohol(g)) —AG°i(aldehyde/ketoneg))

AG°+2 12 (g) = 2*AG°s (alcohol(g) —AG°: (ester(q)

AG°+2 12 (g) = AG°t (alcohol(g) +AG®t (H20(g)) —AG°®t (carboxylic acidg))
AG®+3 12 (g) = AG° (MeOHg)) +AG°t (H20(g)) —AG°t (CO2(g))

Table S2. Values of AG°+nH2(@ (N=1, 2, 3)

AG®w2 0 Ester Carboxylic Acid o)
Alcohol - caiimony  AC%2mew AG2 2 (kcal/mol)
(kcal/mol) (kcal/mol)
MeOH -14.3 -5.9 -9.5 0.8
EtOH -8.3 -15 -5.1
iPrOH -4.9
BnOH -6.02 -5.4

3 AG°:++z2 () for dehydrogenation of BnOH to give PhCHO was taken directly from a literature source.*



2. Calculation of equilibrium potentials from Eg+/h2 (org)

2a. Calculation from E°h+mz2 (org) and pKa

E°'product/R2cHoH (org) Can be calculated from E°h+m2 (org) and pKa(HBase™) as shown in Figure 3 in the
main text for 2-electron oxidation of alcohols to aldehydes or ketones. Values of E°H+H2 (org) are presented
in Table S3.

Table S3. Values of E°H+H2 (org)

Solvent (VI\E/sH;f”O) Ref.
MeCN -0.028 5
THF —0.343 (see note) 6
-0.6622 7
DMF -0.62b 8
DMSO -0.67° 8
DMA -0.79 9
2-propanol -0.494 10

a Determined via OCP measurements with [H(DMF)][OTf] PDetermined from the cyclic voltammogram of HCIO4 with
corrections by Fourmond et. al.

Note on E°x+m2 and pKa scale in THF:

When using E°n+m2 to determine Esnwmz, it IS critical to ensure that the appropriate pKa scale is
used. For THF, the most widely used pKa scale was developed by Leito and co-workers. In their original
studies! 12, relative ion pair acidities (ApKip) in THF were used to determine approximate relative pKa
values. The pKa scale was then anchored with pKa(HNEts™) = 12.5 based on previous work® by Morris and
co-workers. These values were originally referred to as pKq values to indicate that they are estimates and
not directly measured pKa values. In subsequent work, absolute pKa values were measured for a set of 11
acids using potentiometric measurements.* This study determined a pKa of 13.7 for HNEts*, indicating that
the anchor value for the pK. scale is inaccurate. However, to avoid confusion regarding the anchor value,
subsequent work continued to use the original inaccurate anchor value pK«(HNEts*) = 12.5.15 We note that
Leito and co-workers often do not make a distinction between pKq values (i.e. values determined from ApKip
using the inaccurate anchor value) as pKa values (i.e. directly measured absolute values).1®

The value of E°h+m2 (tvF) in Table S3 was calculated based on OCP measurements of EgH+H2 (THF)
that were converted to E°n+2 (tHF) USING the absolute pKa scale in ref 14. As discussed above, this pKa scale
is different from the much more commonly used pK« scale. Only 11 absolute pKa values have been directly
measured in THF. However, pKa values can be estimated from pK. values'4, which are available for a larger
number of acids?é:

pKa tHr) = 1.02*pKo, (tHF) + 2.14
Therefore, when pK,, values are used in place of absolute pKa values, Esn+mz (THF) iS given by:

Egn+mz (thF) = —0.343 — 0.0592*(1.02*pKo (tHF) + 2.14) = —0.470 — 0.0604*pKa (THF)

Alternatively, the uncertainty associated with the pKa scale in THF can be avoided by performing
OCP measurements® to directly determine Esn+h2 (thr) with the acid-base pair being used in the catalytic
reaction (see Section 2b). We note that this approach does not rigorously account for ion pairing effects,



which can have a particularly large impact on reaction energetics in solvents like THF that have low
dielectric constants.*® This increases the uncertainty in Esn+m2 (and therefore in overpotentials) in THF
relative to other solvents, although the impact is expected to be partially mitigated through buffering.

2b. Calculation from Egh+/H2 (org)

In solvents where E°n+Hz2 (org) iS NOt known or there is not an established pKa scale, E®’ for oxidation
of alcohols can still be calculated by directly determining Esn+mHz (org) from OCP measurements with the
acid/base pair used in the catalytic reaction. This value is then combined with AG°+nH2 (g) and AAG®solv tO
give E°'productiaiconol. AS an example, a thermochemical scheme for calculation of E°' for 2-electron oxidation
of alcohols is shown in Scheme S1.

Scheme S1. Calculation of E° for 2-electron oxidation of alcohols to the corresponding aldehyde or ketone
from an experimentally measured value of EsH+H2 (org) and AG°+H2 (g)

2 HBase"grg) + 2 €7 (o) === Hy(g) + 2 Base o) AG® = =2FE giiony (org)
RoC=0(g) + Hag) =——= R,C(H)-OHy AG® 4,
R2C=0(rg) == R2C=0yg, = AG%qy (R,C=0) MG, = 0
RoC(H)-OH(g) === R,C(H)-OHorg) AGPy, (R,CHOH)

R,C=0org) + 2 |-|Base+(°rg) + 2 € (gert) =— R,C(H)-OH org) + 2 Base g E

or
R,CO/R,CHOH (org)

AG+H, )

-2F

'or —_
E*'R,coIR,CHOH (org) = E BH*M, (org) T




3. Estimation of AG°solv (org)

Many of the thermochemical schemes in this work require solvation free energies in organic
solvent. Very few of these values are directly available in the literature. In order to estimate some of them,
we used a method that has been described previously” involving vapor pressures over binary mixtures of
solvents.

The free energy for transfer of a substrate A from the gas phase to solution can be calculated by

P, )
A = A AGO = RT |n
g solv solv ([A](solv)

where Pa is the vapor pressure of A over the solution (in atm) and [A]sol) is the concentration of A in the
solution (1 M for our chosen standard state). The solvation free energy of A can therefore be calculated
from the vapor pressure of A over a 1 M solution of A.

In vapor-liquid equilibrium studies, the results are generally reported on a mole fraction basis.
Assuming ideal mixing of the solute and solvent in the liquid phase (i.e. the volumes are additive), the mole
fraction of a solute A in solution is converted to concentration by:

Ca
AL MW, (¢, IMW
1000d, 1000 dg
where y, MW, and d are the solution-phase mole fraction, molecular weight, and density (in g/mL) of the
solute (A) and solvent (B). Although vapor pressures are typically not reported at our chosen standard state
of 1 M in solution, the vapor pressure of A over a 1 M solution of A can be estimated by assuming that the
vapor pressure of A varies linearly with ya over a limited concentration range.

To demonstrate the validity of this approach, the solvation free energy of methanol in water was
calculated from the vapor pressure of methanol over water (Figure S1).1” The resulting value (AG®sonv = 2.7
kcal/mol) is reasonably close to the reported solvation free energy of methanol in water (AG°sov = —3.2
kcal/mol; see Table S5). The fits used to determine AG°sov for MeOH and H20 in THF and MeCN are shown
in Figures S2-S6, and the resulting values are summarized in Table S4.

Table S4. Solvation free energies for methanol, water, and acetic acid in organic solution determined
from vapor pressures

Solvent  AG°son(MeOH)  AG°son(H20)  AGPson(ACOH)

kcal/mol kcal/mol kcal/mol
MeCN -2.0 2.4 -4.0
THF -25 -2.3
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Figure S1. Determination of vapor pressure of methanol over a 1 M solution of methanol in water (orange
point) from known vapor pressures at other concentrations (shown in blue).”
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Figure S2. Determination of vapor pressure of methanol over a 1 M solution of methanol in acetonitrile
(orange point) from known vapor pressures at other concentrations (shown in blue).18
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303 K rather than 298 K, but this is expected to have a very small impact (ca. 0.2 kcal/mol) on the final
solvation free energy.
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4. Evaluation of standard potentials for 2-electron oxidation of alcohols

4a. Calculation of agueous standard potentials for 2-electron oxidation of alcohols

We calculated agueous standard potentials for oxidation of alcohols following the method described
in the main text for calculation of E°r2corzcHon (org) @as shown in Scheme S2. This method requires
E°n+m2 shE) (defined as zero), the values of AG°+z () (Table S2) and AG°sowv for the alcohol and aldehyde
or ketone in water (Table S5). Values of AG°sov were taken?2 from the MNSOL database?? or calculated®
from aqueous Ostwald solubility coefficients.2* The resulting E°r2coracHoH (aq) are compared to values
reported in the literature in Table S6. A similar method has been used previously to estimate
E°PhcHO/BNOH (aq).2®

Scheme S2. Calculation of standard potentials for 2-electron alcohol oxidation in aqueous solution

2H%aq) *+ 2€7 (sup) == Hyq AG® = =2FE° oy (shE)

R2C=O(g) + H2(g) - RZC(H)-OH(Q) AGO{.H2 @ AGOf (RzCHOH(g)) - AGOf (R20=O(g))
R20=O(aq) —_— R2C=O(g)

AAGosolv = AGOsolv (R2CHOH) - AGOsolv (R2C=O)
R2C(H)-OH(g) ==== RyC(H)-OHaq

AG°+|-|2 (@ + AAGOSON
-2F

RyC=0(yq + 2H* 4 + 2 e (gygy == R3C(H)-OH E°R,coir,cHOH (aq) = EH*m, (sHE) +

Table S5. Aqueous solvation free energies used for calculation of E°r2co/r2cHOH (ag)

Alcohol Aldehyde/ketone AAGC<ony
AG®solv AG®soly (kcal/mol)
(kcal/mol) (kcal/mol)
MeOH/CH20 -3.2 -0.9 -2.3
EtOH/CHsCHO -3.1 -1.6 -1.5
iPrOH/Me2CO -2.9 -1.9 -0.9
BnOH/PhCHO -4.5 -2.1 -2.3

a8 The values in the MNSOL database are reported for a standard state of 1 M gas dissolving at a solution concentration
of 1 M, which is often referred to as the Ben-Naim standard state and denoted as AG*. To convert to the more
conventional standard state of 1 atm gas and 1 M solution (AG®), a correction factor of AG*>° = RT In (V°) must be
added (where V° = RT is the volume occupied by an ideal gas at a pressure of 1 atm). At 298 K, V° = 24.45 L and
AG*™° = 1.89 kcal/mol.

b The Oswald solubility coefficient (L, commonly reported as log(L)) is a unitless quantity that represents the ratio of the

concentrations of a gas in the liquid and gaseous phases. The solvation free energy can therefore be calculated as:
AG°soy = —2.303 RT |Og(L) + AG*™°

where AG*>° = 1.89 kcal/mol is added to convert from a 1 M gaseous standard state (implied by the use of Ostwald

solubility coefficients) to a 1 atm standard state, as described above.
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Table S6. Comparison of standard potentials for 2-electron alcohol oxidation reported in the literature to
those calculated using the approach in Scheme S2.

Calculated E° Literature E° Ref.

(V vs SHE) (V vs SHE)
MeOH 0.361 0.232 26
EtOH 0.212 0.218 27
iProH 0.127 0.133 27

For the EtOH/acetaldehyde and 'PrOH/acetone pairs, the values of E°racorzcHoH (aq) calculated in
this fashion are within 10 mV of values reported in the literature. In contrast, the calculated value of
E°r2coir2cHoH (ag) fOr the methanol/formaldehyde pair is 130 mV more positive than the literature value. This
is presumably due to a difference in the treatment of formaldehyde hydration. To our knowledge, neither
early sources for values of E°nacomeon (ag) NOr sources for AG°sov for formaldehyde explicitly discuss any
corrections that were applied to account for formaldehyde hydration. The Keq for formaldehyde hydration?®
is approximately 103 corresponding to ~4 kcal/mol of additional driving force which has a substantial impact
(ca. —90 mV) on the calculated value of E°n2comveon (ag). However, it is difficult to determine the precise
correction needed due to the complexity of the equilibria of aqueous formaldehyde in the presence of
methanol.?®31 The Keq values for acetaldehyde and acetone hydration are smaller (2 and 0.001,
respectively?8) and should have a negligible influence on E°r2cor2cHoH (ag).

Similar considerations also apply for the 2-electron oxidation of methanol in organic solution. To
our knowledge, the speciation of formaldehyde in organic solutions containing methanol has not been
gquantitatively studied, but as is the case in water, a complex mixture of oligomeric species is expected.
Because of the difficulties associated with accurately describing the solution speciation of formaldehyde,
when evaluating overpotentials for 2-electron oxidation of methanol in organic solvents we recommend
comparing to E°crzo/meoH (org). The resulting value corresponds to a lower limit on the overpotential.

10



4b. Evaluation of AAG®sqiv = 0 approximation for 2-electron oxidation of alcohols

The solvation free energies for the alcohol and aldehyde/ketone pairs discussed here can be
calculated? in both water and hexadecane (Table S7).2* In water, AAG°sov is at most —2.3 kcal/mol,
corresponding to a 50 mV change in E°rzcorzcHon (org). In contrast, in the nonpolar, aprotic solvent
hexadecane AAG°®sol is less than —1 kcal/mol corresponding to a shift in E°rzco/rzcHoH (org) 0f 15 mV or less.
The magnitude of AAG®saw in the polar, aprotic solvents typically used in electrochemical alcohol oxidation
studies likely lies somewhere between these two extremes.

Table S7. Solvation free energies for alcohol-aldehyde/ketone pairs in water and hexadecane.

In water In hexadecane
Alcohol Aldehyde/ketone AAG®solv Alcohol Aldehyde/ketone AAG®solv
AG°solv AG°solv (kcal/mol) AG°solv AG°solv (kcal/mol)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
MeOH/CH20 -3.2 -0.9 -2.3 +0.6 +0.9 -0.3
EtOH/CH3CHO -3.1 -1.6 -1.5 -0.1 +0.2 -0.4
'PrOH/Me2CO -2.9 -1.9 -0.9 -0.6 -0.5 -0.1
BnOH/PhCHO -4.5 -2.1 -2.3 -4.2 -3.5 -0.6

Further validation of the approximation AAG°soiv = O in organic solvents is provided by comparisons
between sets of AG®saiv in water, MeCN, and THF. For ethanol, values of AG°sov have been reported® in all
3 solvents.z® Although AG°sov for acetaldehyde are not reported in MeCN and THF, they have been
reported® for 2-butanone in all 3 solvents.?> The aqueous AG°sov for 2-butanone is similar to that of
acetaldehyde. Assuming that the same is true in MeCN and THF, comparison of the AG°sov Of ethanol and
2-butanone gives a rough estimate of the magnitude of AAG°so for the ethanol/acetaldehyde pair in MeCN
and THF. As shown in Table S8, this suggests AAGsov =~ 0 in both solvents.

Table S8. Solvation free energies for 2-butanone and ethanol in water, MeCN, and THF.

Solvent AG®solv (kcal/mol) AG®solv (kcal/mol) AG®sonv (kcal/mol)
Ethanol Acetaldehyde 2-butanone
H20 -3.1 1.6 18
MeCN 25 . o8
THF 27 _ 57

a See Section 4a for the method used to calculate AG°soiv from Ostwald solubility coefficients

b A standard state correction (see Section 4a) was applied to the values taken from the MNSOL database.
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4c. Alternative thermochemical schemes for calculation of E°rocoractoH (org)

Here, we present two alternative schemes for calculation of E°r2co/Rr2cHoH (org). AS detailed below,

we believe the values calculated from AG°++2 (g as described in the main text of this paper are more
accurate than those determined using these two schemes.

4c.i. Calculation from E°rocoracHoH (ag)

In previous reports, thermochemical cycles have been used to convert aqueous standard potentials
to standard potentials in organic solution using E°n+h2 in water and organic solution along with free energies
for transfer of the substrate and product from water to organic solution.”- 32 A scheme for converting
E°Rr2co/rR2cHOH (ag) 10 E°R2co/R2cHOH (org) USING this method is shown below.

Scheme S3. Thermochemical scheme for calculation of standard potentials for alcohol oxidation to
ketones/aldehydes in organic solution starting from aqueous standard potentials.

R2C=0(aq) + 2 H+(aq) + 2e (ghE) R2C(H)-OHaq) E°R,COR,CHOH (aq)

Ha(g) 2Haq) * 26 gy EHH,cHE)
2H o) + 2 € (pey = Hyg) E o, (Feroy
RgC:O(org) —_— ch:c)(aq)
AAGOtr (ag— org) = AGotr (ag—> org)(RZCHOH) - AG"“ (ag— org) (RZC:O)
RyC(H)-OH(3q) === R,C(H)-OH 1
RyC=0(org) + 2 H*(org) + 2 € ety =———== RyC(H)-OHq(q) E°R,cOIR,CHOH (org)

AAG® tr, ag—»org

o _ o
E°R,COIR,CHOH (org) = E°R,COIR,CHOH (aq) — E°WH, (sHE) * E H*m, (org) + oF

The free energy for transferring the aldehyde/ketone and alcohol from water to organic solution
(AG®y, agsorg) IS Not known in most cases and is challenging to measure experimentally. Calculation of
AAG®y, ag—org IS particularly difficult for the formaldehyde/methanol couple because of the complex solution
behavior of formaldehyde, as discussed in Section 4a.

The quantity AAG®y, ag»org Can also be expressed in terms of a difference in solvation free energy
differences between the alcohol and aldehyde/ketone in organic solution and water:

AAG®t, aq —org = AAG®solv, org — AAG®solv, ag
As discussed in Section 4b, it is unlikely that AAG®sav, org @nd AAG®saiv, aq are identical. We therefore
recommend estimating E°r2co/Rr2cHOH (org) from AGuz () rather than from E°rzco/r2cHoH ag), although the

resulting values will be similar since the magnitude of AAG°sov is small in water (see Table S7) and is
expected to be small in organic solvents as well.
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4.c.ii Calculation from hydricity of isopropoxide

An alternative thermochemical cycle for determination of the acetone/2-propanol standard potential
in acetonitrile has been proposed previously.2® This cycle uses a computationally derived value for the
hydricity of isopropoxide and an estimated pKa of 38 for 2-propanol in acetonitrile. Neither of these values
is known to a high degree of accuracy, and since hydricities for other alkoxides have not been calculated
the method is not easily extended to other alcohol-aldehyde/ketone pairs. The value of E°mezcoriproH (Mecn)
calculated using this cycle is 250 mV more negative than the value determined from AG®+nz2 ().

Scheme S4. Calculation of standard potential for 2-propanol oxidation using hydricity of isopropoxide

H+(MeCN) t2e gy = Hmecn) AG°H4H- = 79.6 kecal/mol
(0] o
)J\ + H_(MeCN) - )\ AGOH_(MGQCHoi) = -19.8 kcal/mol
(MeCN) (MeCN)
o OH
P +H oy ———— AG® = —2.303RT*pK,, = —51.7 kcal/mol
(MeCN) (MeCN)
o OH
)J\ +2H ecny +2 € (Mecn) T )\ E°Me2co/iProH (MeCN)
(MeCN) (MeCN)

AG°{in- ¥ AG°H.(Meo,CHO™) — 2.303RT*pK,

E°Me2CO/iPrOH (MeCN) = oF

E°vezcoripron = —0.17 V vs Fc*0 ]
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5. Evaluation of E° for 4-electron oxidation of alcohols to esters

5a. Calculation of standard potentials for 4-electron oxidation of alcohols to esters

Following the approach outlined in the main text for 2-electron oxidation of alcohols to aldehydes
or ketones, the standard potential for 4-electron oxidation of alcohols to esters can be calculated using the
thermochemical cycle in Scheme S5. The AAG®sov term can be omitted when experimental values are not
known since it is likely that AAG®°sov makes a relatively small contribution to E°estersaiconol (S€€ Section 5b).

Scheme S5. Thermochemical scheme for calculation of standard potential for 4-electron oxidation of
alcohols to esters.

4H (g + 4 & g, =——= 2Hyq AG® = ~4FE° ot orey
% PSS
M +2Hyy = 2 R7 OH AG®+2 1 (g)= 2"AG° (RCH20H(g)) ~ AG®; (RCH2C(O)R )
R707 Ry
o o
o R T e~
(org) @ AAGP4qy, = 2*AG0, (RCHL0H) — AGC5gy, (RCH,C(O)R) = 0

P P
2 R7OHg === 2 R “OHyy

o AG® G

- _ N o — [Eo +2Hy (g) + AAG 501y

PN )-k +4 H+(org) +4e (Fe*®) = 2R OH(org) Eesterlalcohol(org) = E H+IHz(org)+ :
R o R(org) -4F

AG®+2H, (g)

~ E%m, (org) T TarF

°
E ester/alcohol (org)
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5b. Calculation of E°gtoac/etoH (Mecn)

A thermochemical scheme for determination of the standard potential for ethanol oxidation to ethyl
acetate in MeCN is shown in Scheme S6. AG°sow, EtoH (Mecn) Was taken? from the literature.?
AG°solv, Etoac (MecN) Was calculated from the aqueous solvation free energy? for EtOAc?® and the free energy
for transfer of EtOAc from water to MeCN (Scheme S7).34 The solvation energy terms make only a small
contribution (17 mV) to E°etoac/EtoH (MecN).

Scheme S6. Thermochemical scheme for determination of standard potential for ethanol oxidation to
ethyl acetate in acetonitrile.

4H Mecn) + A€ () T 2Hy AG® = -4FE° = +2.6 kcal/mol

H*/H (Fc*)
EtOAC(g) + 2 H2(g) _— 2 EtOH(g) AG°+2 H, (g)z —-1.5 kcal/mol
EtOAcmecny =———— EtOAc(, —AG°soly, EtOAc (MecN) = +3.4 kcal/mol

2 EtOH(g) _— 2 EtOH(MeCN) Z*AGOSONY EtOH (MeCN) = 2*-2.5 kcal/mol

EtOACmecn) * 4 H (MecN) + 4 € Him, (Fe0) === 2EtOHpecn) | E°EtoAc/EtOH (Mecn) =+ 0.01 V vs Fc*/0

Scheme S7. Calculation of AG°sov for EtOAC in MeCN

EtOAcy = EtOAc(,) AG’soly (aq) = — 1.2 keal/mol
EtOAC(q) EtOAC(ecn)  AG’t, EtOAG (ag-> org) = — 2.2 keal/mol
EtOAcq =———— EtOAcmecn) AG’sow (mecn) = — 3.4 kcal/mol

a A standard state correction (see Section 4a) was applied to the values taken from the MNSOL database
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6. Evaluation of E° and E* for 4-electron oxidation of alcohols to carboxylic acids and
carboxylates

6a. Calculation of aqueous standard potentials for oxidation of alcohols to carboxylic acids

A thermochemical scheme for 4-electron oxidation of alcohols to carboxylic acids is shown in
Scheme S8. Solvation free energies for carboxylic acids and alcohols were calculated? from reported
dimensionless Henry’s law coefficients or Ostwald coefficients.24 35 For a reference state of liquid water®,
the solvation free energy of water in water (i.e. the free energy for vaporization of water) is given by:

AG®solv, H20 = RT In(Pvapor) = RT In (0.0313 atm) = -2.1 kcal/mol
The vapor pressure of water at 298 K was taken from the literature.* The resulting potentials for oxidation
of methanol, ethanol, and benzyl alcohol are provided in Table S9.

Below the pKa of the carboxylic acid, the thermodynamic potential shifts by —2.303*RT/F = -59 mV
per pH unit according to the Nernst equation. Above the pKa of the carboxylic acid, the potential shifts by
-5*2.303*RT/(4F) = -74 mV per pH unit (reflecting the 4 e~/ 5 H* stoichiometry of the reaction), resulting in
the following expression for E°'rcoz-/RCH20H :

E°'rco2-reHz0H = E°Rcozn — 0.059*pKa(RCO2H) — 0.074*(pH-pKa(RCO2H))

= E°rcozn + 0.015*pKa(RCO2H) — 0.074*pH

Scheme S8. Calculation of standard potential for oxidation of alcohols to carboxylic acids.

4H'aq) *+ 4esHE 2 Hyg) AG® = —4FE®u (aq) = 0 keal/mol

RCO,H(g) + 2 Hy) RCH,0H g + Hy0(q) AG®43 Hag) = AG® (RCH,OH(g)) + AG% (H;0(g) ~ AG® (RCO,H(g))

RCO2H(aq) RCO2H(g) —AG®solv, RCOZH (aq)
° AAG®soly = AGsoly (RCH0H) + AG®50,(H20)
RCH,0Hg, RCH20H 5 AG®solv, RCH20H (aq) ~ AG®4yy, (RCO,H)
H20q) H20aq) AG°soly, H20 (aq)

AG°4+2 H, (g) + AAGsoy
-4F

RCO,H(aq) + 4 H'(aq) + 4 € (shE) RCH;0H(aq) + H20(aq) E°RCO2HIRCH20H (aq) = E°H4/H2 (aq) +

Table S9. Thermodynamic potentials for oxidation of alcohols to carboxylic acids or carboxylates

AG®solv, RCH20H AG®solv, RCO2H AAG®solv E°Rrco2H/RCH20H DKa(RCOZH)? E°'rRcoz2-/RcH20H

(kcal/mol) (kcal/mol) (kcal/mol) (V vs SHE) (V vs SHE)
MeOH 30 51 0.2 0.11 3.75 0.16-0.074*pH
EtOH -3.1 -5.1 -0.1 0.06 4.76 0.13-0.074*pH
BnOH 45 6.1 -0.5 0.06 4.20 0.13-0.074*pH

@ The dimensionless Henry’s law constant (Kaw) is equivalent to the Ostwald coefficient (see Section 4a). The
solvation free energy is therefore calculated as:

AG®solv = —2.303 RT log(Kaw) + AG*—°
where AG*>° = 1.89 kcal/mol is added to convert from a 1 M gaseous standard state to a 1 atm standard state.

b In some literature sources (including values in the MNSOL database), self-solvation free energy (the solvation free
energy of a liquid in itself) is instead calculated as AG®soiv = RT In (Pvapor / Miig) where Pyapor is the vapor pressure of the
liquid and Miiq is the molarity of the pure liquid. If this method is used for water, it implies a reference state of 1 M water
in water, which differs from the reference state of 55 M water implied by our calculation of the solvation free energy as
AG°sov = RT In (Pvapor).
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6b. Calculation of standard potentials for oxidation of alcohols to carboxylic acids in organic
solution

A thermochemical cycle for 4-electron oxidation of alcohols to carboxylic acids in organic solution
is shown in Scheme S9. Scheme S10 shows the cycle for oxidation of alcohols to carboxylate salts in the
presence of strong bases where pKa(HBase™) > pKa(RCO2zH).

Scheme S9. Calculation of E° for 4-electron oxidation of primary alcohols to carboxylic acids.

4 HYorg) + 4 €7 (Fe) 2 Hyg) AG®weih, org) = ~AFE°Hm, (org)
RCOzHg) + 2Hpg) == RCHOH)+ H0p)  AG% 2h, (org)
RCOHerg == RCO,H

RCH,0Hg) === RCH;0Hqq AAG®soly = AG®solv, RCH,0H (org) + AG® solv, H,0 (org) “AG°soly, RCO,H (org)

HOq = H20(n

AG°+2 H, @t AAG®gqy

+ -
RCOzMorg) + 4 Hiiorg) * 4 €7 () <———" RCH0H(org) + H200rg)  E°Reo,mmeH;0H (org) = E by (Fe™®) * 4F

AG°42H, @
_4F

‘o -~ 0
E® Rco,HIRCH,0H (org) = E H*MH, (Fe*) T

Scheme S10. Calculation of E°' for 4-electron oxidation of primary alcohols to carboxylate salts in the
presence of strong bases.

RCOH(org) * 4 H'org) * 4 & (pe0) === RCH;0H(0rg) + H>0(org) AG® = ~4FE°RC0,HRCH,0H (org
RCO; (org) + H(org) == RCO;Hqrg) AG® = ~2.303RT*pK4(RCOzH 5rg))
5 HBase"(oq) <= 5H'(og) * 5 Base(org) AG® = 5*2.303RT*pK,(HBase" (org)

RCO2 (org) + 5 HBase+(org) + 4e () —————= RCH,0H g + HO(org)* 5 Base(orgy  E°'RCO,1RCH,0H (org)

-1.364*pK,(RCO,H) + 5*1.364*pK,(HBase")

o _ o
E®'Rc0,/RCH,0H (org) = E°RCO,HIRCH,OH (org) +
-4F

E°'Rco, IRCH,0H (org) = E°Rco,HIRCH,0H (org)+ 0-015*pK,(RCO,H) — 0.074*pK,(HBase")
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6c. Calculation of E°aconetoH (vecn) and E°aco-etoH (Mecn)

A thermochemical scheme for calculation of E°acom/eton (vecn) is presented in Scheme S11. The
values of AG°solv, aconmecn and AG°sov, H2omecn Were determined as described in Section 3, and
AG°saly, EtoHMecn Was taken? from the literature.?® For this system, AAG°sov = —0.9 kcal/mol, corresponding
to a 10 mV contribution to the final potential.

Scheme S11. Calculation of the standard potential for oxidation of ethanol to acetic acid in acetonitrile.

4 H'(mecn) + 4 €7(Fe) 2 Ha) AG® = ~4FE"jupp vecn) = 2.6 keal/mol
CH3CO Hg) + 2 Hyqy =——== EtOH g+ H,0(q AG®43 () = ~5.1 keal/mol
CH3COH(Mmecn) == CH3CO3H, ~AG g0y, AcOH (MecN) = +4.0 kcal/mol
EtOHg = EtOHpecn) AG®soly, EtOH (MecN) = —2.5 kcal/mol
HOp = H20mecn) AG’so1y, H20 (MecN) = —2.4 kcal/mol
CH3COzH(mecn) *+ 4 Hmecn) + 4 €7(re0) === EtOHyecn) * H20mecn) E°pconrEtoH (Mecn) = *+ 0.04 V vs Fc*'0

The pKa of acetic acid in acetonitrile is 23.5.26 The thermodynamic potential of the acetate/ethanol
couple in acetonitrile is therefore:
E° aco/EtoH = 0.040 + 0.015*23.5 - 0.074*pKa(HBase+) =0.393 - 0.074*pKa(HBase+) V vs Fct0

a A standard state correction (see Section 4a) was applied to the values taken from the MNSOL database
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6d. Alternative thermochemical scheme for calculation of E°4cozrmeoH (Mecn)

An alternative thermochemical scheme for calculation of E°ncozriveon (vecn) IS presented in Scheme
S12. In this approach, E°cozmcozn (vecn) iS calculated from the hydricity of formate in acetonitrile as
described by Kubiak and co-workers.3” The resulting value is combined with E°coz2meon (vecn) Calculated in
Section 7b. The pKa of formic acid38, hydricity of formate3?, and AG°x+n-° in acetonitrile were taken from
the literature. The resulting value of is nearly identical to the approximate value obtained from AG°+2 H2 (g)
(without a correction for AAG®sol).

Scheme S12. Calculation of E°ncozrmeoH (vecny from the hydricity of formate

HCO,H wecn) H* aecn) * HCO2 wecn) AG® = 1.364"pK,(HCO,H ecny) = 1.364720.7 kealimol
HCO[(MQCN) = CO, (@t H (mecn) AG°H_ (HCO2 (vecn)) = 44.2 keal/mol
Hmecny = H"(mecn) * 28 (Fct0) —~AGh4h- (MecN) = —79.6 kcal/mol
COy @)+ 6 H (ach) *+ 6 & (rosin) = MeOHecn) * H:Omecn) AG® = —6FE°goameon (vec) = ~6F(0.00) keal/mol
HCO Hmecn) * 4 H (mech) *+ 4 € 1orm, (For) MeOHuecn) + H20mecn) E°HCo2HMeOH (MeCN)

1.364*pK,(HCO,H) + AG°_(HCO;") — AGH.n-— 6FE°cozmeoH

E° =
HCO2H/MeOH (MeCN)
—4F

[ E®4co2HMeoH (MecN) = *+ 0.08 V vs Fc*/0 J
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7. Evaluation of E° for 6-electron oxidation of methanol to CO.

7a. Calculation of E°co2meoH (aq)

E°co2meoH (ag) can be calculated from AG°+3 12 () and aqueous solvation free energies, as shown in
Scheme S13. The resulting value of E°coameoH (aq) agrees with

literature reports which give
E°co2/MeoH (aq) = +0.033 V vs SHE 41 42

Scheme S13. Calculation of E°co2meoH (ag) from AG°+3 H2 (g)

6 H+(aq) + 6e” (SHE) 3 Hg(g) AG® = —BFE° 412 (2q)
COz(g) + 3Hzig) === CH30Hg + H,0( AG® 3 112(g) = 0.8 keal/mol
MeOHg) ==—==== MeOH 4 AG°so, MeoH = —3-2 kcal/mol
H2Og) =———= H20py) AG°so, H2o = —2.1 kcal/mol
COyq) + 6H'(aq) + 66 (supy =———= MeOH(yq) + Hy0(aq) [ Eco meon aq =+ 0-03V vs SHE

AG.3 Ho(g) * AG’solv, MeOH (ag) ¥ AG°soly, H20 (aq)

E°co2/MeOH (aq) = E°H+H2 (aq) *
—6F

The aqueous solvation free energy of methanol was taken from the literature (see Section 4a) and
the solvation free energy of water in water was calculated as described in Section 6a.

20



7b. Calculation of E°cozmeon (vecn)

E°co2meon (vecny can be calculated from AG°+ 3 12 (g) and the solvation free energies of methanol and
water in MeCN (see Section 3). The final value of E°cozmeon (vecn) is 0.00 V vs Fc*°, and the solvation free
energy terms contribute —4.4 kcal/mol (+0.03 V) to the potential.

Scheme S14. Calculation of E°co2meoH (vecn) from AG®+ 3 H2 (g)

6 H mecn) *+ 6 € (Fc) 3 Hag) AG® = —BFE°H+/H2 (MeCN)
COz(g) + 3 Hyg) CH30H g + Hy0(q) AG®,3 12 () = 0.8 kcal/mol
MeOH(g) MeOH(MeCN) AGOSON’ MeOH = —2.0 kcal/mol
H>0(g) H20 mecn) AG°sop, H20 = —2.4 kcal/mol
_ - 0
COyg) + 6 H*yecn) + 6 € (r0) =——= MeOHuecn) * H2Omecn) | E°coymeon mecn) = 0-00 V vs Fc*

AG.3 Ho(g) + AGsoly, MeOH (MeCN) + AGsoly, H20 (MeCN)
—6F

E°co2Me0oH (MecN) = E°H/H2 (MecN) +

Using an analogous scheme, in THF the final value of E°cozmeoH (tHF) is —0.31 V vs Fc*’°, and the
solvation free energy terms contribute —4.8 kcal/mol (+0.03 V) to the potential.

7c. Calculation of E°cozmeoH (org) from E°cozmeoH (aqg)

An alternative thermochemical cycle for calculating E°cozmeoH (org) that starts from E°cozmeoH (aq) iS
shown in Scheme S14. This cycle requires free energies for transfer of methanol and water from water to
organic solvent (AG®t (ag-org))-

Scheme S15. Calculation of E°co2meoH (org) Starting from E°co2/meoH (ag)-

COyg)+ 6 H'(aq) + 6 €7(shE) MeOH aq) + H20(aq) AG°co,MeoH (aq) = ~BFE"co,Me0H (aq)
[——— + — o _ 0 _
3Hyg = 6 H'(aq) + 6 € (shE) ~AG° i, (aq) = OFE o, (aq) = O
+ — ==a— o °
6H org) + 6€ ety = 3Hyq AG® o, (org) = “BFEHH, (org)

AG®y (ag— org) = AG® (ag— org), MeOH

MeOH(aq) _— MeOH(Org)
- Hzo(org) +AG% (ag—> org), H,0 ~ 0

H20(aq)

COy(g) + 6 H'(org) + 6 €7(rcv) MeOH(org) + H20(0rg)  E°co,Me0H (org)

AG% (ag— org)

E°co2/MeoH (org) = E°CO2/MeOH (aq) = E°H+H2 (aq) T E°H+H2 (org) * oF

E°co2/MeoH (org) ® 0-03 + E°Hajn2 (org)
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Free energies for transfer of a substance A from water to organic solution can be calculated from the
agueous and organic solvation free energies of A as shown in Scheme S16.

Scheme S16. Calculation of AG° (aq-sorg) from solvation free energies in water and organic solvent.
Aag) == A —AG o1y, AH20

A(g) - A(org) AGasoIv, Alorg

A(ECI) - A(org) [ AG® (agq— org), A= AGOSON, Alorg — AGosoIv, A/H20 ]

The free energies for transfer of methanol and water from water to organic solution (THF, MeCN)
are presented in Table S10. The sources of the AG°sov Used in these calculations were presented in
Section 3. The transfer free energies contribute less than 10 mV to E°cozmeoH (org), demonstrating that it is

reasonable to omit transfer free energies in estimations of E°coz/meoH (org) from E°co2imeoH (ag) in other solvents
if estimates are not available.

Table S10. Transfer free energies relevant to methanol oxidation to CO2

MeCN  THF
AG® (ag - org), MeoH (kcal/mol) +1.2 +0.7
AG® (ag = org), H20 (kcal/mol) -04 -0.2
Total AG® (ag—org) (kcal/mol) +0.8 +0.5
Contribution to E°cozmeon (MV) -6 -3
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8. Calculation of standard potentials from liquid-phase AG®

While this work was in preparation, thermodynamic potentials were reported for several of the
couples discussed here in acetonitrile.*> The approach used to derive these values is similar to that
described in this work, but starts from liquid-phase values of AG°s in most cases and therefore involves a
correction for the free energy of mixing the liquid with acetonitrile rather than the solvation free energy, as
shown in Scheme S17 for 2-electron oxidation as an example. The values calculated using these two
methods are within expected error of each other (Table S11), which provides further support for our
assumption that solvation free energies do not make a substantial contribution to standard potentials.

Scheme S17. Calculation of E°r2corz2cHoH (Mecn) from liquid-phase AG®s

—

2 H+(MeCN) + 2 e’(FCwo) — H2(g) AG° = 72FE0H+/H2 (org)

ch=0(|) + H2(g) _— RQC(H)-OHU) AGO+H2 n = AGOf (RzCHOH(|)) - AGof (R20=O(|))

RZC:O(MeCN) —_— R2C=O(|)
AAG® iy = AG°nyix (R2CHOHmecn))
RQC(H)-OH(|) — R2C<H)'OH(M6CN) - AGOmiX (R20=O(M9CN))

AG°® +Hy (1) + AAG® ix
-2F

RoC=Omecn) * 2 H*(mecn) + 2 € ey == RyC(H)-OH(mecn)  ER,com,cHoH (Mech)= Ehtim, mecn) *

Table S11. Comparison of standard potentials for oxidation of alcohols derived by Fokin et. al. to those
calculated in this work.

Fokin et. al. This work
(Vvs Fc*®) (Vvs Fc™9)

MeCHO) + 2 H* mecn) + 2 € (rc+/i0) 2 EtOHvecn) 0.2072 0.15

MeZCO(MeCN) +2H"+2 €7 (Fc+/0) > iPrOH(MeCN) 0.089 0.08

EtOACmecn) + 4H" + 4 €7 (rc+i0) 2 2 EtOHvecn) 0.025 0.01

HCO2Hmeen) + 4H mecn) + 4 € (c+i0) 2 MeOHmecn) + H2O(mecn) 0.096 0.08
ACOHmecn) + 4H mecn) + 4 € (rc+i0) 2 EtOHwecn) + H2O(vecn) 0.047 0.04
CO2g) + 6H*(vecn) + 6 € (Fc+i0) 2 MeOHmecn) + H2O(mecn) 0.034 0.00

2 Fokin et. al. use a gas-phase standard state for acetaldehyde
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9. Determination of overpotentials for BnOH and 'PrOH oxidation with
[Ni(P'®Y;N™BY;)(MeCN),][BF4]. under buffered conditions

Experimental details

[Ni(P®Bu2N®BU:)(MeCN)2][BF4]2 was synthesized as described previously.** Acetonitrile was passed
through neutral alumina on an Innovative Technology solvent purification system, distilled from calcium
hydride, and stored over 3 A molecular sieves. Tetrabutylammonium tetrafluoroborate was recrystallized
from ethyl acetate. Benzyl alcohol (Acros, 98+% extra dry) was degassed and stored on 3 A molecular
sieves. Benzaldehyde was purified by vacuum distillation. Acetone (Acros, 98+% extra dry) was degassed
and used without further purification. 2-propanol and triethylamine were distilled from calcium hydride and
stored over molecular sieves. Triethylammonium tetrafluoroborate was prepared following a literature
procedure.*®

Cyclic voltammetry measurements were performed using a CH Instruments 620D instrument.
Experiments were performed in a glovebox at 22 — 24 °C using a standard 3-electrode setup consisting of
a 1 mm PEEK-encased glassy carbon working electrode, a glassy carbon rod counter electrode, and a
silver wire pseudoreference electrode separated from the analyte solution by a Vycor frit. The working
electrode was polished with 0.25 um diamond paste (Buehler) between measurements.

The catalytic turnover frequency (kobs) was calculated from cyclic voltammograms in the absence

and presence of substrate:
ic_at _n RTKqps
iy 0.4463 Fov

where icat is the peak catalytic current (selected as the point at which a plot of the first derivative of current
vs potential reaches a constant value), ip is the peak current of the catalyst in the absence of substrate,
n = 2 is the number of electrons required for catalytic turnover, R is the universal gas constant, T is the
temperature, F is Faraday’s constant, and v is the scan rate.

Oxidation of benzyl alcohol

For a 1:1 solution of benzyl alcohol to benzaldehyde and triethylamine to triethylammonium, the
equilibrium potential for benzyl alcohol oxidation is given by:

E” =F 0.0502*pK, (EtgNH") + 22 2@
PhCHO/BnOH (org) — H+/H2 (FC+/O) -V p a( 3 ) 2F

=-1.01Vvs Fc™°

EOIPhCHO/Br‘IOH (org) =-0.028 - 0.0592*18.8 + m

We chose not to conduct electrochemical studies with [Ni(P®U2N®Y2)(MeCN)2]?* under these
conditions for two reasons. First, a significant increase in icat was observed in the presence of equimolar
benzaldehyde and benzyl alcohol. The reason for the current increase is not known, but could be due to
formation of an ester, as observed in chemical oxidations with the related Ni complex
[Ni(P®U2NBm)(MeCN)2]%*.46 Second, a significant decrease in icat Wwas observed in the presence of equimolar
triethylamine and triethylammonium, likely due to instability of the Ni complex in the presence of a large
excess of acid, which was observed previously for [Ni(P®Y2NB"2)(MeCN)2]2*.47

Oxidation of benzyl alcohol under buffered conditions was therefore instead performed on a
solution containing 200 mM benzyl alcohol, 20 mM benzaldehyde, 100 mM triethylamine, and 10 mM
triethylammonium tetrafluoroborate. The equilibrium potential for benzyl alcohol oxidation under these
conditions is calculated as follows:
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or o N +w AG°h, RT [BnOH][Et3N]2
E” prcHorBnOH (org) = E° it o0y ~0-0592*PK,, (Et;NH") + — 2=~ ——1In :

-2F  2F "\ [PhCHOJ[Et;NH'T
., _ X 6.0  1.986x10°x298 (200x100° o
E PhCHO/BnOH (org) = -0.028 — 0.0592*18.8 + -2X23_06_ 5%23.06 n 20)(102 =-110Vvs Fc

The cyclic voltammogram recorded on an unbuffered solution containing 200 mM BnOH and 100
mM EtsN is shown in Figure S7a, and the cyclic voltammogram recorded on a buffered solution is shown
in Figure S7b. Conducting measurements under buffered conditions results in a decrease in koss and a 50
mV increase in apparent overpotential.

A ] B

Current (uA)
Current (uA)

#

V cat2 T

-0.71

catl2 ~

-1 E
L]

T T T T T T
12 1.0 -0.8 0.6 -0.4 0.2 0.0 12 1.0 038 -0.6 -0.4 02 0.0
Potential (V vs Fc*'°) Potential (V vs Fc*'%)

Figure S7. Determination of overpotential for BhOH oxidation with [Ni(P®BU;2N®BuY;)(MeCN):][BF4]2. The CV
of 0.4 mM [Ni(P®u2N®t2)(MeCN)2][BF4]z is shown in black. The CV of a catalytic reaction mixture containing
200 mM BnOH and 100 mM EtsN is shown in red on the left, and the CV of a corresponding buffered
solution containing 200 mM BnOH, 20 mM PhCHO, 100 mM EtsN, and 10 mM [EtsNH][BF4] is shown in
blue on the right. CVs were recorded in 0.1 M NBu4BF4 in MeCN at a scan rate of 100 mV/s.

Oxidation of 2-propanol

For a 1:1 solution of 2-propanol to acetone and triethylamine to triethylammonium, the equilibrium
potential is given by:

E” =F 0.0502*pK, (EtgNH") + 25 2@
Me2CO/iPrOH (org) — H+/H2 (FC+/O) Y- p a( 3 ) OF

=-1.03V vs Fc™°

E®'Me2coriproH (org) = -0.028 — 0.0592718.8 + m

Oxidation of 2-propanol under buffered conditions was performed on a solution containing 200 mM
2-propanol, 200 mM acetone, 100 mM triethylamine, and 10 mM triethylammonium tetrafluoroborate. The
equilibrium potential under these conditions is calculated as follows:

° o * AG’4,(q) RT 'PrOH][Et;N]?
E*'Me2coiiproH (org) = By, (reti0) — 0-0592 PK, (EtsNH") + —— Rl ), : [ ]

-2F  2F "\ |Me,COJ[Et;NH'T’
- 002 1 4.9  1.986x10°x298 (200x100°\ 109V ve F™
Me2CO/iPrOH (org) = -0.028 - 0.059 88 + -2X23_06_ 2%x23.06 n 200)(102 =-1.09 VS IFC
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Figure S8. Determination of overpotential for iPrOH oxidation with [Ni(P®BU2N®BU2)(MeCN)2][BF4]2. The CV of
0.4 mM [Ni(P®Y2N®BUY;)(MeCN)2][BF4]2 is shown in black. The CV of a catalytic reaction mixture containing
200 mM PrOH and 100 mM EtsN is shown in red on the left, and the CV of a corresponding buffered
solution containing 200 mM PrOH, 200 mM Me2CO, 100 mM EtsN, and 10 mM [EtsNH][BF] is shown in
blue on the right. CVs were recorded in 0.1 M NBu4BF4 in MeCN at a scan rate of 50 mV/s.
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