J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Electrochemical Evidence for Intermolecular Proton-Coupled
Electron Transfer through a Hydrogen Bond Complex in a
p-Phenylenediamine-Based Urea. Introduction of the “Wedge
Scheme” as a Useful Means To Describe Reactions of This Type

Laurie A. Clare, An T. Pham, Francine Magdaleno, Jaqueline Acosta, Jessica E. Woods, Andrew L. Cooksy,

and Diane K. Smith*

Department of Chemistry and Biochemistry, San Diego State University, San Diego, California 92182-1030, United States

© Supporting Information

ABSTRACT: The electrochemistry of several p-phenylenedi-
amine derivatives, in which one of the amino groups is part of
an urea functional group, has been investigated in methylene
chloride and acetonitrile. The ureas are abbreviated U(R)R’,
where R’ indicates the substituent on the N that is part of the
phenylenediamine redox couple and R indicates the
substituent on the other urea N. Cyclic voltammetry and
UV—vis spectroelectrochemical studies indicate that U(Me)H
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and U(H)H undergo an apparent le” oxidation that actually corresponds to 2e” oxidation of half the ureas to a quinoidal-
diimine cation, U(R)*. This is accompanied by proton transfer to the other half of the ureas to make the electroinactive cation
HU(R)H". This explains the observed irreversibility of the oxidation of U(Me)H in both solvents and U(H)H in acetonitrile.
However, the oxidation of U(H)H in methylene chloride is reversible at higher concentrations and slower scan rates. Several
lines of evidence suggest that the most likely reason for this is the accessibility of a H-bond complex between U(H)" and
HU(H)H" in methylene chloride. Reduction of the H-bond complex occurs at a less negative potential than that of U(H)",
leading to reversible behavior. This conclusion is strongly supported by the appearance of a more negative reduction peak at
lower concentrations and faster scan rates, conditions in which the H-bond complex is less favored. The overall reaction
mechanism is conveniently described by a “wedge scheme”, which is a more general version of the square scheme typically used
to describe redox processes in which proton transfer accompanies electron transfer.

B INTRODUCTION

There is a growing awareness of the important role that H-
bond complexes can play in complex electron-transfer
mechanisms. This is due in part to the current interest in the
mechanism of proton-coupled electron transfer (PCET)
reactions," ™ which arises both because of the importance of
PCET in biological electron transfer®® and because these
reactions are central to nonthermal, fuel-consuming and
producing processes, such as those involved in fuel cells or
envisioned for artificial photosynthesis.” Until relatively
recently, it had been thought that PCET reactions always
proceeded stepwise with sequential electron and proton
transfer. Much of the recent fundamental interest in PCET
stems from the realization that a third option is available,
concerted electron and proton transfer or “CPET” in which the
electron and proton both move in a single kinetic step.' ™"’
This focus on the concerted process has increased awareness of
the importance of H-bond states in PCET, since the concerted
reaction occurs within a H-bonded intermediate."”>'° How-
ever, it is also recognized that even in the absence of CPET, H-
bonding can have a substantial effect on the energetics of
electron transfer,"' ™ or alternatively, electron transfer can
have a substantial effect on the energetics of H-bonding. This
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latter realization has led to increased awareness of the
importance of H-bonding in electron transfer from an entirely
different front, namely, supramolecular chemistry. In this
context, it is well recognized that H-bonds are one of the
most important and useful intermolecular interactions for
creating well-defined supramolecular complexes. With incorpo-
ration of reversible redox couples and proper design, electron
transfer can provide a convenient means both to detect the H-
bond complex and control its assembly.***

Our interest in H-bonding and electron transfer comes
primarily from the latter, supramolecular perspective. Over the
years, our group has introduced a number of simple
supramolecular complexes in which the strength of H-bonding
can be controlled electrochemically.**™** One such system, and
the subject of this report, is the electroactive urea, UM)H>
Ureas are very good H-donors and as such are often used in
synthetic hosts. In general, incorporation of a reversible redox
couple into a host can provide a means to detect the presence
of guests through shifts in the redox potential brought about by
guest binding.
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In the case of U(H)H, a p-dimethylamino group converts
1,3-diphenylurea into a p-phenylenediamine derivative. As
expected for p-phenylenediamines, U(H)H undergoes a
reversible oxidation in CH,Cl,, which we initially interpreted
as the le™ oxidation to the radical cation. Addition of the cyclic
diamide PZD results in significant negative shifts in the
potential of the cyclic voltammetric (CV) wave of U(H)H,
consistent with strong H-bonding to the oxidized urea, Scheme
1.
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Shortly after our report on U(H)H, Sibert and co-workers
published a closely related study in which they looked at redox-
dependent anion binding with other phenylenediamine-based
ureas.®’ Similar to our results, they observed large negative
shifts in the redox potential of the ureas upon addition of
anions, such as acetate, that can H-bond to the urea NHs. They
also interpreted their results as being due to an increase in H-
bond strength between the oxidized ureas and the guests.
However, in their case, the observed negative shift in potential
was also accompanied by a doubling in current, signaling a
conversion from a le” to 2e” process. Such behavior, not
discussed by the authors, is strongly indicative of proton
transfer occurring and not merely H-bonding.

Although in our case the CV wave height does not change
significantly upon addition of PZD, upon further analysis of the
voltammetry of U(H)H at different concentrations in CH,Cl,
and in CH;CN, and also by comparing its voltammetry to that
of derivatives in which one or both urea N—H’s are replaced by
N-Me’s, U(Me)H, and U(Me)Me, respectively, we now realize
that proton transfer is occurring upon oxidation of the
phenylenediamine ureas, even without added guest. Analysis
of our more recent data leads to the conclusion that the NH
protons in the radical cations of both U(H)H and U(Me)H are
sufficiently acidic that they can be removed by the NMe, on
another urea in its reduced state. The uncharged radical thus
formed is easier to oxidize than the original urea, leading to
immediate removal of a second electron to give the doubly
oxidized quinoidal cation, U(R)*, along with the now
electrochemically inactive fully reduced, protonated urea,
HU(R)H". Therefore, the overall reaction involves 2e~
oxidation of one urea and deactivation of another via
protonation for a net le™ per urea, top reaction in Scheme 2.

The suggestion that the top reaction in Scheme 2 occurs with
phenylenediamines is not new. Peculiarities in the voltammetry
of NH-containing phenylenedlammes in aprotic solvents have
been noted, and we®* and others’*** have suggested proton
transfer as a possible explanation. However, a problem with this
is the generally observed reversibility>> of the first voltammetric
wave for phenylenediamine oxidation, which is not expected
when proton transfer accompanies electron transfer in organic
solvents.***® What is unique about this system is that with
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U(Me)H in both solvents, and U(H)H in CH,;CN, we actually
do see the expected less than reversible behavior in the first CV
wave, which makes the observed reversible behavior for U(H)H
in CH,Cl, more striking. The simplest explanation for this
difference is the stability of the H-bond complex that can be
formed between the products, Scheme 2. This will be greatest
for UH)H in CH,Cl,. Thus a reasonable explanation is that
the observed reversibility is due to the H-bond complex
providing a lower energy pathway for the reverse reduction.

Why is this a significant result? First, because the proposed
mechanism is actually a more general mechanism for the classic
2e”, IH" “ECE” pathway that is generally thought to explain
the 2e™ redox transformations observed in aqueous solution for
quinones, phenylenediamines, and a variety of other organic
redox couples with acid/base functionality. This is because
proton transfer generally goes through a H-bond intermedi-
ate.>”* In most cases, the intermediate is sufficiently short-
lived that it can be ignored, but if the conditions are such that it
has sufficient stability that it cannot be ignored, then electron
transfer to/from the H-bond intermediate can provide a lower
energy pathway, irrespective of whether the process is concerted or
stepwise within the H-bonded complex. Second, stability of the H-
bond complex has largely been left out of the discussion of
CPET, yet it is clearly of importance. Mader and Mayer made
this same point in a recent study dealing with homogeneous
CPET, where they noted that the energetics of the formation of
the H-bonded precursor and successor complexes were actually
the dominant contributors to the overall energetics.*'

The development of a useful graphical representation to
describe the proposed mechanism is outlined in Scheme 3 for
the generic le”, 1H" oxidation, AH + B = A + HB" + e™. Such
reactions are commonly described by square schemes as
illustrated in Scheme 3a, with the two possible electron-transfer
reactions shown on the horizontal axes and the two possible
proton-transfer reactions shown on the vertical axes. The overall
concerted reaction is indicated by the diagonal. The utility of
this presentation is that it clearly defines the thermodynamic
relationship between the five reactions. It also outlines the three
pathways now believed to be generally possible for the overall
reaction: (1) proton transfer followed by electron transfer or
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Scheme 3. Development of the Wedge Scheme
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(a) The Square Scheme

(b) The Cube Scheme

(c) The Wedge Scheme

PTET; (2) electron transfer, followed by proton transfer or
ETPT; and (3) concerted proton and electron transfer or
CPET. While the diagonal in the square indicates the overall
equation for the latter, in fact, as noted above, the actual
concerted transfer occurs through a H-bond intermediate, as do
the proton transfer reactions. Therefore, a more complete
representation of the pathways requires another dimension to
represent the H-bonding steps. This leads to the cube scheme,
Scheme 3b. The back panel of the cube (in blue) represents the
electron and proton transfer reactions within the H-bonding
complex, and thus, the diagonal here represents the true
concerted step, the E° of which is affected by the magnitudes of
the K’s for the H-bonding reactions and, unless they are all
equal, will not be the same as the E° for the overall concerted
reaction.

While the cube scheme provides a complete description of
the intermediates (assuming only 1:1 H-bonding is important),
from a kinetic, mechanistic view, it is also likely needlessly
complex, since all the reactions in the back panel are
unimolecular. As Laviron** pointed out for the normal square,
Scheme 34, if the proton transfers are at equilibrium, then the
overall square behaves like a simple le~ transfer with an
apparent E° that depends on the two-component E°’s and the
two K’s. Certainly, proton transfers will be at equilibrium within
a H-bond complex. Thus, for kinetic evaluation of the overall
mechanism, the back square can be replaced by a single
electron transfer step (shown in green), giving a “wedge”,
Scheme 3c.

The wedge scheme consists of two triangular “sides” that
describe the proton transfer, H-bond equilibria for each
oxidation state and three square faces. The front square (bold
black in Scheme 3c) represents the overall proton transfer,
electron transfer equilibria. The bottom square (AH + B, A—
H-B, A—-H-B*, AH" + B) describes the H-bond, electron
transfer equilibria for the protonated state, and the top square
(A~ + HB", A-H-B, A—H—B*, A + HB") describes the H-
bond, electron transfer equilibria for the deprotonated state.
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Logically it makes sense that the E° of electron transfer
within the H-bond complex should be in between that of the
completely protonated and completely deprotonated forms.
This can be confirmed by considering the relationship between
the K’s of the proton transfer steps or the H-bond steps and the
E®’s for the three squares comprising the faces of the wedge. As
outlined in the Supporting Information, this analysis leads to
the conclusion that the order of E° values is A~/° < A—-H—B"*
< AHY*, which has significant ramifications for the electro-
chemical reversibility of the AH,B/AHB" redox couple. Since
oxidation/reduction typically has a huge effect on acid/base
character, there is often a very large difference between the E°
values of the protonated and deprotonated species. Because of
this, it is common for reactions that involve net transfers of
electrons and protons to exhibit electrochemically irreversible
voltammetric behavior,>® with large AE, values, since the
potential required to add/remove the electron is so different in
the starting and ending oxidation states. The existence of a
relatively long-lived H-bond intermediate should improve the
electrochemical reversibility by providing a pathway of
intermediate potential.

The evaluation of the mechanism for the oxidation of
U(H)H in CH,Cl, provides strong evidence for the operation
of a wedge scheme, particularly in the context of the different
behavior observed in CH,Cl, vs the more polar CH;CN and in
the different behavior observed for the more sterically hindered
U(Me)H in both solvents. Part of the evidence is the greater
voltammetric reversibility observed for U(H)H in CH,Cl,, but
in addition we are able to clearly observe a concentration and
scan rate dependent conversion between two different
reduction pathways on the return scan. This behavior cannot
be explained by a simple square scheme but is readily explained
by the wedge scheme.

B EXPERIMENTAL SECTION

Chemicals. HPLC-grade CH,Cl, and CH;CN were distilled over
CaH, and collected under N,. NBu,PF was recrystallized three times
in 95% reagent alcohol and dried under vacuum overnight at 100 °C.
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The ureas used in this study were synthesized as described in the
Supporting Information.

General Voltammetry Procedures. Cyclic voltammetry (CV)
experiments were performed using either a CH Instruments model
600c or 760d digital potentiostat. All experiments were conducted in
0.10 M NBu,PF4/CH,Cl, or CH;CN in a jacketed one-compartment
electrochemical cell. For experiments conducted outside the glovebox,
temperature was controlled using a circulating water bath to flow 25
°C water through the outer jacket of the cell. For all voltammetry
experiments, a Pt disk working electrode (area = 0.028 cm?), a Pt wire
counter electrode and a Ag wire pseudoreference electrode placed in
its own separate compartment were used. The working electrode was
polished immediately prior to use with 1/4 pum diamond polishing
paste (Buehler), washed thoroughly with water, then polished with
0.0S pm alumina paste (Buehler) and washed with water and acetone.
To keep the electrochemical cell dry it was stored in an oven at 100
°C. Immediately after removal from the oven, the cell was placed
under Ar and dry electrolyte added. The solvent was then passed
through a column of activated alumina into the cell. For routine
experiments, after background scans were recorded, the electroactive
compound was added directly to the electrolyte solution in the cell.
For experiments in which a more accurate concentration was needed,
the solutions were prepared by first adding the electrolyte and the urea
derivative into a volumetric flask. Solvent, which had been previously
passed through a column of activated alumina, was then added to give
a 1 mM solution of analyte. The solution was transferred by syringe to
the electrochemical cell. A small steady flow of Ar through the cell was
maintained throughout the experiment in order to help keep the
solvent dry.

Cyclic Voltammetry Studies of UH)H, U(Me)H, and U(Me)Me
at Different Concentrations and Scan Rates. To minimize the
effect of water on the electrochemistry, voltammetry studies on scan
rate and concentration dependence were conducted in the same
electrochemical cell in a N,-atmosphere glovebox. This limited
temperature control of the cell but minimized problems with solvent
evaporation. To prepare very dry solvents, CH;CN or CH,Cl, was
passed through an alumina column into a flask, transferred to the
glovebox, then added to previously dried NBu,PF, This solution was
allowed to sit 48 h on 3A molecular sieves that had previously been
activated by drying under vacuum at 250 °C for 12 h. U(H)H and
U(Me)H were also vacuum-dried prior to being measured into a 1 mL
flask that was then placed into the glovebox. Immediately before CV
studies, a 7—10 mM stock solution of urea was made using the
electrolyte solution dried on the molecular sieves.

In order to get stable backgrounds for reliable subtraction at the
lowest concentrations, the electrode was cycled through the potential
range a number of times until the charging currents stabilized.
Typically this involved three sets of 20 cycles at 1 V/s. After the
currents stabilized, background scans were recorded at 0.20, 0.50, 1.0,
2.0, and 5.0 V/s. An appropriate amount of the urea stock solution was
then added using 10—100 puL gastight syringes to make solutions of
approximately 0.04, 0.08, 0.16, 0.32, 0.64, and 1.2 mM urea. The urea
concentrations were corrected for the change in volume assuming the
volume was additive and no evaporation. After each addition, CV’s
were recorded at 0.20, 0.50, 1.0, 2.0 and 5 V/s. A number of the low
concentration, fast scan rate CV’s obtained in the glovebox showed
significant 60 MHz noise. This was removed from the data using the
IIR notch filter in the Igor Pro v6.10a software package.

CV simulations. The background-subtracted CV’s for U(H)H in
CH,Cl, were fit to the “wedge scheme” mechanism given in Table 1
using the Digisim CV simulation software (v 3.03, BioAnalytical
Systems) and Butler—Volmer kinetics. Note that the equilibrium
constants for the proton-transfer reactions in this mechanism were
included in order to set the other equilibria, but the rate constants
were set to zero with the assumption that the proton transfer proceeds
through the H-bond intermediate. In order to minimize interference
from the oxidation of another species that shows up at higher
concentrations and slower scan rates (vide infra), only the CV’s at
lower concentrations and faster scan rates were used for the fittings (a
total of 16 CV’s). The simulations assumed an uncompensated

Table 1. Mechanism Used To Fit the CVs of U(H)H in
CH,Cl, and Resulting Best-Fit Kinetic and Thermodynamic
Parameters

reaction final E°¢ (K) final k°/k;
UH" + e = UH 0.10 V 0.11 cm/s
UH* + ¢ = UH* 0.62V 0.0044 cm/s
U'+e=U (—0.08 V) 0.044 cm/s
UHUH* + ¢ = UHUH' 0.08 V 0.69 cm/s
UH'" + UH = U + HUH* 1.3 x 107* oM s!
UH* + UH = U* + HUH' 9.3 X 107 oM 1ls!
UH' + UH = UHUH' 87 M™! 1.6 x 10" M~*s7!

3.6 X 100 MIs7!
1x 10" M~1s7!
1.1 x 10° M~ 17!

UH*' + UH = UHUH*
U + HUH' = UHUH'
U' + HUH' = UHUH**

(1.8 x 10 M)
(69 x 10* M~
(200 M7Y)
“Values in parentheses are thermodynamically redundant and so were
set by the other parameters.

resistance of 1900 . This value was calculated using R = p/ (4r),® a
resistivity (p) of 720 Q cm for 0.1 M NBu,PF,/CH,Cl, at 25 °C,*
and an electrode radius (r) = 0.094 cm. A large number of preliminary
simulations were run prior to the fitting process in order to determine
reasonable starting values for the K’s and for the standard electron-
transfer rate constants, k°. The starting values for the k{s of the H-
bonding reactions were set close to the diffusion controlled limit at 1 X
10* M~ 57!, The « values for all the electron transfers were set to 0.5,
and the diffusion coefficients, D, of all species were linked to that of
U(H)H, with a starting value of 1 X 10™° cm” s™'. An iterative
procedure was used for the fittings: first the K’'s were optimized,
followed by the E®’s, the ks and finally the k¢s. The cycle was then
repeated until no significant improvement was observed.

Spectroelectrochemical Studies. Spectroelectrochemical experi-
ments were conducted using a Cary Bio 50 UV—vis spectrometer and
a homemade optically transparent thin layer electrochemical
(OTTLE) cell. Details on its construction and use are provided in
the Supporting Information.

B RESULTS AND DISCUSSION

Voltammetric and Spectroelectrochemical Evidence
for Proton Transfer upon Oxidation of the Ureas in
CH;CN and CH,Cl,. Figure 1 shows concentration-normalized
cyclic voltammograms (CV’s) of U(Me)Me, U(H)H, and
U(Me)H in CH,Cl, using the same Pt working electrode at 0.2
V/s. Despite the similarities in structure, all the ureas show
clearly different voltammetric behavior. U(Me)Me, scan (a) in
black, is the only one that shows the generally expected
behavior for phenylenediamines in aprotic solvents—two
reversible oxidations.3>*>*® The first, at 0.13 V vs F,
corresponds to the le™ oxidation to the radical cation, followed
by the second, at 0.67 V vs Fc, corresponding to the le~
oxidation of the cation to the quinoidal diimine dication,
Scheme 4.

Like U(Me)Me, U(H)H also shows two CV waves in
CH,Cl,, scan (b) in red in Figure 1. The first is reversible and
appears to be due to a le™ process as judged by how close in
height it is to the U(Me)Me CV waves. A second CV wave for
U(H)H is also observed at more positive potentials, although in
contrast to the second U(Me)Me CV wave, the second U(H)H
wave is not chemically reversible and shows an unusual shape
that is not consistent with simply an irreversible le™ wave.

U(Me)H, scan (c) in blue in Figure 1, shows yet a different
type of CV behavior. The first oxidation peak is the same height
as that of U(Me)Me, again suggesting a le” oxidation, but
there is only a hint of a second oxidation at the potential it
would be expected. Furthermore, the first oxidation is only
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Figure 1. CV's (0.2 V/s) in 0.1 M NBu,PFs/CH,Cl, of (a) 0.5 mM
U(Me)Me, (b) 1 mM U(H)H, and (c) 1 mM U(Me)H. The current
has been normalized by dividing by concentration in mM.
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partially chemically reversible®> with a small return peak. The
major peak on the return scan occurs ~0.3 V negative of the
forward oxidation peak. This voltammetry suggests a “square-
scheme” type mechanism where the initially formed product
converts to something else that is more difficult to reduce.

Figure 2 shows CV’s of the same species in Figure 1 except in
CH,CN. Both U(Me)Me, scan (a) in black, and U(Me)H, scan
(b) in blue, show similar CV behavior in CH;CN as CH,ClL,,
but U(H)H, scan (c) in red, does not. Whereas U(H)H
appears to undergo a reversible le™ oxidation in CH,Cl,, the
first oxidation is not chemically reversible in CH;CN,
displaying a negatively shifted return peak similar to that seen
for U(Me)H in both solvents. Furthermore, the second
oxidation wave observed in CH,Cl, is now gone, so overall
the CV behavior for U(H)H in CH,CN is very similar to that
observed for U(Me)H.

Insight into the origin of the urea CV behavior is provided by
addition of pyridine, shown for U(H)H in CH,Cl, in Figure 3.
Addition of 1 equiv of pyridine causes a significant increase in
the current of the reversible wave, peaks Ia/Ic, along with the
elimination of the small irreversible oxidation wave, peak Ila,
and the appearance of a new broad, quasi-reversible wave, peaks
ITa/Ilc. As the amount of pyridine is increased, the reversible
wave, Ia/Ic, increases further in height and the broad wave,
IlTa/Illc, disappears. At 16 equivalents of pyridine, the first
wave, Ia/Ic, has almost doubled in height, but is still reversible.
Similar behavior is seen with U(H)H in CH,;CN, Figure 4,
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Figure 2. CVs (0.2 V/s) in 0.1 M NBu,PF;/CH,CN of (a) 1 mM
U(Me)Me, (b) 1 mM U(H)H, and (c) 1 mM U(Me)H.
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Figure 3. CV’s (0.2 V/s) of 1 mM U(H)H in 0.1 M NBu,PF,/CH,Cl,
with different equivalents of pyridine.

except the CV wave is not chemically reversible to begin with
and stays so as pyridine is added and the current increases. The
effect of adding pyridine to U(Me)H in both solvents is very
similar to that seen in Figure 4. (See Figure S1 in the
Supporting Information.)

The behavior observed for both ureas upon addition of
pyridine is consistent with pyridine being a strong enough base
to deprotonate the urea radical cation, U(R)H". This gives the
uncharged radical, U(R), which should be easier to oxidize than
the starting urea leading to immediate removal of a second
electron to give the quinoidal cation, U(R)*, and an overall 2e~
oxidation, eqs 1—3, where B is pyridine.

U(R)H — ¢~ = U(R)H" (1)
UR)H' + B = URR) + HB* (2)
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Figure 4. CVs (02 V/s) of 1 mM U(H)H in 0.1 M NBu,PF¢/CH,CN
with different equivalents of pyridine.

UR) —e” = UR)" (3)

The relevance of this to the CV’s with no pyridine is that the
basicity of the dimethylamino group on the urea should be very
close to that of pyridine.*’ Thus if pyridine can deprotonate the
urea radical cation, another unoxidized urea ought to be able to
do so as well. Indeed, addition of N,N’-dimethylaniline also
causes an increase in the current of urea oxidation, although the
behavior is more difficult to interpret since N,N’-dimethylani-
line is oxidized itself at a potential just a little more positive
than the urea. (See Figure S2 in the Supporting Information.)
Nonetheless, the data suggest that another urea should be able
to deprotonate the radical cation, triggering the removal of the
second electron, eqs 1—3, where B is now the starting urea,
U(R)H. In this case, even though a 2e” oxidation is occurring,
the overall process appears to be le” because the urea that
takes the proton is no longer electroactive, making the overall
reaction le” per urea, Scheme 2. In this regard it is important
to note that while addition of pyridine causes the current to
increase, it does not have much effect on the wave shape,
suggesting that a similar redox process is occurring both with
and without pyridine.

Additional support for Scheme 2 comes from UV-—vis
spectroelectrochemical studies of U(Me)Me and U(H)H in
CH;CN. Representative results are shown in Figure S.
Spectrum (a) in black is that obtained with U(Me)Me held
at a potential between the two oxidation waves. The observed
spectrum is typical for phenylenediamine radical cations
showing a peak in the near UV at 329 nm and a very broad,
intense visible absorption with two maxima at 559 and 601
nm.>>*7% Spectra (b—e) are with U(H)H. The starting
(reduced) urea, spectrum (b) in red, shows one major
absorption at 274 nm. Oxidation of the urea produces spectrum
(), green, when the potential is held at the top of the oxidation
peak, and spectrum (d), blue, when the potential is held 0.35 V
past the peak. From spectrum (d), the oxidation product(s)
show major absorptions in the UV at 260 and 308 nm, along
with a weak, very broad visible absorption. The key point here
is that the spectrum of the oxidation product(s) does not match

0.95 (a) U(Me)Me, E bet. ox. peaks
= (b) U{H)H, no applied E
274
0.76 (c) U(H)H, E held at top of ox.
peak
260 ——(d) U{H)H, E held 0.35 V pos. of

0.55 260 267 ox. peak
© (e) U(H)H with 1.5 eq HCIO4,
g no applied E
@©
£
S 0.35 K
o
<

0.15 F

-0.05 1 1 1 1 1

200 300 400 500 600 700
Wavelength, nm

Figure S. UV—vis spectroelectrochemical data in 0.1 M NBu,PF/
CH,CN for (a) 0.5 mM U(Me)Me and (b—d) 0.5 mM U(H)H. (e)
Spectrum for 0.5 mM U(H)H with 1.5 equiv of HCIO,.

that expected for the radical cation. Furthermore, addition of
1.5 equiv of HCIO4 to give the protonated, reduced urea,
HU(H)H" results in spectrum (e), purple, which shows a major
absorption peak at 260 nm. This matches the short wavelength
absorption observed for the oxidized product(s) in spectrum
(d). Thus, spectrum (d) appears to be a mixture of protonated
reduced urea and some other product that is not the radical
cation, consistent with Scheme 2.

Given the similarity of the CV’s of U(H)H in CH;CN and
U(Me)H in both solvents, it would seem likely that they all
undergo the same redox process, and based on the above
considerations, that process is best described by Scheme 2. The
irreversibility observed in the CV’s is also consistent with this
reaction because reduction of the quinoidal cation would be
expected to occur at a potential more negative than that of the
radical cation.

But what about U(H)H in CH,Cl,? Unlike the other cases,
the oxidation appears reversible. There is also the small
oxidation wave at more positive potentials. One hypothesis to
explain the voltammetry would be that the self-deprotonation
described above is not occurring for U(H)H in CH,Cl, and
that the first CV wave is as we originally thought it to be, the
reversible le” oxidation of U(H)H to the radical cation. The
second CV wave could then be due to oxidation of the radical
cation. As shown in Figure 3, addition of pyridine does cause
that small second wave to disappear along with the increase in
current. However, it is noteworthy that the first CV wave
remains reversible at the lower concentrations of pyridine, even
as the current doubles. Thus it would seem that the 2e~, 1H"
oxidation of U(H)H can be reversible in CH,Cl,.

The conclusion that the 2e~, IH" oxidation is also occurring
with U(H)H in CH,Cl, is further supported by the
spectroelectrochemical data in that solvent, Figure 6. As in
CH,CN, the spectrum of the U(Me)Me radical cation,
spectrum (a) in black, shows the double hump visible
absorption typical for phenylenediamine radical cations.
However, holding the potential at oxidizing potentials, spectra
(c) in green and (d) in blue, produces a species with a broad
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Figure 6. UV—vis spectroelectrochemical data in 0.1 M NBu,PF/
CH,C, for (a) 0.5 mM U(Me)Me and (b—d) 0.5 mM U(H)H. (e)
Spectrum for 0.5 mM U(H)H + 8 equiv of pyridine with the working
electrode held 0.30 V past the oxidation peak.

visible absorption that does not match that expected for the
radical cation. The visible absorption is more intense than that
seen in CH;CN, however any doubts to its origin are erased by
doing the same experiment in the presence of 8 equivalents
pyridine, spectrum (e), purple. Under these conditions, the
CV’s clearly indicate that the 2e™ oxidation is taking place, yet
we see the same visible absorption as we do without pyridine.

As to the small irreversible wave observed for U(H)H in
CH,Cl,, there are several additional clues that this is not due to
the oxidation of the radical cation. In addition to its small size
and unusual shape, scanning further positive shows additional
oxidation processes that would not be expected for the
quinoidal dication. (See Figure S3 in the Supporting
Information.) More definitive proof, along with additional
support for Scheme 2, comes from looking at the concentration
dependence of the CV’s and comparing this to that of
U(Me)H, Figures 7 and 8. Since current is directly proportional
to concentration, the currents in these plots have been
normalized by dividing by concentration. These CV’s were
also obtained under very dry conditions in a glovebox, since we
noted that the amount of water present affects the CV’s at low
concentrations of U(H)H.

Looking first at the concentration-dependent CV’s of
U(Me)H in CH,Cl,, Figure 7, there is a second oxidation
peak, labeled Ila, that is clearly visible at lower concentrations.
Peak IIa decreases with concentration such that it essentially
disappears at the 1 mM concentration shown in Figure 1. Based
on the U(Me)Me CV, this peak is at the right potential for
oxidation of the radical cation. So, consistent with the
bimolecular nature of Scheme 2, by going to a lower
concentration it appears it is possible to partially outrun the
proton transfer, leading to the appearance of the “missing”
second oxidation wave. That this wave is completely irreversible
is not surprising given that the dication has to be considerably
more acidic that the radical cation.

Figure 8 shows the same type of concentration dependent
study for U(H)H in CH,Cl,. The unusual shaped second
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Figure 7. CVs (0.2 V/s) in 0.1 M NBu,PF,/CH,Cl, with different
concentrations of U(Me)H. The CVs have been background
subtracted and normalized by dividing the current by concentration.
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Figure 8. CVs (0.2 V/s) in 0.1 M NBu,PF;/CH,Cl, with different
concentrations of U(H)H. The CVs have been background subtracted
and normalized by dividing the current by concentration.

oxidation wave noted earlier is present, labeled IIla, but only at
the higher concentrations. In fact, at the lower concentrations,
the CV on the forward scan looks very similar to that seen for
U(Me)H with a small irreversible oxidation wave, peak IIa,
which decreases as the concentration increases. Again, the
potential of peak Ila is around that expected for oxidation of the
radical cation based on the CV of U(Me)Me. The first sign of
peak Illa is not seen until about 0.3 mM. As the concentration
is increased peak Ila disappears and peak IIla grows in. The
sigmoidal shape of the new peak, particularly obvious at 0.6
mM, is characteristic of a CE process (chemical reaction,
followed by electron transfer). This indicates that it is not
simply due to oxidation of the radical cation, but instead is due
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to oxidation of a species formed at higher concentrations. Thus,
all indications are that the first oxidation wave for U(H)H in
CH,Cl,, peak Ia, corresponds to same 2e~, IH" process as seen
for U(H)H in CH,CN and for U(Me)H in both solvents.

H-Bonding As an Explanation for the Reversibility of
the 2e~,1H* Oxidation of U(H)H in CH,Cl,. For the 2e”,
1H* oxidation of U(H)H in CH,Cl, to appear reversible as
seen in Figures 1, 3, and 8 and follow a proton transfer only
mechanism, the proton transfer would have to be exceedingly
fast. However, it is unlikely that a bimolecular proton transfer
reaction involving N—H’s would be faster in CH,Cl, than
CH;CN. Indeed, the reaction would likely be close to diffusion-
controlled in both solvents. What is likely is that a H-bond
between the pyridinium or the protonated urea, HU(H)H?,
and the quinoidal urea N would be stronger in the less polar
CH,Cl,. Formation of such a H-bonded complex would
increase the rate of proton transfer by increasing the effective
concentration of the acid. It also makes a CPET step possible,
but, even without this, it would facilitate the reverse electron
transfer reduce, since it would be easier to reduce the H-
bonded quinoidal cation than the non-H-bonded cation.

The hypothesis that a H-bond complex is behind the
reversibility observed for the oxidation of U(H)H in CH,Cl, is
also consistent with the structural perturbation introduced by
replacing the other H with a Me group as in U(Me)H. Due to
hindered rotation about the N to carbonyl C bond, ureas, like
amides, have strong conformational preferences. Literature
precedent,® ~>* supported by DFT calculations described in the
Supporting Information, indicate that the U(H)H-derived
quinoidal cation should prefer the “cis—cis” conformation
shown below, whereas the U(Me)H-derived quinoidal cation
should strongly prefer the “trans-cis” conformation. Thus, the
N which must regain the proton upon reduction is located in a
much more sterically hindered site in U(Me)* than U(H)*,
making formation of a H-bonded complex between this N and
the acidic N—H on either pyridinium or protonated urea,
HU(R)H?, less favored with U(Me)* than U(H)".

e Ve
NS NS
o) /©7 Me o) /@4 Me
Ph\NJ\N/ Me\NJ\N/
H Ph

cis-cis U(H)* trans-cis U(Me)*

DFT calculations were also done to investigate possible
structures of H-bond complexes formed between the
protonated reduced urea and the quinoidal cation. Given
these are gas-phase calculations, we initially thought the
molecules would simply move apart due to the electrostatic
repulsion. However, to our surprise, the geometry optimiza-
tions did reveal a complex that contains an H-bond between
the acidic H on the dimethylamino of the reduced urea and the
carbonyl O of the quinoidal urea. (See Figure S10c in
Supporting Information.) This is presumably not the H-bond
complex that would lead to the observed reversible electro-
chemistry, but it points out the fact that there are likely multiple
H-bonded complexes possible in simple systems such as these.

Based on the above considerations, we formulated our
hypothesis that H-bonded intermediates between the proton
transfer partners need to be explicitly considered to explain the
self-PCET reaction occurring with the ureas, resulting in the
“wedge” scheme described in the Introduction. This is shown

specifically for the urea oxidation in Scheme 5b, which can be
compared to the corresponding square, Scheme Sa. Based on

Scheme S. (a) Traditional Square Scheme for Urea
Oxidation. (b) Wedge Scheme for Urea Oxidation

U + HUH? U* +HUH?
-0.12V
ey
K=1e4 K=1e-8
4 g

.'—‘-
uH +uH) %Y upreun 061V U2t s

(a) Proton-transfer-only Square Scheme

Ak

@ o
0.08V UH* + UH 061V UH2* + UH

(b) Proton-transfer/H-bond Wedge Scheme

the experimental CV’s, some initial estimates of the
thermodynamic parameters can be made. Using data for
U(H)H in CH,Cl,, E° of UHY" is 0.08 V vs Fc. The difference
in E;/, between the two oxidation waves with U(Me)Me is 0.53
V, so assuming a similar difference with U(H)H, E° of UH"/*2
is ~0.61 V vs Fc. In order to obtain a 2e~ wave, the potential of
the two electron transfers has to be inverted, which for an
oxidation means the second electron transfer has to occur at a
less positive potential. An inversion of —0.2 V is consistent with
where the major return peak shows up with U(Me)H, giving a
rough estimate of the E° of U%* as —0.12 V vs Fc. The values
of E° of UH"?" and U”* set the ratio of the K’s for the two
proton-transfer reactions on the sides of the square (eq S1 in
the Supporting Information). From the estimated E°’s, Kpr of
the UH* proton transfer has to be about 10'* larger than that
of UH". Since it appears to be reasonably easy (vide infra) to at
least partially outrun the proton transfer reaction, Kpr of UH*
has to be small, but it cannot be too small or the proton transfer
would not occur to the extent it apparently does. Initial trial
simulations of the voltammetry suggested a value of around
107* is reasonable, which means that Ky of UH** is still very
large, 10°.

The significance of this for the proton-transfer-only square
scheme mechanism is that the reverse reaction only has one
readily available pathway, marked by the red arrows in Scheme
Sa. This is because the large Kpp for UH*" (10%) means the
reverse proton transfer is very unfavorable (107%) so even with
a very fast forward rate, the reverse proton transfer will have to
be fairly slow. In contrast, consideration of the H-bonded
intermediate as in the wedge scheme opens up another
possibility for the reverse reaction, indicated by the green
arrows in Scheme 5b. The unfavorable reverse proton transfer
reaction is broken into two reactions, so even though the
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overall reverse proton transfer is very unfavorable, it is not
necessarily unfavorable to form the H-bond complex. There is
also an inherent concentration dependence to the equilibria
forming the H-bond complex (due to the 2 going to 1
stoichiometry of the reaction) that is not present in the proton
transfer reaction (2 going to 2 stoichiometry), with higher
concentrations shifting the equilibrium position toward the
complex. As noted in the Introduction, the E° of the H-bond
complex will be between that of the other two electron transfers
in the wedge, thus reduction of the complex will be easier than
that of U*, thereby creating an easier pathway for the reverse
reaction. Strong evidence for this happening in the urea system
comes from comparing the concentration and scan rate
dependencies of the CV’s of the different ureas.

Concentration and Scan Rate Dependence of the
CV’s. As with the single concentration, single scan rate CV’s
shown in Figures 1 and 2, the behavior of the multiple
concentration and scan rate CV’s can be largely grouped into
two categories, the first comprising U(H)H in CH;CN and
U(Me)H in CH,Cl, and CH,;CN and the second comprising
U(H)H in CH,ClL,. Starting with the first grouping, the
normalized, concentration-dependent CV’s for U(Me)H and
U(H)H in CH;CN show features similar to the previously
discussed concentration dependence of U(Me)H in CH,Cl,
Figure 7. These features include either extra current or a
definite peak for oxidation of the radical cation at lower
concentrations, and a return peak for reduction of the quinoidal
cation that shifts more negative as the concentration increases
for UMe)H in CH,Cl, and U(H)H in CH,CN. With
U(Me)Me in CH;CN, the potential for reduction of the
quinoidal cation is independent of concentration. (See Figures
S4 and SS in the Supporting Information.)

The effect of scan rate on the voltammetry of U(Me)H and
U(H)H in CH;CN and U(Me)H in CH,Cl, is also quite
similar. The scan rate dependence shown in Figure 9 of 0.15
mM U(Me)H in CH,Cl, is representative. (Scan rate
dependences of the other cases are shown in Figure S6 in
the Supporting Information.) Since diffusion-controlled current
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Figure 9. CVs of 0.15 mM U(Me)H in 0.1 MNBu,PF,/CH,Cl, at
different scan rates. CVs have been background subtracted and the
currents normalized by dividing by square root of the scan rate.

increases with the square root of scan rate, the currents in this
figure have been normalized by dividing by the square root of
the scan rate. At the fastest scan rate of 5 V/s, the second
oxidation, peak Ila, is clearly present, but this decreases in size
as the scan rate slows and more time is available for proton
transfer to occur at the radical cation stage. In addition, the
peak for reduction of the quinoidal cation, Illc, moves positive
as the scan rate slows. This is consistent with a following
reaction that removes the product of the electron transfer,
shifting the equilibrium of electron transfer to a less extreme
potential in the process. In this case the following reaction
would be back proton transfer, the reverse of eq 2, followed by
a second electron transfer, the reverse of eq 1, and return to the
original oxidation/protonation state of the urea.

The general features observed in the voltammetry of U(Me)
H in both solvents and U(H)H in CH,;CN are qualitatively
compatible with both the square and wedge schemes following
the red pathway on the reverse scan, Scheme 5. An exception is
the negative shift in the potential of the major reduction peak
with increasing concentration that is observed for U(Me)H in
CH,Cl, and U(H)H in CH,;CN. We do not have a fully
satisfactory explanation for this behavior at present. However,
computer simulations show that the voltammetry of U(Me)H
in CH;CN is well accounted for by a proton-transfer only
square scheme mechanism, Scheme Sa, with the inclusion of
eqs 4 and S. (See Table S1 and Figure S7 in the Supporting
Information.)

U(Me)H** = U(Me)" + H' (4)

U(Me)H + HY = HUMe)H" (%)

While U(Me)H in both solvents and U(H)H in CH;CN
show generally similar voltammetric behavior, which appears to
be largely accounted for by the proton transfer square scheme,
U(H)H in CH,Cl, shows very different behavior that cannot be
accounted for by proton transfer alone. At slow scan rates only
one reduction peak is observed on the return scan at all
concentrations studied, Figure 8. However, at faster scan rates
the one reduction peak splits into two peaks as shown in Figure
10a. As the concentration increases, the more positive peak,
peak Ic, becomes relatively larger. This behavior is distinct
from that of the other cases, where both at slow and fast scan
rates (Figure 7 and Figures S4 and SS in the Supporting
Information) there is a small wave for reduction of residual
radical cation and only one wave for reduction of the main
oxidation product. The potential of this peak may change with
concentration, but its relative intensity does not vary
significantly, indicating there is primarily one pathway for the
reduction. In contrast the two peaks with changing relative
height observed for U(H)H at fast scan rates indicates that
there are at least two pathways for the reduction with the easier,
less negative one more available at higher concentration, just as
predicted by the wedge scheme.

A similar conclusion can be reached by looking at the scan
rate dependence of U(H)H in CH,Cl,. This is shown in Figure
11a for 0.15 mM. There are clearly two peaks on the return
scan at this concentration, and the relative height of these varies
with scan rate. As the scan rate slows the height of the first,
more positive peak increases at the expense of the second.
Again, this contrasts with the behavior seen for the other cases,
where the main effect of scan rate is on the peak potential of
the second reduction peak (Figure 9 and Figure S6 in the
Supporting Information).
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Figure 10. (a) Experimental and (b) simulated CV’s (§ V/s) in 0.1 M
NBu,PF¢/CH,Cl, with different concentrations of U(H)H. The CVs
have been background subtracted and normalized by dividing the
current by concentration. The mechanism and simulation parameters
are given in Table 1.

In order to test whether the wedge scheme mechanism can
quantitatively account for the observed voltammetry of U(H)H
in CH,Cl,, CV simulation software was used to fit the
experimental voltammograms to this mechanism. The fittings
were limited to the lower concentration, faster scan rate data in
order to minimize interference from the small, second wave
that grows in at higher concentrations. The thermodynamic
and kinetic parameters corresponding to the best fit results are
provided in Table 1, and simulated CV’s presented in the same
format as Figures 10a and 11a are given in Figures 10b and 11b,
respectively. (Simulated CV’s overlaid on top of the
experimental CV’s are given in Figure S8 in the Supporting
Information.) Comparison of the two sets shows that the
simulation clearly reproduces the major characteristics of the
experimental CV’s, with two overlapping reduction peaks on
the return scan that change in relative height as the
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Figure 11. (a) Experimental and (b) simulated CV’s of 0.15 mM
U(H)H in 0.1 M NBu,PF,/CH,Cl, at different scan rates. CVs have
been background subtracted and the currents normalized by dividing
by square root of the scan rate. The mechanism and simulation
parameters are given in Table 1.

concentration and scan rate change. The fits are not perfect,
but that is to be expected given that we have made no attempt
to fit the second oxidation process that grows in at higher
concentration. There is also the very real possibility that
multiple H-bonded complexes are involved as suggested by the
DFT calculations; thus, the wedge scheme, as complicated as it
might seem, is almost certainly a simplification of the actual
reaction taking place.

Bl CONCLUSIONS

Voltammetric and spectroelectrochemical investigation of the
oxidation of the phenylenediamine-type redox couples in
U(H)H and U(Me)H shows that they undergo an overall
2e”, 1H" transformation to the quinoidal diimine cation with
concomitant transfer of the proton to another urea in CH;CN
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and CH,Cl,. This renders the protonated urea electroinactive,
thus giving an apparent le” transformation, with half of the
ureas oxidized by two electrons and the other half remaining
reduced. Such behavior has been observed in other systems.
The unusual result here is that with U(H)H in CH,Cl, the
process gives reversible voltammetry at higher concentrations.
In contrast, with U(H)H in CH3;CN and U(Me)H in both
solvents, the process appears irreversible as expected. The
structural and solvent effects provide strong circumstantial
evidence in support of H-bonding being at the origin of this
difference, with electron transfer through a H-bonded
intermediate providing an easier pathway for the reverse
reaction, leading to the observed reversible voltammetric
behavior with U(H)H in CH,CL,

In this work, we have also introduced the “wedge scheme” as
a convenient way to organize the reactions involved when the
H-bonded intermediates must be considered in PCET. The
utility of the wedge scheme is that it highlights the
thermodynamic relationships between the electron transfer,
proton transfer and H-bonding steps just as the square scheme
does for PCET reactions in which H-bonding intermediates are
not important. Indeed, as pointed out in the Introduction, the
wedge scheme really is just a more detailed version of the
proton transfer square scheme, since proton transfer reactions
proceed through a H-bonded intermediate. The need for one
scheme or the other depends on the stability or lifetime of the
H-bonded intermediates. If the lifetimes of the H-bonded
intermediates are insignificant compared to the other species,
then there is no need to consider them in the overall reaction,
and the H-bonding steps just get folded into the proton transfer
equilibria. However, if the H-bonded intermediates have a
sufficient lifetime, then they can provide an alternative pathway
for the electron transfer at a potential that is intermediate
between that of the fully protonated, fully deprotonated states.

A large portion of recent experimental and theoretical work
on PCET reactions has dealt with the role of H-bonded
intermediates. However, most of the focus is on whether the
proton—electron transfer is stepwise or concerted within the H-
bond complex. In contrast, our focus in this work is on the
overall reaction and whether the electron transfer occurs
through the H-bonded intermediate or through the non-H-
bonded intermediates. By exploring the concentration and scan
rate dependence of U(H)H in CH,Cl,, we can access
conditions in which both processes occur. This only works
because the H-bond complex is not favored in this case, since, if
it were, the reaction would always proceed through the H-
bonded intermediate.”* The key is that even though the
complex is not favored, it is still accessible at concentrations
and times available in the CV experiment. Thus, we have found
a system which appears to bridge the gap between the two
major routes for PCET, one in which the electron transfer
occurs within the H-bond complex and the other where it
occurs only in the fully deprotonated/protonated states.
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